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The development of sustainable and high performance energy conversion and storage systems 

is one of the most urgent goals of contemporary research. Electrochemical water splitting to 

hydrogen and oxygen is a viable technology to overcome our dependency on fossil fuels and 

help to establish a carbon-neutral hydrogen economy. However, the total efficiency of this 

process is rather low without the catalysis of both half-reactions and in particular water 

oxidation because of its slow kinetics. Therefore a significant challenge lies in finding stable 

and inexpensive high performance catalysts for the water oxidation reaction. 

The development of electrocatalytic materials with minimized water splitting overpotentials, 

high available currents and improved stability was the main objective of this thesis. We 

pursued nanoscaling as a key strategy to achieve this goal due to the possibility of 

manipulating bulk and surface defect chemistry in nanosized materials together with a greatly 

increased surface area beneficial for electrocatalytic activity. Moreover, novel non-

equilibrium mixed phases with extremely high miscibility of the elements open a new class of 

materials with tunable characteristics that only exist on the nanoscale. Understanding and 

control of these mixed structures along with the control of bulk and surface defect chemistry 

enables the development of superior functional materials for energy conversion applications.  

First-row transition metal oxides are known to be among the most efficient catalysts for 

electrochemical and photoelectrochemical water splitting. Therefore, the main materials 

developed in this thesis are nickel oxide, cobalt oxide and iron oxide based nanostructures 

with various composition and structural properties. We established a non-aqueous 

solvothermal synthesis based on tert-butanol as reaction medium. The crystalline metal oxide 

nanoparticles are formed already in solution by a chemical reaction with the solvent, without 

the need for a further high temperature treatment leading to irreversible particle 

agglomeration. The particles prepared in this way are perfectly dispersible in different 

solvents without additional stabilizing agents. This enables a controlled distribution of the as-

prepared crystals on different types of substrates for the application in electrochemical, 

photoelectrochemical or photovoltaic devices. 

Chapters 3 to 5 describe the nanosized nickel oxide NiO and the mixed phases NixFe1–xO and 

NixCo1–xO. Ultrasmall crystalline nanoparticles of phase pure nickel oxide synthesized with 

the tert-butanol route demonstrate exceptionally high electrocatalytic efficiency in 

electrochemical water splitting, which is attributed to the partially oxidized surface resulting 
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from the diminishing crystal size. The high catalytic activity of NiO even outperforms 

expensive iridium oxide catalysts. Moreover, it can be further enhanced by doping with Fe 

atoms in concentrations of up to 20 at%. In combination with the decreased particle size and 

high crystallinity, substitutional incorporation of iron results in a significantly increased 

electrocatalytic activity, which is by far the highest among all the reported Ni/Fe oxide 

compounds and in fact among all reported water oxidation catalysts. Using optimized 

synthesis conditions we were also able to obtain ultrasmall NixCo1–xO nanocrystals, which 

demonstrate complete element miscibility in the whole composition range. The unusually 

high solubility of Co and Fe in the rock salt NiO structure is attributed to the kinetic control of 

the phase formation during the tert-butanol synthesis as well as to the stabilizing effect for 

metastable defect phases on the nanoscale. The exceptionally high catalytic activity of our 

FexNi1–xO nanoparticles and the unusually high solubility of the elements in the NixCo1–xO 

lattice demonstrate the high impact of synthesis strategy and nanomorphology on the 

properties of resulting materials. 

Chapters 5 and 6 cover the cobalt oxide based nanoparticles of CoO and Co3O4. Both 

structures are thermodynamically stable cobalt oxide phases and could be obtained using the 

solvothermal tert-butanol route by adjusting the reaction conditions. In both cases crystalline 

non-agglomerated spherical particles with an average size of 3 nm are formed. Among the 

two oxides, CoO was found to be a better electrocatalyst for both oxygen and hydrogen 

evolution reaction, in line with the activity trend reported for cobalt oxides. In spite of the 

lower dark electrocatalytic performance, nanocrystals of Co3O4 were found to act as efficient 

co-catalysts in photoelectrochemical water oxidation and lead to drastically enhanced 

photocurrents upon homogeneous distribution on the high surface area of mesoporous 

hematite. 

The synthesis of nanostructured materials of the iron oxide family, akaganeite (-FeOOH) 

and hematite (-Fe2O3), is summarized in chapters 7 and 8, respectively. These processes 

demonstrate that metal oxide nanoparticles with non-cubic crystal structure and an anisotropic 

shape such as akaganeite can be obtained using the tert-butanol synthesis as well. These 

particles are able to incorporate a variety of divalent to pentavalent dopant elements in 

extraordinary high concentrations of up to 40 at%, providing yet another example of 

nanoscale controlled formation of metastable phases. The particle shapes are strongly 
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dependent on the doping element and can be tuned from anisotropic to spherical particles of 

4 nm in size. Films prepared in situ during the solvothermal reaction result in a unique 

hierarchical porous morphology that is particularly interesting for the thermal fabrication of 

highly efficient doped hematite photoanodes for photoelectrochemical oxygen evolution.  

In the last part of this thesis porous hematite nanostructures were prepared via the sol-gel 

reaction of molecular precursors combined with the shape-persistent template nanocrystalline 

cellulose. The highly porous -Fe2O3 morphologies exhibit a well-defined anisotropic 

porosity that can be varied by the choice of the iron precursor and the calcination procedure. 

Moreover, a post-synthetic hydrothermal treatment strongly affects the crystal growth as well 

as the porous nanomorphology of the obtained hematite scaffolds leading to highly tunable 

porous hematite nanostructures.  

The nanostructuring concepts developed in this thesis provide an attractive pathway to greatly 

enhance the efficiency of electrochemical energy conversion systems. The tunable ultrasmall 

nanoparticle dimensions, their crystallinity and excellent dispersibility have great influence on 

the electrocatalytic activity. Furthermore, novel nanoscale stabilized metastable phases with 

increased solubility of dopant elements and assembly of nanosized building blocks into 

complex porous architectures open new perspectives in the design of advanced energy 

conversion devices. 
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With increasing demand for clean and sustainable environmental technologies, the design of 

high performance energy conversion and storage systems becomes exceptionally important. 

1,2
 Electrochemical water splitting provides a viable strategy to generate hydrogen fuel from 

renewable energy sources delivering a clean and efficient energy carrier.
3-6

 A substantial 

challenge lies in finding stable, inexpensive and active electrocatalysts for the water splitting 

reaction.
4,7

 The performance of electrocatalysts depends not only on intrinsic materials 

properties defined by the chemical structure, phase composition and crystallinity, but to a 

great extent also on the morphology and surface-related structural characteristics.
8,9

 

Nanostructuring is an important tool to maximize the performance of materials in 

electrochemical applications.
10-14

 The obvious advantages of nanostructuring are diminishing 

dimensions of the bulk resulting in shortened charge transport pathways, and a greatly 

increased surface area beneficial for the interface charge transfer processes.
15,16

 Using the 

nanoscaling effect, the performance of even established materials systems can be significantly 

improved. Furthermore, nanostructuring often gives access to unique structures that are 

thermodynamically unstable in the bulk and only exist on the nanoscale, thus extending the 

already existing material classes.
17-21

 Development of novel functional materials on the 

nanoscale requires a full understanding and controlled manipulation of size, shape and phase 

composition along with the control of bulk and surface chemistry. This includes the design of 

novel synthesis protocols for nano building blocks and their assembly into more complex 

nanostructures enabling the preparation of superior water splitting electrocatalysts.
22,23

  

 

1.1 ELECTROCHEMICAL WATER SPLITTING 

The overall electrochemical water splitting (water electrolysis) reaction proceeds according to 

 H2O  →  H2  +  
1

2
O2 (1.1) 

The electrochemical process comprises the reduction of water to hydrogen at the cathode 

(hydrogen evolution reaction, HER) and oxidation of water to oxygen at the anode (oxygen 

evolution reaction, OER).
24,25

 The change in free energy for the generation of one mole H2 

under standard conditions is ∆G = 237.2 kJ mol
–1

 corresponding to E
0
 = 1.23 V.

26
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In acidic conditions the electron transfer steps are coupled with proton transfer as described 

by equations (1.2) and (1.3) for the HER and OER, respectively.
9,24

 

 2H+ +  2e–  →  H2 (1.2) 

 2H2O  →  4H+ +  4e– +  O2 (1.3) 

In alkaline environment the HER and the OER are balanced by the transfer of hydroxide ions 

and are expressed by the following equations.
9
 

 2H2O  +  2e–  →  2OH– +  H2 (1.4) 

 4OH–  →  2H2O  +  4e– +  O
2
 (1.5) 

Water electrolysis at neutral pH is rather uneconomical, as the low concentrations of H
+
 and 

OH
–
 at neutral conditions lead to potential losses associated with solution resistance and 

require the addition of water-soluble electrolytes to increase the conductivity.
27

 Large-scale 

industrial water electrolysis is therefore preferably performed in strong acids such as H2SO4 

or strong bases such as KOH or NaOH due to their high ionic conductivity.
28

 Acidic water 

electrolysis is generally pursued because of available proton exchange membranes (PEM) 

such as Nafion commonly used for ionic transport and gas separation in integrated water 

splitting systems.
28-31

 However the selection of catalyst materials stable under acidic and 

particularly under oxidative OER conditions is limited mostly to expensive noble metals.
28,32

 

Cheap and earth-abundant non-noble catalysts are economically more attractive but are stable 

in alkaline rather than in acidic environment.
28,33

 Therefore alkaline water electrolysis is 

increasingly studied and is also the main objective of this thesis.  

Both water splitting half-reactions have to be catalyzed with maximum efficiency to achieve 

maximum hydrogen production rate. The hydrogen evolution following a simple two electron 

reaction mechanism
9,24

 is kinetically fast and is catalyzed typically by noble metal electrodes 

such as Au, Pd and Pt with almost no overpotential.
34-36

 The overall process, however, is 

limited by the sluggish kinetics of the oxygen evolution reaction that requires a large 

overpotential to overcome several activation barriers in a four electron reaction.
9,24,25,37

 The 

development of economical and efficient OER electrocatalysts is therefore essential for 

improving the overall water splitting efficiency. A benchmarking overview of available OER 

catalysts is given in section 1.4. 
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The alkaline OER reaction proceeds through a series of elementary steps involving surface 

adsorbed intermediates according to following equations where the asterisk indicates the 

surface adsorbed species.
37

 

 OH–  →  OH* +  e– (1.6) 

 OH* +  OH-  →  O* +  H2O  +  e– (1.7) 

 O* +  OH–  →   HOO* +  e– (1.8) 

 HOO*  +  OH–  →   O2  +  H2O  +  e– (1.9) 

The electrocatalytic activity is determined by the binding strength of the reaction 

intermediates to the electrode surface. This general mechanism was proposed by Norskov, 

Rossmeisl et al. for metal oxide catalysts.
37

 Their DFT calculations have shown that 

practically all OER electrocatalysts have a minimum theoretical overpotential caused by the 

scaling relationships between binding energies of the intermediate surface hydroxide HO* 

and surface hydroperoxy HOO* (universal scaling relation). To overcome this limitation the 

authors suggest to stabilize the HOO* intermediate compared to HO*, which can be expected 

for atomically rough surface structures or doped surfaces.
37,38

 

First-row transition metal oxides based on inexpensive and abundant elements nickel, cobalt 

and iron are attractive candidates for the application as oxygen evolution electrocatalysts.
33,39

 

The crystal structures along with the most important characteristics of the investigated oxides 

are introduced in the following section. 

 

1.2 OVERVIEW OF SELECTED METAL OXIDE 

ELECTROCATALYSTS FOR ALKALINE WATER OXIDATION 

Nickel(II) oxide (NiO) is a stable transition metal oxide that is formed naturally as the mineral 

bunsenite. The color of NiO depends on the particle dimensions and is usually grey/green for 

large crystals whereas ultrasmall nanoparticles appear as brown/yellow powders.
40

 Black 

color indicates that nickel is partially oxidized to Ni(III).
41

 NiO crystallizes in the cubic rock 
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salt type structure where the nickel atoms are octahedrally surrounded by six oxygen atoms as 

illustrated in Figure 1.1.
42

 

 

Figure 1.1  Crystal structure of rock salt type NiO.
43

 

 

The lattice of bulk nickel oxide shows a slight rhombohedral distortion which results from the 

antiferromagnetic ordering within the crystal.
44

 Stoichiometric nickel oxide is an insulator at 

room temperature (RT) with a wide band gap of 3.6 – 4.0 eV.
44,45

 However it converts to a p-

type semiconductor due to holes generated by Ni vacancies or by the presence of interstitial 

oxygen atoms.
46

 Bulk stoichiometric NiO is antiferromagnetic, but some reported studies 

suggest that NiO nanoparticles show weak ferromagnetic or superparamagnetic behavior.
47-49

 

Furthermore NiO shows electrochromic behavior which is the ability to reversibly and 

persistently change its optical properties due to the change in oxidation state in an 

electrochemical process.
46

 Nickel oxide demonstrates high efficiencies as electrocatalyst for 

the OER in alkaline media combined with high corrosion stability in the oxidative 

environment.
39,50-52

 The OER activity is attributed to the -NiOOH phase formed at the 

accessible NiO surface during continuous cycling. This activation of the catalyst surface can 

significantly enhance the catalytic performance.
39,50,53,54

  

The synthesis of ultrasmall NiO nanocrystals and their application as highly efficient 

electrocatalysts in water splitting is described in chapter 3. Furthermore the great impact of 

nanoscaling on the solubility of Fe(III) and Co(II) atoms in the NiO lattice and the influence of 

doping on the water splitting performance is investigated in chapters 4 and 5. 

Cobalt(II) oxide adopts the rock salt crystal structure as well, corresponding to the mineral 

periclase with the chemical formula CoO.
55

 The structure can be described as a crystalline 

network build up by CoO6 or OCo6 octahedra, respectively, as illustrated in Figure 1.2.  
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Figure 1.2  Illustration of the CoO rock salt type crystal structure with the corresponding 

coordination polyhedra.
56 

 

The color of CoO powders ranges from greyish green to red or black crystals.
57

 Similar to 

nickel oxide, CoO nanocrystals are superparamagnetic or weakly ferromagnetic at RT whereas 

bulk CoO exhibits antiferromagnetism.
58

 Under anodic potentials the Co(II) is gradually 

oxidized to Co(III) forming a layered structure of CoOOH which is the catalytically active Co 

species for the OER.
25,59

 Cobalt oxide based electrocatalysts demonstrate reasonable 

efficiencies in both OER and HER and are therefore promising electrode materials for the 

design of overall water splitting devices.
4,60,61

 The synthesis of ultrasmall dispersible CoO 

nanocrystals and their application as catalysts in the electrochemical oxygen evolution and 

hydrogen evolution reaction is described in chapter 5.  

Cobalt(II,III) oxide with the chemical composition Co3O4 is a black solid that crystallizes in 

the spinel structure of the type AB2O4.
62

 The crystal lattice consists of a face centered cubic 

(fcc) arrangement of O
2–

 anions where one eighth of the tetrahedral sites are occupied by 

high-spin Co
2+

 (A) and one half of the octahedral sites by low-spin Co
3+

 (B) (Figure 1.3).
63
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Figure 1.3  Crystal structure of the spinel type Co3O4.
64

  

 

Co3O4 shows paramagnetic behavior at room temperature (RT) since its magnetic moment is 

dominated by the three unpaired electrons of Co
2+

.
65-67

 The cobalt oxide indirect band gap of 

1.60 – 1.65 eV is induced by d-d electron transitions between Co
2+

 and Co
3+

 and the direct 

band gap of 2.10 – 2.40 eV by 2p-d transfer between O
2–

 and Co
2+

 indicating charge transfer 

insulator properties.
63,68

 However, an increased conductivity induced by p-doping and other 

intrinsic effects was reported at different temperatures as well.
69

 In recent years Co3O4 

attracted attention as oxygen evolution catalyst in electrochemical water splitting and was also 

applied as co-catalyst in photoelectrochemical oxygen generation.
70-72

 Deposition of Co3O4 on 

hematite,
73

 bismuth vanadate,
74

 or tungsten oxide
75

 photoanodes was reported to enhance the 

catalytic efficiency in the OER by suppressing the recombination at the 

photocatalyst/cocatalyst interface and therefore increasing the charge separation 

efficiency.
72,76

 The synthesis of ultrasmall Co3O4 nanoparticles developed in our studies and 

their performance in electrochemical water splitting is described in chapter 6. 

Hematite is a non-toxic, earth-abundant and the most thermodynamically stable isomorph of 

iron oxide with hexagonal symmetry and the chemical formula -Fe2O3. The crystal lattice of 

hematite is isostructural with the trigonal corundum -Al2O3 and consists of trigonally 

distorted Fe(III)O6 octahedra building up a three-dimensional hexagonal closest packing (hcp) 

framework.
77

 The hematite unit cell consists of octahedral face-sharing Fe2O9 dimers forming 

chains in the c direction (Figure 1.4).
78

 Oxygen vacancies in the crystal lattice make hematite 

an n-type semiconductor.
79
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Figure 1.4  Illustration of the hematite unit cell (left) and a detailed view on one of the Fe2O9 

dimer (right).
80

 

 

The weak ferromagnetic properties of bulk hematite (at RT) are mostly dictated by the atomic 

arrangement within the lattice and therefore the orientation of the spin magnetic moment of 

Fe
3+

.
81

 Additionally, the iron spin configuration has influence on the optoelectronic and 

charge carrier transport properties of hematite.
78

 The absorption in the visible range leading to 

the characteristic red color is caused by the small band gap of 2.0 – 2.1 eV.
80,82

 The 

combination of magnetic and electronic properties and stability in aqueous media make 

hematite a promising candidate for the application as photoanode material in 

photoelectrochemical (PEC) water splitting.
80,82,83 

The fabrication of porous hematite films 

with tunable morphologies obtained by three different synthesis routes is described in 

chapters 6 to 8. 

Iron oxyhydroxide -FeOOH is a compound of the iron oxide family that occurs naturally as 

the rare mineral akaganeite with monoclinic structure.
84

 The three-dimensional framework of 

akaganeite is built up by four double chains of edge-linked corner-sharing Fe(III)(O,OH)3 

octahedra forming a large tunnel-type structure (Figure 1.5).
 85

 Cl
–
 and other halogenide ions 

were found to stabilize the network by occupying sites within the channels and are therefore 

essential for the formation of akaganeite.
86,87
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Figure 1.5  Illustration of the akaganeite crystal structure demonstrating the tunnel type 

arrangement of octahedral double chains with chloride ions occupying the center of the 

tunnels.
88

  

 

The tunnel structure of β-FeOOH along with the paramagnetic behavior leads to unique 

sorption and ion exchange properties and applications as catalysts.
89

 Additionally akaganeite 

is easily transformed to the thermodynamically more stable hematite at rather low 

temperatures of 300 °C and is therefore used as a starting material for the preparation of 

hematite nanostructures with different morphologies that can also be applied as photoanodes 

in PEC.
90-93

 The synthesis route to ultrasmall -FeOOH nanocrystals developed in this thesis 

and the influence of various dopants on particle structure and morphology is described in 

detail in chapter 7. 

The iron, cobalt and nickel based metal oxides described above show promising efficiencies 

in the electrocatalytic oxygen generation.
25,28,33

 However, not only the choice of the material 

but also its morphology is essential for the development of a high performance electrocatalyst. 

Besides structural properties such as the defect chemistry, the catalytic efficiency is strongly 

influenced by the number of catalytically active sites dependent on the accessible surface area 

of the material.
9
 Uniform and monodisperse crystals of only a few nanometers in size are 

among the morphologies with the highest surface area and are therefore particularly 

interesting for catalytic applications. However the fabrication of metal oxide nanocrystals 

combining all the properties beneficial for water splitting electrocatalysis is challenging. The 
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next chapter gives an overview of the main preparation methods giving access to ultrasmall 

metal oxide nanoparticles. 

 

1.3 SYNTHESIS OF METAL OXIDE NANOPARTICLES  

Metal oxide nanoparticles can be obtained by a broad range of physical and chemical methods 

that can be roughly divided into top-down and bottom-up approaches. Top-down approaches 

are based on physical processes such as attrition or ball milling. Nanopowders produced in 

this way usually exhibit broad size distributions and their size, shape and morphology are 

difficult to control. In addition possible structural and surface impurities can have a 

significant impact on the surface chemistry and therefore the catalytic properties of 

nanomaterials.
22

  

Bottom-up approaches generally offer better control of crystallinity, size distribution, shape 

and chemical composition of the nanoparticles. They are based on the self-assembly of atoms, 

molecules or clusters that build up nanomaterials in chemical reactions from the bottom 

including gas phase or aerosol and liquid phase processes.
22,94,95

 Typical examples of the gas 

phase synthesis are spray pyrolysis and chemical vapor deposition where nanoparticles are 

formed in the vapor phase by homogeneous nucleation at high temperatures. Depending on 

the synthesis conditions, a variety of particle shapes and morphologies can be produced. 

However, these methods often lead to large aggregates and offer insufficient control over the 

particle size distribution.
96

 More important for the synthesis of small, uniform and 

monodisperse metal oxide nanoparticles are liquid phase processes conducted in aqueous or 

non-aqueous solvents with an optional addition of surfactants or structure directing agents 

such as oleylamine or trioctylphosphine oxide.
23,95

 These include coprecipitation, 

microemulsion, hot injection, polyol-mediated, microwave-assisted, solvothermal and sol-gel 

synthesis methods.
23,58,95,97

 Aqueous and non-aqueous sol-gel routes are particularly 

interesting for the fabrication of metal oxide nanoparticles. In a broad term the sol-gel process 

can be described as transformation of molecular precursors in solution into an integrated 

network by polycondensation reactions.
98

  

The main steps of an aqueous sol-gel process are hydrolysis of (typically) metal halides or 

alkoxides forming stable colloidal solutions (the sol) and subsequent polycondensation 
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leading to discrete particles gradually evolving to a more rigid porous inorganic network (the 

gel) consisting of both a liquid and a solid phase. This transformation is referred to as sol-gel 

transition. The hydrolysis step is initiated by a nucleophilic attack of the H2O oxygen atom 

leading to the formation of a metal hydroxide and an alcohol in case of an alkoxide precursor 

according to equation (1.10). The metal-oxygen-metal (M–O–M) bonds are formed by 

condensation reactions between two metal hydroxides (oxolation) or between a hydroxide and 

an alkoxide (alkoxolation) as demonstrated in equations (1.11) and (1.12), respectively.
23 

 

Hydrolysis 

 
 

(1.10) 

Condensation (oxolation)  

 
 

(1.11) 

Condensation (alkoxolation) 

 
 

(1.12) 

Scheme 1.1  Main synthesis steps of the aqueous sol-gel process using metal alkoxides as 

precursors. 

 

In non-aqueous (non-hydrolytic) sol-gel processes the oxygen for the formation of metal 

oxides is provided by the solvent or by the organic ligand of the precursor, for example 

alkoxide, acetate or acetylacetonate. Depending on the applied solvent, for example ether, 

alcohol, ketone or aldehyde, the M–O–M bond formation proceeds via different mechanisms 

summarized in Scheme 1.2.
23,99,100
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Alkyl halide elimination 

  (1.13) 

Ether elimination 

  (1.14) 

Condensation of carboxylate groups (ester and amide eliminations) 

 

 

(1.15) 

C–C coupling of benzylic alcohols and alkoxide molecules 

 

 

(1.16) 

Aldol condensation 

 

 

(1.17) 

Scheme 1.2  Different types of condensation steps in non-aqueous reactions in different 

solvents. 

 

The final morphology of the metal oxide products can be controlled by the condensation 

progress and the type of processing. The dimensions of the resulting materials can range from 

molecular nanoclusters to highly crosslinked polymer-like networks obtained by aging of the 

gel. Further stages of the sol-gel method involve drying by removing the solvent under 

ambient or supercritical conditions forming xerogels or aerogels, respectively, or annealing at 

high temperatures to densify the material or to induce its crystallization (Figure 1.6).
23
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Figure 1.6  Different morphologies of resulting products depending on the steps of the sol-gel 

process.
23

 

 

One fundamental issue of the aqueous sol-gel chemistry is the high reactivity of the transition 

metal precursors towards water, leading to very fast hydrolysis and condensation rates.
101

 

Generally, reactions proceeding too fast are less controllable resulting in the formation of 

amorphous phases and large agglomerates with a broad size distribution. Amorphous 

precipitates require additional postsynthetic annealing steps for crystallization, limiting the 

control over size and shape of the final product. This makes the reaction suitable rather for the 

fabrication of nanostructured films than for defined small nanocrystals.
23

 

These limitations can be overcome in non-aqueous sol-gel syntheses, which are performed in 

organic solvents at relatively low temperatures. These reactions offer greatly enhanced control 

over the particle morphology, dispersibility and crystallinity due to much slower reaction 

rates of metal ions with less polar organic solvents compared to water.
100,102

 However, the 

reduced solubility of some precursors in organic solvents limits the variability of nanoparticle 

phase composition. Therefore, sol-gel reactions can be performed under solvothermal 

conditions in a controlled atmosphere to increase the reactivity. The so-called solvothermal 

synthesis combines the moderate reaction rates of the non-aqueous route beneficial for the 

formation of ultrasmall particles and metastable phases with elevated temperatures and 

pressures to initiate the reaction. The preparation of nanoparticles using this method is facile 
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and is conducted by simple mixing of the precursors with the solvents that are non-toxic 

alcohols in most cases. The reactions take place at relatively low temperatures ranging from 

70 to 200 °C.
23

  

A well-known solvothermal route to metal oxide nanoparticles was established by 

Niederberger et al. where dry benzyl alcohol simultaneously acts as solvent, capping agent 

and oxide source.
102

 Typically metal halides, acetylacetonates and alkoxides are used as 

precursors to produce very small crystalline nanoparticles of 2 – 80 nm in size, with uniform 

shape, narrow size distribution and in large quantities. Using the benzyl alcohol route, a broad 

selection of binary, ternary and mixed metal oxides can be produced.
103-105

 The mechanism of 

the M–O–M bond formation was investigated for example for zinc oxide nanorods prepared 

from zinc acetylacetonate hydrate. It is suggested that the reaction is initiated by a 

nucleophilic attack of the hydroxy group of the solvent on one of the carbonyl groups of the 

ligand leading to the formation of R–Zn–OH species under release of acetone and benzyl 

acetate.
106

  

Nanoparticles prepared via the benzyl alcohol method can be assembled into more complex 

nanomorphologies such as crystalline mesoporous metal oxide films.
107

 However, a major 

issue of the benzyl alcohol synthesis is the particle dispersibility. Often additional stabilizers 

are required to redisperse the as-prepared nanocrystals. In some cases stabilization can be 

achieved spontaneously by ligands formed by the solvent. The benzyl alcohol ligands, 

however, are rather stable and are difficult to remove from the surface making them less 

suitable for electrocatalytic applications. An additional issue that has to be addressed is the 

different reactivity of the transition metal precursors, making the control of phase 

composition and homogeneity of complex mixed oxide phases rather problematic.
23

 To 

overcome this problem, the reactivity of the metal compounds has to be modified and 

adjusted by the addition of chelating ligands or a slow in situ release of water.
101,108-110

 

The above listed limitations of the benzyl alcohol route have inspired us to search for 

alternative solvents. This project mainly focuses on the development of the tert-butanol 

solvothermal route for the synthesis of nanosized metal oxides. The tertiary alcohol 

tert-butanol is non-aromatic and the tert-butoxide residues can be removed more easily from 

the particle surface. At the same time the tert-butyl groups offer sufficient steric control to 

hinder the particle growth and aggregation. This route was successfully applied by us for the 
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solvothermal fabrication of ultrasmall and highly dispersible transition metal based oxide 

nanoparticles described in this thesis.
111-113

 

 

1.4 WATER ELECTROCATALYSIS: FIGURES OF MERIT AND 

BENCHMARKING 

Objective comparison of electrocatalyst efficiency and stability is necessary to evaluate their 

viability for the application in water splitting devices as well as for the development of 

innovative electrocatalytic systems.
33

 The overall electrocatalytic performance highly depends 

on intrinsic parameters such as structure and phase composition and extrinsic characteristics 

including catalytically active surface area, number and accessibility of active sites and mass 

transport properties.
9
 An accurate quantitative comparison of the catalytic performance is 

therefore only possible when the properties of the catalyst are known and the resulting 

currents are corrected for these parameters.  

The most common figures of merit are the current density at a given overpotential, the 

overpotential at a given current density, the Tafel slope and the turnover frequency (TOF).
9
 

Current densities are typically measured at  = 300 mV in OER and  = 100 mV in HER.
28,33

 

Overpotentials are typically specified at the current density of j = 10 mA cm
–2

, which is 

expected for an economically sustainable integrated solar water splitting device operating at 

10 % solar-to-fuel conversion efficiency under 1 sun illumination.
26,33,114

 The Tafel slope 

provides information about the kinetics of the OER or HER reaction, relating the reaction rate 

to the overpotential.
115,116

 For a precise comparison of different catalysts with different 

morphology, current densities have to be corrected additionally for the roughness factor Rf, 

since films with the same geometric area can have a significantly different real surface area. 

The commonly accepted figure of merit for comparison of different OER electrocatalysts is 

the turnover frequency corresponding to the number of O2 molecules that an active site can 

produce per second. TOF values are commonly given at a defined overpotential, assuming for 

an active site to be equal to one metal ion.
9,39

 Equation (1.18) represents a general formula for 

the calculation of TOF. 
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 TOF  =  
i

4 F Ncat

 (1.18) 

Where i is the current, F is Faraday’s constant and Ncat is the number of catalytically active 

sites. The current has to be divided by 4 because four electrons are needed to generate one O2 

molecule. 

Determination of the exact amount of active sites is challenging because their accessibility is 

not always clearly identified, especially in nanostructured porous electrodes. Additionally, the 

interatomic distances in materials with a tunnel or layer structure are larger than in compact 

materials such as cubic structures leading to a much higher fraction of available atoms. 

Therefore it is most likely that all atoms of a layered material but only the surface atoms of a 

cubic material are accessible. To be accurate, both TOF values should be reported as TOFmin 

(assuming all atoms are active) and TOFmax (assuming only surface atoms are active).
112,117

 

One of the most accurate methods to determine the mass loading of an electrocatalyst on the 

electrode is the quartz crystal microbalance (QCM). From the mass loading the total number 

of electroactive atoms can be derived.
118

 The surface atoms are usually estimated from the 

electrode surface area, the fraction of catalytic metal ions on the surface and the computed 

number of metal ions per unit area.
39,117

 The electrode surface area can be obtained from gas-

sorption measurements or can be calculated from the electrode capacitance. The latter method 

is widely used but is often imprecise and shows large variations.
9,119

 Not only the number of 

active sites must be determined accurately, but also the current that has to be corrected for the 

uncompensated electrolyte resistance Rs. To reduce this resistance, the distance between the 

working and reference electrodes in the electrochemical setup is usually kept as small as 

possible. Rs is determined as minimum total impedance at open circuit conditions at potentials 

where no faradaic processes take place.
9
 The OER overpotential is then calculated as follows. 

 η  =  E  –  EOER  –  iRs (1.19) 

where E is the recorded potential, EOER is the reversible potential of the OER and i is the 

current. The challenges associated with the correct calculation of TOF values along with a 

comparison of electrocatalysts are described in greater detail in chapter 4. 

A variety of heterogeneous catalysts for water splitting was reported in the last 

decades.
4,28,33,36,120,121

 In 2015 McCrory et al. published a comprehensive benchmarking 
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overview of the state-of-the-art electrocatalysts for OER and HER by testing them at exactly 

identical conditions in basic and acidic media.
33

 The authors confirmed the already existing 

literature findings that metal oxides and especially mixed metal oxides are among the most 

efficient water splitting materials. Iridium oxide and ruthenium oxide are considered the most 

efficient oxygen evolution electrocatalysts showing the lowest overpotentials below 300 mV 

and an excellent corrosion resistance in different environments.
122,123

 However Ir and Ru are 

among the least abundant elements making the production of their oxides extremely 

expensive. The search for cheap OER electrocatalysts has therefore greatly increased in recent 

years. Materials containing abundant non-noble transition metals such as Fe, Co and Ni offer 

a successful alternative showing high catalytic efficiencies at low overpotentials comparable 

to those of IrOx and RuOx. Mixed oxides such as NiCoOx, CoFeOx and NiFeOx are of 

particular interest since they have shown much higher catalytic properties than the 

corresponding binary oxides.
28,33,39,124

 It should be noted that basic electrolytes are more 

suitable for non-noble transition metal oxides that are generally instable in acids especially 

under oxidative OER conditions. The long-term stability of catalysts is an additional 

important issue that has to be addressed in the development of economically viable devices. 

Non-noble mixed metal oxides were found to be excellent HER electrocatalysts as well 

showing activities comparable to classic Pt-based materials. Interestingly, the most efficient 

catalysts were again based on Co, Ni, Mo and Fe oxides in the combinations NiMoOx, 

NiMoCoOx, NiFeOx and NiMoFeOx reaching negative HER overpotentials as low as 10 mV 

in both acidic and basic electrolytes.
33

  

Water splitting catalysts are often prepared as thin films by electrodeposition on conductive 

surfaces.
33,39,120

 This method is very convenient since it is fast and does not require any 

special equipment. However, the structure and morphology of the resulting products remains 

widely uncontrolled. In contrast, crystalline single nanoparticles offer an exceedingly 

increased surface area showing a higher amount of surface defects that can additionally 

enhance the electrocatalytic performance. Furthermore, the structure and phase composition is 

highly controlled, which is particularly important for the fabrication of mixed oxides that 

contain two or more metal ions. The synthesis of defined Co-, Ni- and Fe-based 

nanostructures for water splitting has therefore attracted great interest in materials science. 

Various shapes and morphologies have been reported ranging from nanowires to nanoplates 
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and sizes of several nanometers to micrometers along with promising electrocatalytic 

performance.
4,28,70,125,126
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The structure and morphology of nanocrystalline materials obtained in this work were 

analyzed by a variety of analytical methods commonly used in materials science. The phase 

composition, crystallinity, domain size and dispersibility of nanoparticles were determined by 

powder X-ray diffraction (XRD), dynamic light scattering (DLS), thermogravimetric analysis 

(TGA) and Raman spectroscopy. The morphology and structural properties including lattice 

parameters of the crystals were visualized by electron microscopy (EM). Additionally, the 

elemental composition of mixed phases was analyzed by energy dispersive X-ray 

spectroscopy (EDX). Furthermore, the electrocatalytic performance of nanomaterials in water 

splitting was investigated using electrochemical methods. The theoretical background and 

practical implementation of the most important characterization methods along with the 

solvothermal synthesis used in this thesis are briefly described in the following section. 

 

2.1 SOLVOTHERMAL REACTIONS 

Solvothermal reactions are mainly conducted in autoclaves beyond the boiling point of the 

solvent in hermetically sealed vessels (Figure 2.1a).
1
 Typically the steel reactors are provided 

with additional Teflon liners protecting the reaction mixture from corrosion. However, due to 

the high porosity of Teflon ultrasmall nanoparticles can contaminate the walls of the liner 

reducing the quality of further reactions. Therefore glass liners were used to achieve high 

reproducibility. The sealed autoclaves were put in programmable laboratory ovens to provide 

a control over the temperature and duration of the reaction. 

 

Figure 2.1  Illustration of a commercial (a) autoclave and (b) microwave reactor commonly 

used for solvothermal syntheses.  
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In addition to conventional heating, the solvothermal reactions can also be performed at 

microwave-assisted conditions in specially designed autoclaves. The advantages of 

microwave irradiation provided by commercial reactors (Figure 2.1b) comprise the ability to 

stir the reaction mixture during the synthesis ensuring homogeneity and the precise control of 

the temperature, pressure and the applied power, maximizing the reproducibility. Furthermore 

the efficient rapid heating and cooling allows for setting of fast temperature ramps. Combined 

with the microwave irradiation it can lead to extremely short reaction times down to only a 

few minutes.
1
  

 

2.2 X-RAY DIFFRACTION (XRD) 

X-ray diffraction is a common technique in materials science that is widely used for phase 

identification of crystalline materials, providing information on unit cell dimensions, lattice 

parameters and size of crystalline domains.
2,3

 X-ray diffraction is based on constructive 

interference of a monochromatic X-ray beam scattered at specific angles from each set of 

lattice planes in a crystalline sample. In X-ray diffractometers X-rays are generated in a 

cathode ray tube by heating a filament to produce electrons. High voltage is applied to 

accelerate these electrons towards a target anode which is typically Cu, Mo or Co. When the 

electrons collide with the target material, X-rays are created by two different processes that 

lead to the emission of a continuous radiation (Bremsstrahlung) and characteristic X-ray 

radiation. The characteristic X-ray photons are emitted when the electrons have sufficient 

energy to knock out inner shell electrons from the anode atoms and electrons from higher 

energy levels fill up the vacancies. Usually these are transitions from upper shells into the K 

shell or L shell, the so-called K and L lines. For diffraction the X-ray beam is filtered to 

produce monochromatic X-rays that are collimated and directed onto the sample. Copper is 

the most common target material with the wavelength of Cu Kα radiation of 

(Cu Kα) = 1.5418 Å. Constructive interference occurs when the interaction of the incident X-

rays with the sample satisfies the Bragg equation: 

 n λ  =  2d sin  (2.1) 
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This equation relates the wavelength of the electromagnetic radiation λ to the diffraction angle 

 and the lattice spacing d in a crystalline sample. Figure 2.2 shows a graphic illustration of 

the Bragg relation. 

 

Figure 2.2  Constructive interference of X-ray radiation and a crystalline lattice.
4
 

 

The diffracted X-rays are detected and result in characteristic patterns where the X-ray 

intensity is recorded as a function of 2θ. 

In polycrystalline samples the crystallite size is related to the line broadening in a diffraction 

pattern. The particle size can be then calculated using the Scherrer equation: 

 D  = 
K λ

β cos θ
 (2.2) 

where D is the mean size of the crystalline domains, K is a dimensionless shape factor with a 

typical value of around 0.9 for spherical particles, λ is the X-ray wavelength, β is the full 

width at half maximum (FWHM) of the reflection corrected for the intrinsic instrumental 

broadening, and  is the diffraction angle.
2
 

X-ray diffraction analysis was carried out in reflection mode using a Bruker D8 Discover with 

Ni-filtered Cu Kα radiation and a position-sensitive LynxEye semiconductor detector. 

Measurements in transmission mode were carried out on a STOE powder diffractometer in 

transmission geometry (Cu Kα1, λ = 1.5406 Å) equipped with a position-sensitive Mythen 1K 

detector. 
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2.3 RAMAN SPECTROSCOPY 

Raman spectroscopy is a spectroscopic method based on inelastic scattering of 

monochromatic light, which can be used to characterize and identify materials and to 

determine their chemical and phase composition. With this technique vibrational, rotational 

and other low-frequency modes of a system can be analyzed.
2
 

Raman-active molecules have bonds with varying polarizability as a function of the 

interatomic distance. Laser light interacts with these bonds and excites the molecule from the 

ground state into a more energetic virtual level. Subsequent relaxation leads to a simultaneous 

re-emission of a photon that can have a different wavelength than the incident photon 

corresponding to the frequency of the vibrational mode. Thus the molecule returns into a 

more energetic vibrational state and the photon is therefore emitted at a lower frequency. This 

shift in energy caused by inelastic Raman scattering is termed Stokes-shift. In the opposite 

case the molecule is already in an excited vibrational state and returns to the ground state 

upon interacting with the laser light. The final state is therefore less energetic than the initial 

state resulting in a shorter wavelength of the emitted light. This process is termed anti-Stokes 

Raman scattering. Elastic or Rayleigh scattering leads to relaxation into the initial ground 

state emitting a photon with the same frequency as the incident light, showing no Raman 

effect. All excitation processes are illustrated in Figure 2.3. 

Not only molecules but also solid-state materials such as metal oxides can be analyzed via 

Raman spectroscopy. The special feature of crystalline structures is their periodicity. This 

allows for the formation of standing elastic waves induced by vibration of the atoms in the 

lattice with a phonon as a quantum of a crystal vibrational energy. A phonon mode in a solid 

is therefore equivalent to the vibrational mode in a molecule.
5
 

The intensity of Raman scattering is several orders of magnitude lower than the Rayleigh 

scattering. Stokes scattering is much more frequent than anti-Stokes scattering because the 

initial energy level which is the ground state is more occupied than excited vibrational states. 

Therefore, commonly the Stokes-shift is recorded in a typical Raman measurement. Being 

directly related to the vibrational and rotational energies of a material, it provides 

characteristic Raman spectra.
2
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Figure 2.3  Energy transitions in Raman spectroscopy.
6 

 

Raman spectra were recorded with a LabRAM HR UV-VIS (Horiba Jobin Yvon) Raman 

microscope (Olympus BX41) with a Symphony CCD detection system using a HeNe laser at 

632.8 nm. 

 

2.4 DYNAMIC LIGHT SCATTERING (DLS) 

Dynamic light scattering is a common method for the determination of the size distribution of 

small particles in colloidal suspensions.
7
 The technique uses monochromatic laser light to 

measure the speed of the particles that move randomly in the analyzed medium. The 

movement is called Brownian motion and is caused by collisions with the surrounding solvent 

molecules and other particles. The incident light is scattered in all directions by the small 

particles in a sample leading to fluctuations of the scattering intensity based on constructive or 

destructive interference of the scattered light. The recorded intensity variations depend on the 

speed of the Brownian motion that is influenced by several factors such as temperature, 

viscosity of the medium and particle size. These parameters are related according to the 

Stokes-Einstein equation. 
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 dH  =  
k T

3 π η D
 (2.3) 

where dH is the hydrodynamic radius of the particles, k is the Boltzmann-constant, T is the 

temperature,  is the viscosity and D is the translational diffusion coefficient which defines 

the velocity of the Brownian motion. The hydrodynamic radius describes the actual particle 

diameter as well as any kind of surface structure including organic ligands and hydration and 

ionic shells. For all calculations spherical particle shape is assumed.  

DLS measurements were performed on a MALVERN Zetasizer-Nano instrument equipped 

with a 4 mW He-Ne laser (633 nm) and an avalanche photodiode detector. 

 

2.5 THERMOGRAVIMETRIC ANALYSIS (TGA) 

Thermogravimetric analysis is used for the characterization of materials properties as an 

effect of thermal treatment. The key factor is the determination of the amount and rate of mass 

change in relation to the temperature or time. TGA is used primarily to characterize the 

composition of multicomponent organic/inorganic systems, oxidative and thermal stability or 

moisture and volatiles content of materials.
8,9

 This method requires high accuracy in 

determination of weight and temperature change to achieve optimum results. TGA 

measurements are carried out at constant heating rates at temperatures up to 1000 °C or more 

in a controlled atmosphere (synthetic air was typically used throughout this project). 

Subsequently, the relative weight change (in percent) is plotted as a function of temperature. 

The data provide information about chemical and physical processes such as redox reactions, 

desolvation, decomposition, phase transitions and sorption processes. 

More detailed information on the thermodynamic processes is gained by additional 

application of differential scanning calorimetry (DSC). This technique measures the heat flow 

in the material compared to a reference and allows statements about the endothermic or 

exothermic character of the process and possible phase transitions such as melting, 

crystallization or degradation, which are not necessarily accompanied by weight loss. 
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Thermogravimetric analysis and differential scanning calorimetry were performed on a 

NETZSCH STA 440 C TG/DSC instrument applying a heating rate of 10 K min
–1

 in a 

synthetic air stream with a constant flow of 25 mL min
–1

. 

 

2.6 ELECTRON MICROSCOPY (EM) 

Imaging of microstructural parameters such as particle size and size distribution, lattice planes 

in crystal structures and presence and composition of mixed and/or defect-rich phases 

comprised an essential part in the characterization of the nanostructures developed in this 

thesis. Structural and morphological analysis of nanocrystalline materials is demanding and 

requires instruments of high precision and extremely high resolution, especially when the 

crystallite dimensions are reduced to only a few nanometers. The features that have to be 

resolved are in the range of 0.3 µm to 0.1 nm. This cannot be reached by common light 

microscopes that are limited in their resolution to around 200 nm. Electron microscopy 

however provides a powerful tool enabling imaging on the atomic scale because of the shorter 

electron wavelength in the picometer range.
10

 The primary electron beam is generated by a 

heated tungsten filament or by a field emission gun and is typically accelerated by an applied 

voltage of 5 – 1000 keV. Further arrangement of electromagnetic lenses leads to focusing of 

the beam on a specimen to a spot size in the nanometer range (Figure 2.4). When the electron 

beam penetrates the sample several absorption, scattering and emission processes can be 

detected. Secondary electrons are generated when electrons in the sample are hit by the 

incident beam with sufficiently high energy and excited above the vacuum level. The energy 

of secondary electrons (< 50 eV) rather low and therefore only electrons produced near the 

surface can escape and be detected. Backscattered and diffracted electrons are both produced 

by elastic scattering (losing only 20 – 40 % of their energy), however they are detected at 

different diffraction angles. Auger electrons are created when sample electrons are knocked 

out from the inner shells and higher shell electrons fill the resulting vacancies. The produced 

energy is then transferred to outer shell electrons that are ejected from the sample. 

Alternatively, the excess energy can be balanced by emitting characteristic X-rays that are 

used in energy dispersive X-ray spectroscopy (EDX). The electrons are detected by a CCD 

camera or on a fluorescent screen. 
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Figure 2.4  Illustration of the optical pathway in a transmission electron microscope.
10

  

 

Scanning electron microscopy (SEM) operates at acceleration voltages typically in the range 

of 5 – 30 kV and provides information about the surface morphology of a sample. Being 

created at and near the surface, secondary electrons are commonly used in SEM imaging. By 

scanning the specimen with the electron beam and recording the output intensity for each 

position a precise image of the sample surface is generated.
11

 

Transmission Electron Microscopy (TEM) was used in this work for the identification of 

crystal structure, phase composition and presence and position of defects of crystalline 

samples. Usually acceleration voltages in the range of 80 – 300 kV are applied and the 

transmitted electrons are detected with a contrast caused by thickness variation in the 

specimen, the elemental composition and the density of the sample (mass contrast).
10

 In TEM 

diffraction mode electron diffraction (ED) patterns can be generated that correspond to the 

crystal structure of the analyzed material. In scanning transmission electron microscopy 

(STEM) the primary beam is highly focused forming a very small probe and scanned over the 

sample, thus enabling imaging of morphology like in SEM but with a much higher resolution. 
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High angle scattered electrons are then recorded by a ring detector located around the optical 

axis enabling imaging with a high mass contrast in the so-called high angle annular dark field 

mode (HAADF). 

Scanning electron microscopy (SEM) was performed on a JEOL JSM-6500F scanning 

electron microscope equipped with a field emission gun operated at 4 – 10 kV depending on 

the sample. High Resolution Transmission Electron Microscopy (HRTEM) and Scanning 

Transmission Electron Microscopy in High Angle Annular Dark Field mode (STEM-

HAADF) were performed using a FEI Titan 80-300 equipped with a field emission gun 

operated at 300 kV. 

 

2.7 QUARTZ CRYSTAL MICROBALANCE (QCM) 

For an accurate calculation of turnover frequencies of electrocatalytic materials it is important 

to determine the exact mass loading of the catalyst on the electrode. Very small amounts in 

the range of a few micrograms can be measured using a quartz crystal microbalance (QCM). 

This method uses the change in frequency of a quartz crystal resonator to compute the mass 

variation before and after loading with the catalyst (Figure 2.5a). The mechanism is based on 

the piezoelectric properties of the quartz crystal and uses the inverse piezoelectric effect to 

generate oscillations.
12

 Depending on the polarization, the application of an electric field 

causes a contraction or elongation and induces a pure shear mode oscillation that propagates 

through the crystal (Figure 2.5b) Oscillation at the resonant frequency of a pure shear mode 

makes the device very sensitive for mass deviations caused by a thin film. The nominal 

frequency depends on the size and thickness of the quartz crystal and is typically f0 = 5 or 

10 MHz.
13

  



2.7 QUARTZ CRYSTAL MICROBALANCE (QCM) 

 

 

 

37 

 

Figure 2.5  Illustration of an Au coated QCM crystal. (a) Top view of the crystal and catalyst 

loading procedure where a tape mask is used to deposit a catalyst layer only on the electrode. 

(b) Side view of the crystal demonstrating the shear deformation.  

 

The relation between the change in resonant frequency and mass loading is given by the 

Sauerbrey equation.
14

 

 ∆f  = 
–2 f

0

2 
m n

√ρ μ
  =  – Cf m (2.4) 

where Δf = f – f0 is the frequency change in Hz with f0 being the nominal oscillation 

frequency and f being the frequency of the loaded crystal, m is the change in mass per unit 

area in g cm
–2

, n is the harmonic number (n = 1 for crystals operated at the nominal 

frequency), ρ is the density of the quartz crystal (2.648 g cm
–3

) and µ is the shear modulus of 

quartz (2.947 ∙ 10
11

 g cm
–1

 s
–2

). The combination of all constants gives the sensitivity factor Cf 

which is 232.6 Hz cm
2
 µg

–1
 for a 10 MHz crystal in air. 

According to the Sauerbrey equation a frequency change of 1 Hz for a 10 MHz crystal 

corresponds to a variation in mass loading of 4.4 ng, showing the great sensitivity of a QCM. 

However the Sauerbrey equation applies only for very low mass loadings and is limited to a 

maximum mass loading of Δf ≤ 2 % f0.
13
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2.8 ELECTROCHEMICAL WATER SPLITTING SETUP 

The performance of catalysts in electrochemical water splitting was characterized using an 

electrochemical cell in a three-electrode setup containing a working electrode (WE), Ag/AgCl 

reference electrode (RE) and a Pt counter electrode (CE) immersed into an electrolyte as 

shown in Figure 2.6a. The Au/QCM crystals loaded with the catalyst film were directly used 

as WE after attaching a silver wire by fixing it with Ag varnish as electrical contact. The wire 

was isolated by a protective epoxy resin coating to avoid its direct contact with the electrolyte. 

(Figure 2.6b).  

 

Figure 2.6  (a) Illustration of a common water splitting cell in a three-electrode setup. (b) 

Preparation of Au/QCM catalyst loaded electrodes for electrochemical measurements by 

attaching a silver wire and a subsequent protection with epoxy resin. 

 

Cyclic voltammetry (CV) was used as the basic method for the electrode characterization. By 

applying an external power supply using a potentiostat the potential E of the WE was cycled 

linearly in a specified range with a constant scan rate, typically 20 mV s
–1

. All 

electrochemical measurements in this thesis were performed using an Autolab 
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potentiostat/galvanostat PGSTAT302N with FRA32M module in a 0.5 M KOH aqueous 

electrolyte at pH 13.43 and a Pt mesh (2 cm
2
) counter electrode. All potentials were measured 

vs. Ag/AgCl/KCl (sat.) reference electrode with a potential ERHE (Ag/AgCl) of +0.989 V vs. 

the reversible hydrogen electrode (RHE) at pH 13.43 calculated according to the following 

equation.  

 ERHE (Ag/AgCl)  =  ENHE (Ag/AgCl)  +  0.059 ∙ pH (2.5) 

where ENHE (Ag/AgCl) is the potential of the Ag/AgCl electrode vs. the normal hydrogen 

electrode (NHE) corresponding to +0.197 V. The potential stability of the Ag/AgCl electrode 

was regularly monitored by measuring the potential of a known redox couple.
12,15

 

Figure 2.7 shows a cyclic voltammogram of NiO as a typical example of a water splitting 

electrocatalyst studied in this thesis. In alkaline electrolyte at pH 13.43 NiO-based 

electrocatalysts usually show a pair of redox peaks corresponding to the reversible oxidative 

hydroxylation of NiO according to
16

  

 NiO  +  OH
– –  e–  ⇄  NiOOH (2.6) 

The peak shapes contain information about the electrode kinetics and allow for the 

investigation of structural composition in mixed phases which is especially important for 

mixed oxide electrocatalysts. The area under the anodic or cathodic peaks, respectively, 

corresponds to the charge transferred in this process and directly correlates to the number of 

catalytically active sites. At pH 13.43, the currents at potentials more positive than 0.47 V vs. 

Ag/AgCl correspond to the OER, and negative currents at potentials below –1.25 V vs. 

Ag/AgCl to the HER. The onset potentials of these processes along with current values 

reached at definite potentials are important figures of merit in benchmarking of 

electrocatalysts. 
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Figure 2.7  Cyclic voltammogram of NiO water splitting electrocatalyst. The inset shows a 

potential range at which oxidative hydroxylation of NiO is observed. 

 

The stability of electrocatalysts was investigated using either multiple cycling in cyclic 

voltammtery (typically 200 cycles at the scan rate of 20 mV s
–1

), or prolonged galvanostatic 

electrolysis using the same setup. In galvanostatic experiments a constant current is applied 

on the electrode and the potential is recorded as a function of time. 
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Figure 3.1  Image created by Christoph Hohmann (Nanosystems Initiative Munich, NIM) 

published as front cover in Adv. Funct. Mater. 21/2014 (used with permission from the 

publisher). 
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3.1 ABSTRACT 

 

Figure 3.2  Table of contents (ToC) image: Ultrasmall, crystalline, and dispersible NiO 

nanoparticles are prepared for the first time using a solvothermal reaction in tert-butanol. 

These nanocrystals can be prepared with sizes tunable from 2.5 to 5 nm and are highly 

efficient catalysts for electrochemical oxygen generation. 

 

Ultrasmall, crystalline and dispersible NiO nanoparticles, are prepared for the first time, and it 

is shown that they are promising candidates as catalysts for electrochemical water oxidation. 

Using a solvothermal reaction in tert-butanol, very small nickel oxide nanocrystals can be 

made with sizes tunable from 2.5 to 5 nm and a narrow particle size distribution. The crystals 

are perfectly dispersible in ethanol even after drying, giving stable transparent colloidal 

dispersions. The structure of the nanocrystals corresponds to phase-pure stoichiometric 

nickel(II) oxide with a partially oxidized surface exhibiting Ni(III) states. The 3.3 nm 

nanoparticles demonstrate remarkably high turnover frequencies of 0.29 s
–1

 at an 

overpotential of  = 300 mV for electrochemical water oxidation, even outperforming rare 

and expensive iridium oxide catalysts. The unique features of these NiO nanocrystals provide 

great potential for the preparation of novel composite materials with applications in the field 

of (photo)electrochemical water splitting. The dispersed colloidal solutions may also find 

other applications, such as the preparation of uniform hole-conducting layers for organic solar 

cells. 
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3.2 INTRODUCTION 

Nickel(II) oxide (NiO) is an abundant and technologically important semiconducting oxide. 

The main applications of nickel oxide, such as catalysis,
1,2

 batteries,
3,4

 supercapacitors,
5,6

 

electrochromics,
7
 sensors

8
 and many others can often benefit from nanostructuring and from 

reducing the crystal size down to the nanometer scale. Due to a greatly increased interface and 

drastically reduced dimensions relative to the bulk, the reported nickel oxide 

nanomorphologies such as nanoflowers,
9,10

 porous spheres,
11

 nanowires
12

 or nanotubes
13

 

generally demonstrate superior performance in applications involving charge transfer and 

charge transport processes.
14

 Crystalline non-agglomerated dispersible nanoparticles of NiO 

are attractive because colloidal nanocrystal dispersions can be used for the controlled 

deposition of crystalline nickel oxide at room temperature, or for the fabrication of hole 

transporting layers in polymer solar cells.
15

 Furthermore, a reduction in the crystal size to only 

a few nanometers is expected to modify the electronic, optical and magnetic characteristics of 

the nanocrystals as well as their surface properties. 

Although colloidal non-agglomerated nanocrystals can be obtained for several other metal 

oxides,
16

 nickel oxide in this form has not been available so far. NiO can be easily prepared 

by a range of chemical and physical methods.
17-20

 However, practically all the existing 

approaches require a thermal treatment at elevated temperatures to obtain a crystalline 

material, and this generally results in an irreversible agglomeration of the nanoparticles. Sol-

gel,
21,22

 hydrothermal,
23

 and solvothermal
24

 routes provide better control over the size, shape 

and agglomeration of nanoparticles, enabling fabrication of smaller nanoparticles down to 4 –

5 nm in size. Nevertheless, the reported NiO nanoparticles exhibit a broad particle size 

distribution, formation of intergrown or agglomerated crystals and a lack of dispersibility. 

Here we report for the first time the preparation of ultrasmall, crystalline and dispersible NiO 

nanoparticles, using a solvothermal reaction in tert-butanol. The size of the nanocrystals can 

be tuned from 2.5 to 5 nm and electrochemical studies show that they are remarkably efficient 

electrocatalysts for electrochemical oxygen generation. 
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3.3 RESULTS AND DISCUSSION 

In order to overcome the previous limitations and to obtain dispersible ultrasmall colloidal 

NiO nanocrystals, we have developed a solvothermal approach in tert-butanol that involves 

the direct formation of crystalline nanoparticles via a chemical reaction of the precursor with 

the solvent. We have previously demonstrated the suitability of this reaction pathway for the 

fabrication of ultrasmall dispersible nanocrystals for several titanate systems,
25-27

 but the 

tert butanol approach had not been explored yet for other metal oxide systems. The choice of 

appropriate NiO precursors is decisive for the formation of nanoparticles. Nickel(II) 

acetylacetonate (Ni(acac)2) is the most suitable precursor for dispersible crystalline NiO 

nanoparticles in this reaction. Formation of NiO from Ni(acac)2 in tert-butanol requires a 

reaction temperature of 200 °C and a reaction time of 12 h; no product formation was 

observed at lower temperatures and shorter times. (Figure S3.1 in the supporting information). 

For reaction times longer than 16 h NiO reflections are exclusively observed in the X-ray 

diffraction (XRD) patterns (Figure 3.3a). 

The size of the phase-pure NiO nanocrystals calculated from the line broadening in the XRD 

corresponds to 2.5 nm after 16 h reaction time at 200 °C. For further discussion in the text the 

sample labeling NP-X will be used where X is the average particle size in nm determined 

from XRD. The particle size increases almost linearly from 3.3 ± 0.1 nm (NP-3.3) to 

4.8 ± 0.1 nm (NP-4.8) with reaction times between 17 h and 33 h, respectively (Figure 3.3a 

and b). Dried NiO nanoparticles are perfectly dispersible in ethanol after the addition of very 

small amounts of acetic acid. Dynamic light scattering (DLS) measurements of these 

transparent colloidal dispersions reveal narrow size distributions centered at 2.5 nm (NP-2.5), 

3.3 nm (NP-3.3) and 4.7 nm (NP-4.8), respectively (Figure 3.3c). The particle size in DLS 

agrees well with the particle size calculated from the XRD patterns and determined from 

TEM images (see below). The dispersions proved to be stable, as DLS measurements showed 

the same particle size distribution after several weeks. 
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Figure 3.3  Characterization of NiO nanoparticles prepared from the reaction of Ni(acac)2 in 

tert-BuOH at 200 °C after different reaction times: 16 h (A; sample code for further 

discussion in the text: NP-2.5), 17 h (B; NP-3.3), 24 h (C; NP-3.8) and 33 h (D, NP-4.8): (a) 

Powder XRD patterns of the dried NiO nanoparticles (E corresponds to the ICDD card 

number 01-071-1179, referring to NiO with rock salt structure), (b) crystalline domain size 

after different reaction times calculated from the XRD patterns for the most intensive NiO 

signal at 2θ = 43° using the Scherrer equation, (c) dynamic light scattering (DLS) analysis of 

ethanolic dispersions of NiO nanoparticles (sample codes see above). 

 

Transmission electron microscopy (TEM) images of the NiO nanoparticles NP-3.3 show non-

agglomerated, defined particles with a narrow particle size distribution (Figures 3.4a, b). The 

lattice fringe distances (Figure 3.4b) in high resolution TEM images and the electron 

diffraction patterns (Figure 3.4c) are in agreement with the cubic rock salt structure of NiO 

deduced from XRD patterns. The average particle size obtained from the TEM images, 

measured and calculated over 30 particles, is 3.3 nm which is also in good agreement with the 

size calculated from the XRD pattern (3.3 nm, NP-3.3). When more concentrated dispersions 

of NiO nanoparticles were used for TEM sample preparation, we observed the formation of 

hexagonal supercrystals assembled from nanoparticles (Figure S3.2 in the supporting 

information). The presence of such supercrystalline assemblies is indicative for the 

monodisperse shape and size of the nanoparticles.
28
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Figure 3.4  TEM images of the NiO nanoparticles NP-3.3. (a) Overview of the nanoparticles 

dispersed on the TEM grid. (b) HRTEM image of a single NiO nanoparticle. (c) Electron 

diffraction pattern of the NiO nanoparticles. The corresponding d-values are 2.4 (111), 2.08 

(200), 1.47 (220) 1.26 (311) and 1.2 Å (222), respectively. 

 

Raman spectra of the as-prepared dry NiO powders (NP-3.3) show the presence of aliphatic 

organic groups corresponding to tert-BuOH solvent residues, which practically vanish after 

heating the samples to 100 °C. The Raman spectra of NiO powders heated to 100–240 °C 

show only one broad phonon vibration peak at 500 – 600 cm
–1

 typical for NiO
29

 and similar to 

the spectrum of commercial NiO nanopowder (Figure S3.3 in the supporting information). 

Heating up to 300 °C does not influence the size of the NiO nanoparticles; they only start to 

grow at temperatures above 350 °C (Figure S3.3b in the supporting information). 

Figure 3.5 shows the UV-visible spectra of nickel oxide nanocrystals of various sizes 

dispersed in ethanol with the same concentration for each sample. The distinct absorption 

peak around 375 nm in the UV region, as well as the weaker absorption features around 

425 and 480 nm are attributed to d-d transitions of Ni(III).
30

 It can be seen that smaller 

particles with a higher ratio of surface atoms show a stronger absorption in this region, which 

results in a stronger brown coloration of the dispersions (see inset in Figure 3.5a). This 

suggests that the absorption arises from Ni(III) states at the surface of the nanoparticles that 

are probably present in the form of NiOOH or Ni(III) oxide moieties.
31

 The steep absorption in 

the UV region below 350 nm is attributed to the band gap absorption in NiO.
32

 The so-called 

Tauc plot in Figure S3.4b (supporting information) shows a linear relation in the energy range 

around 3.8 to 4.1 eV for n = 2 (see UV-Vis characterization in the experimental section), 

indicating a direct transition as often reported for the semiconducting NiO nanoparticles.
33,34
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This is supported by the observation that the absorption coefficients of the NiO nanoparticle 

dispersions in this region are in the range of 10
4
 – 10

5
 cm

–1
, also indicating a direct transition 

(Figure S3.4a in the supporting information). Extrapolation of the linear portion of the high 

energy part of the plots yields band gap values of 3.73, 3.78 and 3.79 eV for NP-3.3, NP-3.8 

and NP-4.8, respectively (Figure S3.4b in the supporting information). 

 

Figure 3.5  (a) UV-Vis absorption spectra of dispersions of NiO nanoparticles in ethanol with 

sizes of 3.3 nm (black, NP-3.3), 3.8 nm (red, NP-3.8) and 4.8 nm (blue, NP-4.8), and the 

photographs of the corresponding dispersions in an inset (5 mM concentration). X-ray 

photoelectron spectra (XPS) of as prepared (b) and argon polished (c) NiO nanoparticles (NP-

3.3). The XPS spectra show the energy region between 840 and 870 eV corresponding to the 

Ni 2p3/2 and its shake up-signal. The points correspond to the experimental spectra, and the 

lines are the fitted curves using a Doniach Sunjic functional. 

 

The attribution of the long wavelength absorption to nickel(III) states on the surface of the 

NiO particles is supported by magnetic measurements and by XPS analysis. The magnetic 

susceptibility measurements (Figure S3.5 in the supporting information) indicate an effective 

moment of µeff = 3.01 µB in the temperature region between 150 K and 250 K which is in line 

with the Ni(II) states with respect to a g-factor of g = 2.14. Additionally, a fit above 300 K 

agrees well with the presence of Ni(III) states with µeff = 3.89 µB and a paramagnetic Curie 

temperature of p = –230 K. XPS measurements on the as prepared particles (Figure 3.5b) 

reveal a binding energy of –856.5 and – 862.7 eV for the Ni 2p3/2 and its shake up-signal, 

respectively. According to literature this can be interpreted as a nickel(III) state,
35-37

 which 

could be in the form of Ni2O3, NiOOH or tert-butoxide groups attached to the surface of NiO. 

Quantification of the elements in XPS shows a ratio of Ni to O atoms of nearly 1:2, which 

could indicate that the Ni(III) states are present in the form of NiOOH on the surface of the 

nanoparticles (Table S3.1 in the supporting information). However, this is only tentative since 
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the surface may be contaminated. On the other hand, XPS measurements made after 

sputtering the surface with argon ions (Figure 3.5c) show a different binding energy for the Ni 

2p3/2 and its shake up-signal (–854.5 and –860.9 eV), which is typical for NiO.
38

 

Quantification gives an atomic ratio of 1:1 confirming NiO. This is also in good agreement 

with the non-surface selective XRD measurements which only show a signal for NiO. In 

conclusion, the combination of the results of XRD, XPS, UV-Vis absorption and magnetic 

susceptibility measurements indicates that the as-synthesized nanoparticles have a core of 

NiO and some form of nickel(III) states on their surface. 

 

Figure 3.6  Cyclic voltammograms of NiO nanoparticles (NP-3.3) on Au-coated QCM 

electrodes in 0.5 M KOH. (a) Preconditioned by cycling 30 times from 0.1 to 0.7 V vs. sat. 

Ag/AgCl electrode with a scan rate v = 20 mV s
–1

 and (b) electrochemically aged by applying 

a constant current of 7.5 mA cm
–2

 for 2.5 h. The gray line corresponds to a voltammogram 

taken on the bare Au electrode aged at the same conditions as (b). The voltammograms were 

taken at a scan rate of 20 mV s
–1

. 
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The presence of Ni(III) states on the surface of the nanoparticles under ambient conditions 

suggests that the surface Ni atoms are highly reactive (Ni(III) states are commonly associated 

with the electrocatalytic activity of nickel compounds).
27,28

 Therefore, we have tested our NiO 

nanoparticles as catalysts for the electrochemical oxidation of water. For that purpose, NiO 

nanoparticles NP-3.3 were deposited as thin films on Au-coated QCM crystals. The use of 

QCM crystals enables an accurate determination of the NiO mass loading, which was 

20 ± 0.8 μg cm
–2

 for the thinnest films. 

Cyclic voltammograms (CVs) taken in 0.5 M KOH show the typical behavior for NiO in 

basic media. The CVs feature a pair of anodic and cathodic peaks centered around 0.370 V vs. 

Ag/AgCl corresponding to the oxidation of NiO  

 NiO  +  OH
– – e–  ⟶   NiOOH (3.1) 

followed by a current due to O2 evolution (Figure 3.6). It should be noted that only a very low 

current was measured on the bare Au electrode under the same conditions (see grey line in 

Figure 3.6). The current for the NiO modified electrodes increases during the first few cycles 

and reaches a stable value after 30 scans, after which it remains stable and does not change 

anymore with prolonged cycling. Electrodes preconditioned in this way show a narrow anodic 

and a broad cathodic peak in the reversed scan, corresponding to the NiO/NiOOH redox 

reaction of NiO. The charge obtained from the integration of the cathodic peak corresponds to 

about 2.7 mC cm
–2

 which corresponds to 10 ± 2 % of the deposited NiO independent of the 

mass loading on the electrode. The same fraction of electrochemically active Ni atoms was 

obtained for electrodes with about 2.5 times (6.0 mC cm
–2

) and about 4.5 times (9.9 mC cm
–2

) 

higher mass loadings. The measured charge closely agrees with the theoretical value 

corresponding to oxidation/reduction of the particle surface, which can be calculated 

assuming that only surface Ni atoms are electrochemically active. Using the specific surface 

area of the NP-3.3 NiO nanoparticles of 210 m
2
 g

–1
 determined by Kr sorption (Figure S3.6 in 

the supporting information), the real surface area (roughness factor) of the electrodes with a 

mass loading of 20 μg cm
–2 

is equal to 42 cm
2
 cm

–2
. This leads to a surface charge value of 

2.76 mC cm
–2

 using the estimated surface density of Ni atoms of 4.08 ∙ 10
14

 cm
–2

 for a 110 

plane. This good agreement with the electrochemically obtained charge (2.7 mC cm
–2

) 

indicates that indeed surface Ni atoms are preferentially electrochemically active and that the 

surface of the NiO nanoparticles is also electrochemically accessible for the thicker films. 
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Unlike the previously reported ultrathin NiO films that completely transform to layered 

Ni(OH)2 after prolonged electrochemical treatment,
39

 the NiO electrodes assembled from our 

nanoparticles obtained by the tert-butanol route retain their integrity. The amount of Ni atoms 

involved in the Ni(II)/Ni(III) reaction remains practically unchanged after prolonged cycling, 

as determined from the charge obtained by integration of the corresponding peaks. The 

integrated charge remains almost constant even after extended electrochemical aging of the 

electrodes, which was performed galvanostatically by applying a current of 7.5 mA cm
–2

 for 

2.5 h. However, the aging leads to a small shift of the NiO redox potential to more positive 

values (from 0.370 ± 0.001 V to 0.385 ± 0.002 V vs. Ag/AgCl, respectively). The positive 

shift in the redox potential is usually assigned to a phase transformation of the OH-terminated 

Ni atoms in basic media, from a disordered -modification to a more ordered and more 

catalytically active -modification.
27

 The shift in the peak in our case is accompanied by a 

decrease in the overpotential of the OER process. The overpotential required for 1 mA cm
–2

 

OER current density changes from 305 mV for the conditioned electrode to 280 mV for the 

aged electrode, respectively. Preconditioned and aged electrodes show similar Tafel slopes for 

the OER process of 40 mV dec
–1

 at an overpotential of 300 mV, which is consistent with the 

values reported for NiO.
40,41

 (Figure S3.7 in the supporting information).  

The electrodes prepared from our NiO nanoparticles show high turnover frequencies (TOF), 

defined as the number of O2 molecules formed per active metal site per second) at relatively 

low overpotentials. The TOF calculated per active Ni atom (determined from the real surface 

area of the electrodes) for the aged electrodes described above is 0.29 s
–1

 at an overpotential 

of  = 300 mV. This value is 30 times higher than the TOF value of 0.009 s
–1

 at the same 

overpotential reported for IrOx thin film electrodes that are known as some of the most active 

OER catalysts. The TOF value for our ultrasmall NiO particles is also significantly higher 

than that of 0.21 s
–1

 for Fe-doped ultrathin NiO layers which was the highest reported value 

so far.
41

 This makes our NiO nanoparticles very promising catalysts for electrochemical water 

splitting. 
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Figure 3.7  Deposition of NiO nanoparticles from ethanolic dispersions on different 

substrates. (a) As thin compact films on the top of a P3HT polymer layer (SEM image, cross-

section) and (b) as single non-agglomerated nanoparticles on crystalline mesoporous Fe2O3 

hematite. Top view HRTEM image and (c) its inverse FFT image, after masking the hematite 

lattice plane contribution. 

 

The dispersibility of the crystalline NiO nanoparticles allows for a controlled deposition of 

crystalline NiO layers on various flat and porous substrates. Crystalline layers with tunable 

thickness can therefore be easily processed from the colloidal dispersions, and importantly the 

films do not require further temperature treatment for crystallization. This enables deposition 

of NiO layers on temperature-sensitive polymers or other organic materials.
15

 We demonstrate 

the possibility of the deposition of a compact 7 nm thick NiO layer on top of a P3HT polymer 

layer (Figure 3.7a), which would be particularly interesting for the fabrication of organic or 

hybrid solar cells.
15

 Furthermore, the high dispersibility and the very small size of the nickel 

oxide nanoparticles allow us to distribute them homogeneously not only on flat substrates but 

also on high surface area porous host materials for possible catalytic applications. This is 

demonstrated in Figure 3.7b, c showing the homogeneous distribution of the individual non-

agglomerated NiO nanoparticles on a mesoporous hematite host, which is an interesting 

material for photoelectrochemical water splitting. 
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3.4 CONCLUSION 

We describe for the first time the preparation of ultrasmall, crystalline and dispersible NiO 

nanoparticles, which are promising candidates as catalysts for electrochemical oxygen 

generation. Using a solvothermal reaction in tert-butanol, very small nickel oxide 

nanocrystals can be prepared with sizes tunable from 2.5 to 5 nm and a narrow particle size 

distribution. The crystals are perfectly dispersible in ethanol even after drying, giving stable 

transparent colloidal dispersions. The nanoparticles dried at room temperature contain about 

50 % of organics, which can be completely removed at about 100 °C leaving an organics-free 

surface. Besides the decreasing particle dimensions and the increasing surface area, the 

nanoscaling in our synthesis leads to a changed stoichiometry of the surface compared to the 

bulk. Our data demonstrate that although the crystalline structure of the obtained nanocrystals 

corresponds to a phase-pure stoichiometric nickel(II) oxide, the decrease in the particle size 

evidently leads to the change in surface properties and an increased amount of 

electrocatalytically active sites.. The nanoparticles of 3.3 nm in size demonstrate very high 

turn-over frequencies of 0.293 s
–1

 at an overpotential of  = 300 mV for electrochemical 

oxygen generation, even outperforming expensive iridium oxide catalysts. Additionally, their 

unique features such as the high crystallinity and dispersibility allow for the deposition of 

crystalline NiO layers on temperature sensitive substrates such as polymers, without the 

necessity of a subsequent heat treatment for crystallization. This would enable the preparation 

of hybrid organic/inorganic devices such as polymer solar cells. We believe that the unique 

features of these NiO nanocrystals provide great potential for the preparation of numerous 

composite materials with applications in fields such as (photo)electrochemical water splitting. 
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3.5 EXPERIMENTAL SECTION 

3.5.1 SYNTHESIS OF NIO NANOPARTICLES 

Nickel(II) acetylacetonate was purchased from Alfa Aesar (95 % purity). Nickel(II) acetate 

tetrahydrate was purchased from Aldrich (98 % purity), tert-butanol was purchased from 

Sigma-Aldrich (puriss. p.a., ACS reagent, ≥ 99.7 %). All chemicals were used as received. 

tert-Butanol was dried over a 4 Å molecular sieve at 28 °C and filtered prior to use. 

For the synthesis of nickel oxide nanoparticles with different sizes, 0.13 g (0.50 mmol) of 

nickel(II) acetylacetonate (Ni(acac)2) was added to 14 mL of tert-butanol (0.147 mol) at 

ambient conditions forming a turbid light green suspension. The reaction mixture was stirred 

for 10 min, then transferred into a Teflon autoclave liner and subsequently hermetically 

sealed. The autoclaves were kept at 200 °C in a laboratory oven for different reaction times. 

The as-prepared powders were dried in air at 60 °C in a laboratory oven. The reproducibility 

of the reaction is very sensitive to the mass transfer conditions in the autoclave reactors, 

which are strongly influenced by the geometry of the autoclave and the stirring conditions. 

The most reproducible results were achieved for 20 mL cylindrical autoclaves 

(5.3 cm  8 cm) that were rotated in the oven with a rate of ca. 250 rpm. For these 

conditions, about 2.5 nm (NP-2.5), 3.3 nm (NP-3.3), 3.8 nm (NP-3.8) and 4.8 nm (NP-4.8) 

phase-pure NiO nanoparticles were obtained after 16 h, 17 h, 24 h and 33 h reaction time, 

respectively. For bigger autoclaves, the reaction temperature has to be increased to 210 °C 

and the reaction time prolonged to at least 20 h to observe the formation of the nanoparticles. 

Dispersions of the NiO nanoparticles were prepared in ethanol by the addition of concentrated 

acetic acid. In a typical procedure, 2.4 mg of the dried NiO powder was covered with 4 µL of 

acetic acid and afterwards dispersed in 1 mL of ethanol to obtain a colloidal dispersion with a 

NiO concentration of 0.03 mol L
–1

. 

The NiO nanoparticle dispersions (0.03 mol L
–1

) were used for the fabrication of thin films by 

spin coating on fluorine-doped tin oxide coated glass (FTO) and on polymer layers of 

poly(3-hexylthiophene-2,5-diyl) (P3HT) deposited on FTO. 40 µL of the dispersion was cast 

onto the substrate with a size of 1.5  1.5 cm and spun at 2000 rpm for 30 s. With this 

method thin films with a thickness of approximately 7 nm are obtained. 
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For the deposition of the NiO nanoparticles on mesoporous hematite layers, 5 µL of the NiO 

dispersions were drop cast onto the hematite substrate with dimensions of 1 cm
2
 and dried at 

room temperature. 

 

3.5.2 CHARACTERIZATION 

Wide angle X-ray diffraction analysis was carried out in reflection mode using a Bruker D8 

Discover diffractometer with Ni-filtered Cu Kα radiation (λ = 1.5406 Å) equipped with a 

LynxEye position sensitive detector. Powder XRD patterns of the samples were collected in a 

2θ range from 5° to 67° with a step size of 0.05 and fixed counting time of 0.1 second per 

step. The size of the crystalline domains was calculated from the XRD patterns for the most 

intensive NiO signal at 2θ = 43° using the Scherrer equation. 

Dynamic light scattering measurements were performed on a MALVERN Zetasizer-Nano 

instrument equipped with a 4 mW He-Ne laser (633 nm) and an avalanche photodiode 

detector. 

TEM measurements were carried out using a FEI Titan 80-300 equipped with a field emission 

gun operated at 300 kV. For the sample preparation a drop of a strongly diluted dispersion of 

a sample in ethanol was placed on a holey carbon coated copper grid and evaporated. 

SEM images were obtained with a JEOL JSM-6500F scanning electron microscope equipped 

with a field emission gun operated at 4 kV. The films were prepared on silicon substrates and 

glued onto a brass sample holder with silver lacquer. 

Raman spectroscopy was carried out using a LabRAM HR UV-Vis (HORIBA JOBIN 

YVON) Raman Microscope (OLYMPUS BX41) with a SYMPHONY CCD detection system 

and a He-Ne laser (λ = 633 nm). Spectra were recorded using a lens with a 100-fold 

magnification. 

Thermogravimetric analysis of the samples was performed on a NETZSCH STA 440 C 

TG/DSC (heating rate of 10 K min
–1

 in a stream of synthetic air of about 25 mL min
–1

). 

X-ray photoelectron spectroscopy (XPS) analysis of the particles on a silicon substrate was 

performed using a VSW HA 100 electron analyzer and the Kα radiation provided by a non-
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monochromatized magnesium anode system (Mg Kα = 1253.6 eV). Ar ion polishing was done 

at 1000 eV for 10 minutes. The recorded elemental peaks were fitted using a Doniach-Sunjic 

function
42

 and the elemental ratios were calculated by the equation  

 
XA

XB

  =  
IA SA⁄

IB SB⁄
 (3.2) 

where 
IA

IB
 is the ratio of fitted areas, and S is the sensitivity factor. 

The UV-visible spectra of the samples were measured with a Perkin Elmer Lambda 1050 

spectrophotometer equipped with an integrating sphere. 

The band gap Eg of NiO was determined from the measured spectra using the relationship 

 hν  –  Eg ∝ (αhν)
n
 (3.3) 

Where h is the photon energy,  is the absorption coefficient, and the exponential factor n 

being either 2 for a direct allowed transition or ½ for an indirect allowed transition. The 

absorption coefficient alpha was calculated from the absorbance using equations (3.4) – (3.9).  

 A  =  – log
10

It

I0

  =  ε csolid l (3.4) 

where A is the absorbance, I0 is the incident light, It is the transmitted light,  is the molar 

absorption coefficient, csolid is the concentration of nickel oxide in the dispersion (5 mM), and 

l is the optical path length (1 cm). 

 –ln
It

I0

  =  α l  =  –2.303 log
10

It

I0

  =  ε csolid l (3.5) 

 ⟹ α  =  2.303 ε csolid (3.6) 

The concentration csolid of the solid NiO was calculated from the molar volume VM that is 

given by the molar mass MNiO (74.69 g mol
–1

) and the density of NiO iO (6.67 g cm
–3

):  

 csolid  =  
1

VM

  =  
ρ

M
  =  89.3 

Mol

dm
3

  =  89.3 M  (3.7) 

 was calculated from the concentration of nickel oxide in the dispersion cdispersion (5 mM): 
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 ε  =  
A

cdispersion l
  =  

A

5 ∙ 10
–3

 (3.8) 

 ⟹ α(λ)  =  2.303
A(λ)

5 ∙ 10
–3

 ∙ 89.3 cm
–1

 (3.9) 

A Magnetic Property Measurement System (MPMS) from Quantum Design was used to 

determine the temperature dependent dc-susceptibility (T) and the magnetic field dependent 

magnetization m(H). These measurements were performed in a temperature range between 2 

and 400 K and in magnetic fields up to 10 kOe. A small amount of NiO powder (9.41 mg) 

was mounted between two KEL-F staves fitted in a straw. The susceptibility data are 

normalized to one mol of the respective formula unit (f.u.). 

 

3.5.3 ELECTRODE PREPARATION 

The electrodes were prepared by deposition of the dispersed nickel oxide nanoparticles either 

by spin coating or by drop casting on QCM crystals (KVG 10 MHz QCM devices with gold 

electrodes from Quartz Crystal Technology GmbH). In a typical drop casting procedure, 4 µL 

of nickel oxide dispersion was cast on the Au layer of a QCM crystal. A mask was used to 

cover the non-active surface of the QCM chip exposing an area of 0.196 cm
2
. The loaded 

QCM crystal was dried in air at ambient conditions for 5 min. For the spin coating method 

8 µL of nickel oxide dispersion was deposited on a masked QCM crystal and spun at 

1000 rpm for 10 s. The QCM electrodes prepared with both methods were subsequently 

heated to 240 °C in a laboratory oven with a heating ramp of 4 °C min
–1

 and a dwell time of 

2 h. 

 

3.5.4 ELECTROCHEMICAL MEASUREMENTS 

Electrochemical measurements were performed in a three-electrode setup using an Autolab 

potentiostat/galvanostat PGSTAT302N with FRA32M module operating with Nova 1.9 

software. All the measurements were performed in 0.5 M KOH electrolyte solution (Sigma-

Aldrich, volumetric solution) at pH 13.43. Pt mesh (2 cm
2
) was used as a counter electrode. 

Au/QCM crystals with NiO nanoparticles deposited on one side (preparation is described 
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above) were used as working electrodes. To provide an electric connection to the QCM 

electrode, a silver wire was connected to the respective part of the QCM crystals using silver 

lacquer. The silver lacquer and the wire were sealed afterwards in inert two-component epoxy 

resin (Gatan, Inc). All potentials were measured vs. Ag/AgCl/KCl sat. reference electrode, 

whose potential is +0.989 V vs. the reversible hydrogen electrode (RHE) at pH 13.43 

(+0.197 V vs. NHE). The electrochemical data were corrected for uncompensated 

resistance𝑅𝑠. The 𝑅𝑠 was determined as minimum total impedance in the frequency regime 

between 10 and 50 kHz at open circuit conditions and at a potential of 0.2 V vs. Ag/AgCl 

electrode, where no Faradaic processes take place. The resistance was taken as an average of 

3 measurements, 90 % of this value was compensated. Rs was typically around 6 – 7 Ohm for 

the NiO-coated Au/QCM electrodes. The overpotential η was calculated using the equation  

 η  =  E  –  EOER  –  iRs (3.10) 

Where E is the potential recorded vs. Ag/AgCl reference electrode, EOER is the reversible 

potential of the OER vs. Ag/AgCl reference electrode (0.240 V at pH 13.43), and i is the 

current. Current densities are calculated using the geometric surface area of the Au/QCM 

electrode (0.196 cm
2
). 

The pre-conditioning of the NiO electrodes was achieved using cyclic voltammetry (CVA). 

The electrodes were cycled between 0 V and 0.7 V vs. Ag/AgCl in 0.5 M KOH at a scan rate 

of 20 mV s
–1

 until the current had reached stable values and did not change anymore with 

repetitive cycling (typically 30 cycles). The CVA measurements on these pre-conditioned 

electrodes were made at scan rates from 2 mV s
–1

 to 20 mV s
–1

 without stirring the electrolyte. 

The aging was performed galvanostatically by applying a current density of 7.5 mA cm
–2

 for 

2.5 h in a two-electrode mode in a stirred 0.5 M KOH solution. The electrolyte was replaced 

after the aging procedure by a fresh one for subsequent CVA measurements. 

The turn-over frequency (TOF) at the overpotential of  = 0.3 V was calculated on the basis 

of surface Ni atoms according to:  

 TOF  =  
i

4 F nsurf

 (3.11) 

Where i is the current, F is Faraday’s constant, and nsurf is the surface concentration of Ni 

atoms (mol cm
–2

). The surface concentration of Ni atoms was calculated from the mass 
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loading of the films m (g cm
–2

), the BET surface area of the nanoparticles of 2.1 10
6
 cm

2
 g

–1
 

determined by Kr sorption and estimated surface density NNiO of Ni atoms in NiO of 

4.08 ∙ 10
14

 cm
–2

 according to: 

 nsurf  =  m BET 
NNiO

NA

 (3.12) 

Where NA is the Avogadro constant. 

Alternatively, the number of electrochemically accessible Ni atoms was determined from the 

charge corresponding to the NiO redox reaction according to the equation (3.1). As the charge 

obtained from the anodic peak of the NiO redox process may contain some contribution from 

the OER process we have used the cathodic peak to determine the amount of the catalytically 

active Ni atoms. 
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3.7 SUPPORTING INFORMATION 

 

Figure S3.1  XRD patterns (a) and photograph (b) of the reaction products obtained after 

reaction of (0.036 mol L
–1

) Ni(acac)2 in tert-BuOH for different reaction times at 200 °C. The 

top pattern in Figure S3.1a corresponds to the ICDD card number 01-071-1179 referring to 

NiO with rock salt structure. 

 

The formation of nickel oxide at 200 °C starts only after 12 h of reaction. Reactions carried 

out for 12 h to 15 h show broadened NiO reflections with increasing intensity in the course of 

the reaction. This indicates the formation of small crystalline particles, but still some amounts 

of non-reacted Ni(acac)2 precursor remain. For reaction times longer than 16 h NiO 

reflections are exclusively observed in the XRD patterns. The reaction progress is also clearly 

noticeable in the appearance of the reaction mixture, which changes its color from light green 

for the precursor solution to brown after 18 h of reaction.  
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Figure S3.2  STEM image of the hexagonal supercrystals assembled from the NiO 

nanoparticles obtained from the reaction of Ni(acac)2 at 200 °C after 17 h (NP-3.3).  

 

 

 

 

Figure S3.3  (a) Raman spectra of as-prepared NiO nanopowders (NP-3.3) and after heating 

at 100 °C and 200 °C. The bottom spectrum corresponds to the commercial NiO nanopowders 

(Sigma-Aldrich, 99.8 % trace metal basis, < 50 nm). (b) XRD powder patterns of the as 

prepared NiO nanoparticles (NP-3.3) and after heating to 100 °C–350 °C. 
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Figure S3.4  (a) Absorption coefficient alpha of the NiO nanoparticles with various sizes. (b) 

Tauc plot for the determination of the band gap of NiO. 

 

 

Table S3.1  Atomic proportions from the quantification of XPS spectra. 

Sample C 1s / % Ni 2p / % O 1s / % 

NiO untreated 21.3
a
 24.8 48.8 

NiO sputtered 7.5 39.6 48.3 

 

a
The high carbon content for the untreated nanoparticles is typical for samples prepared ex 

situ and which were exposed to ambient conditions, but could also be an indication for surface 

bound tert-butoxide groups originating from the chemical synthesis of the nanoparticles in 

tert-butanol. 

  



3.7 SUPPORTING INFORMATION 

 

 

 

67 

 

Figure S3.5  The temperature dependence of the inverse magnetic susceptibility 1/ of NiO 

(red curve). The solid black line is a linear fit to the data in the temperature range between 

150 K and 250 K. From the slope of the fit an effective magnetic moment of µeff = µB 3.01µB 

is calculated which is in good agreement with a Ni(II) state. The flattening above 300 K may 

be due to the presence of some Ni(III) atoms. Insert (a) pictures  vs. T. The linear offset of 

about 2 emu mol
–1

 may be due to a spontaneous magnetization of some Ni clusters which is 

support by the hysteresis loop in the insert (b). 
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Figure S3.6  Kr sorption isotherm (measured at 77 K) on NiO nanoparticles (NP-3.3) which 

were tempered at 240 °C. The BET surface area corresponds to 210 m
2
 g

–1
. The isotherm 

demonstrates a hysteresis due to the textural porosity between the nanoparticles. The particle 

size was calculated from the BET surface area and NiO density of 6.67 g cm
–3

 using a 

spherical model corresponding to around 4 nm particle diameter. 

 

 

Figure S3.7  Tafel plots for NiO nanoparticles (NP-3.3) on Au-coated QCM electrodes in 

0.5 M KOH: pre-conditioned by cycling 30 times from 0.1 to 0.7 V vs. sat. Ag/AgCl 

electrode with a scan rate v = 20 mV s
–1

 (blue line, a), and electrochemically aged by applying 

a constant current of 7.5 mA cm
–2

 for 2.5 h (red line, b). Tafel plots were obtained from 

voltammograms taken at scan rate v = 20 mV s
–1

. The lines correspond to the Tafel slopes of 

the OER process measured at an overpotential of 300 mV. 
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4   IRON-DOPED NICKEL 

OXIDE NANOCRYSTALS 

AS HIGHLY EFFICIENT 

ELECTROCATALYSTS 

FOR ALKALINE WATER 

SPLITTING 
 

 

 

 

This chapter is based on the following publication: 

Ksenia Fominykh, Petko Chernev, Ivelina Zaharieva, Johannes Sicklinger, Goran Stefanic, 

Markus Döblinger, Alexander Müller, Aneil Pokharel, Sebastian Böcklein, Christina Scheu, 

Thomas Bein and Dina Fattakhova-Rohlfing ACS Nano 2015, 9, 5180. 
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Figure 4.1  Image created by Christoph Hohmann (Nanosystems Initiative Munich, NIM) 

published as special article title image in the GIT Labor-Fachzeitschrift 12/2015 Wiley-VCH 

Verlag GmbH & Co. KGaA, GIT VERLAG, Weinheim, 26–28 (used with permission from 

the publisher). 
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4.1 ABSTRACT 

 

Figure 4.2  ToC image illustrating the crystalline structure, ultrasmall size and perfect 

dispersibility of the Fe-doped NiO nanoparticles combined with their extraordinary 

performance in electrochemical water splitting.  

 

Efficient electrochemical water splitting to hydrogen and oxygen is considered a promising 

technology to overcome our dependency on fossil fuels. Searching for novel catalytic 

materials for electrochemical oxygen generation is essential for improving the total efficiency 

of water splitting processes. We report the synthesis, structural characterization and 

electrochemical performance in the oxygen evolution reaction of Fe-doped NiO nanocrystals. 

The facile solvothermal synthesis in tert-butanol leads to the formation of ultrasmall 

crystalline and highly dispersible FexNi1–xO nanoparticles with dopant concentrations of up to 

20 %. The increase in Fe-content is accompanied by a decrease in particle size resulting in 

non-agglomerated nanocrystals of 1.5 – 3.8 nm in size. The Fe-content and composition of the 

nanoparticles are determined by X-ray photoelectron spectroscopy and energy-dispersive 

X-ray spectroscopy measurements while Mössbauer and extended X-ray absorption fine 

structure analyses reveal a substitutional incorporation of Fe(III) into the NiO rock salt 

structure. The excellent dispersibility of the nanoparticles in ethanol allows for the 

preparation of homogeneous ca. 8 nm thin films with a smooth surface on various substrates. 

The turnover frequencies (TOF) of these films could be precisely calculated using a quartz 

crystal microbalance. Fe0.1Ni0.9O was found to have the highest electrocatalytic water 

oxidation activity in basic media with a TOF of 1.9 s
–1

 at the overpotential of 300 mV. The 
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current density of 10 mA cm
–2

 is reached at the overpotential of 297 mV with a Tafel slope of 

37 mV dec
–1

. The extremely high catalytic activity, facile preparation and low cost of the 

single crystalline FexNi1–xO nanoparticles make them very promising catalysts for the oxygen 

evolution reaction. 

 

4.2 INTRODUCTION 

The splitting of water into oxygen and hydrogen provides a promising solution to the 

generation and storage of hydrogen from renewable energy sources, such as solar and wind 

power.
1,2

 For high rate hydrogen production both half reactions of the water splitting process, 

i.e. water oxidation and reduction, have to proceed with optimum efficiency. The hydrogen 

evolution reaction follows a simple mechanism and can be catalyzed by many metals and 

metal oxides at low overpotentials.
3
 A major challenge however is the slow rate of the oxygen 

evolution reaction (OER), which proceeds via several steps with high activation energies 

requiring large overpotentials for the transfer of four electrons.
4,5

 To solve this problem, 

efficient water oxidation catalysts are needed, which has initiated an intensive search on 

different classes of materials acting as possible OER catalysts.
6-15

 The state of the art 

electrocatalysts for oxygen generation are expensive and rare iridium and ruthenium 

oxides,
1,2,16-18

 severely restricting their large scale applications. More attractive alternatives 

such as abundant and low cost first-row transition metal oxides have been intensively 

explored as OER catalysts, but their long term stability and catalytic performance were found 

to be inferior.
18

 Recent developments, however, demonstrate that the OER activity of these 

materials can be substantially enhanced and tuned in a broad range by substitutional doping 

with different ions resulting in mixed compounds such as Ni1–xFexO with very high catalytic 

activities at low overpotentials comparable to that of IrO2.
19-21

  

Fe-Ni-O mixed compounds have been known for decades and are considered among the best 

electrocatalysts for alkaline water electrolysis.
22-26

 Still, the numerous publications reported 

up to date demonstrate the very strong impact of crystalline structure and morphology on the 

electrocatalytic activity, which can differ by orders of magnitude for different Fe-Ni-O 

compounds.
19,21,27,28

 Most of the literature on this subject concerns layered structures such as 

Ni-Fe double hydroxides (Fe/Ni(OH)2),
27,29

 oxyhydroxides (Fe/NiOOH)
19

 or amorphous 
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phases
30,31

 either formed directly or as a result of structural transformations of NiOx.
13

 The 

activity of rock salt-type nickel oxide compounds was considered to be inferior due to their 

compact structure resulting in a low accessibility of catalytically active sites. We have 

recently demonstrated that the catalytic performance of rock salt-type nickel oxide increases 

dramatically due to a decrease in the particle size.
32

 In the present work we demonstrate that 

the electrocatalytic activity increases by almost an order of magnitude by introducing Fe 

atoms into the structure, which makes it by far the highest among all reported FeNi oxide 

materials and indeed, to our knowledge among all reported alkaline OER catalysts.
13,19-21

 

We present for the first time a solvothermal synthesis pathway for the preparation of 

ultrasmall, crystalline and dispersible Fe-doped NiO nanoparticles (NPs) with Fe-contents of 

up to 20 at% using tert-butanol (tBuOH) as solvent and reactant, as well as their application 

as highly efficient electrocatalyst for the oxygen evolution reaction. The particles show the 

highest turnover frequency (TOF) of 1.9 s
–1

 at an overpotential of 300 mV for 10 % 

Fe(III)-doping, thus outperforming bulk iron nickel oxide and expensive rare earth iridium 

oxide catalysts. The combination of decreased particle size and high crystallinity is highly 

beneficial for the greatly enhanced electrocatalytic activity and the stability of the structure, 

which remains preserved after prolonged electrolysis in basic media. The material contains 

inexpensive abundant elements and meets the criteria of high catalytic activity at low 

overpotentials, stability in basic media and low cost, making this OER catalyst 

environmentally and economically attractive. 

 

4.3 RESULTS AND DISCUSSION 

For the synthesis of crystalline NiO nanoparticles doped with Fe(III) we used a solvothermal 

reaction in tert-butanol that leads to the direct formation of crystalline nanoparticles via a 

chemical reaction with the solvent. The suitability of this reaction pathway for the fabrication 

of ultrasmall colloidal nanocrystals was demonstrated by us in previous reports for several 

titanate systems and undoped NiO nanoparticles.
32-35

 Key to the successful fabrication of 

doped and mixed oxides without phase separation is matching the reactivity of Fe and Ni 

precursors. Nickel(II) acetylacetonate (Ni(acac)2) and Fe(III) acetylacetonate (Fe(acac)3) were 

found to be the most suitable precursor combination, enabling the fabrication of phase-pure 
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FexNi1–xO. In the following the samples will be labeled as NP-X% with X being the 

Fe-content.  

 

Figure 4.3  Crystallite size and dispersions of the FexNi1–xO nanoparticles with different 

Fe-doping concentration: (a) Powder XRD patterns of the dried FexNi1–xO nanoparticles 

NP-0% (A), NP-5% (B), NP-10% (C), NP-15% (D) and NP-20% (E) (NiO pattern: ICDD 

card number 01-071-1179). (b) Crystalline domain size of nanoparticles with increasing 

Fe-content calculated from the XRD patterns using the Scherrer equation for the most 

intensive (200) NiO signal at 2 = 43°; (c) Image of FexNi1–xO nanoparticle dispersions 

(concentration: 2 mg mL
–1

) in ethanol; the numbers indicate the Fe-doping concentrations. 

 

The samples with Fe-contents up to 20 at% show broadened reflections of phase-pure 

FexNi1-xO in the X-ray diffraction (XRD) patterns indicating the formation of small crystalline 

particles (Figure 4.3a). The formation of any additional Fe-phases could not be observed, 

which indicates complete incorporation of Fe-atoms into the NiO lattice. The reflections show 

a shift to lower 2θ angles with increasing doping concentrations implying that the lattice 

constants are shifted to higher values, which indicates substitutional incorporation of Fe-ions 

into the NiO rock salt structure. The size of the nanocrystals calculated from the line 

broadening in the XRD patterns decreases with higher Fe-doping concentration and 

corresponds to 3.8 ± 0.1 nm for NP-0%, 3.0 ± 0.1 nm for NP-5%, 2.0 ± 0.1 nm for NP-10%, 

1.6 ± 0.1 nm for NP-15%, and 1.5 ± 0.1 nm for NP-20%, respectively. The particle size 

decreases almost linearly with increasing doping concentration as calculated for the most 

intensive (200) NiO reflection in the XRD patterns using the Scherrer equation (Figure 4.3b). 

The lattice parameters of the FexNi1–xO nanoparticles are in agreement with Vegard’s law 

(Figure S4.1 in the supporting information). The particles are non-agglomerated and form 
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stable colloidal dispersions in ethanol with the addition of very small amounts of acetic acid. 

As an example, ethanolic dispersions of NP-0%, NP-5% and NP-10% with concentrations of 

2 mg mL
–1

 are shown in Figure 4.3c.  

 

Figure 4.4  TEM images of the Fe0.1Ni0.9O nanoparticles (NP-10%). (a) Overview of the 

nanoparticles dispersed on the TEM grid; (b) HRTEM image of a single Fe0.1Ni0.9O 

nanoparticle. (c) Electron diffraction pattern taken of several tens of Fe0.1Ni0.9O nanoparticles. 

The corresponding d-values are 2.44 Å (111), 2.09 Å (200), 1.47 Å (220), 1.26 Å (311) and 

1.2 Å (222).  

 

Transmission electron microscopy (TEM) images of nanoparticles containing 10 % Fe 

(Figures 4.4a, b) and 20 % Fe (Figure S4.2 in the supporting information) show non-

agglomerated crystals with a narrow particle size distribution (Figure S4.3 in the supporting 

information). The presence of lattice fringes and the absence of defects in HRTEM images 

(Figure 4.4b) reveal the single-crystalline structure of the individual particles. The electron 

diffraction pattern taken of an area of about 150 nm in diameter shows several rings due to 

averaging over several tens of particles (Figure 4.4c). The rings can be indexed using the NiO 

rock salt structure, confirming the XRD results. The average particle size determined from the 

TEM images is 2.0 ± 0.4 nm and 1.8 ± 0.4 nm for the particles containing 10 % and 20 % Fe, 

respectively. This is in good agreement with the sizes calculated from XRD patterns. 
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Figure 4.5  X-ray photoelectron spectra of 10 % Fe(III)-doped NiO nanoparticles. (a) Fe 2p 

peaks and (b) Ni 2p peaks. Spectra were taken using a Mg source. The points correspond to 

the experimental spectra, and the lines are the fitted curves and the Gaussian individual peak 

fits, respectively. The corresponding fitting parameters are listed in Table S4.2 (supporting 

information); (c) Mössbauer spectrum of the sample NP-10%; (d) Fourier-transformed 

EXAFS spectra collected from 20 % Fe(III)-doped NiO nanoparticles at the Ni (blue line) and 

Fe (red line) K-edges and crystalline NiO reference (black line). The original k3 weighted 

spectra are shown in the inset.  
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X-ray photoelectron spectroscopy measurements of NP-10% show the Ni 2p doublet typical 

for NiO in the energy region between 850 and 870 eV (Figure 4.5b).
36-38

 The binding energies 

at 711 and 724 eV correspond to Fe 2p3/2 and Fe 2p1/2 peaks, respectively (Figure 4.5a). These 

signal positions are typical for Fe2O3 and indicate the presence of Fe-atoms in the oxidation 

state Fe(III).
39, 40

 At the same time the presence of a separate Fe2O3 phase can be excluded due 

to missing shakeup satellites at 719 and 732 eV
40

 indicating the incorporation of Fe(III) into 

the NiO lattice. Quantification of the elements for NP-10% shows an atomic ratio of 

Ni:Fe = 12:1 corresponding to 8 % Fe, which is slightly lower than the Fe(III) content of 10 % 

in the reaction mixture and the value of 11 % determined in energy-dispersive X-ray 

spectroscopy (EDX) measurements, and may be attributed to surface defects.  

For a more detailed investigation of the oxidation state of Fe-atoms within the nanoparticles, 

57
Fe Mössbauer spectra were recorded for the samples NP-10% and NP-20%. The spectra are 

characterized by a paramagnetic quadrupole doublet with isomer shift values characteristic for 

Fe(III)-ions in the high spin state, 0.37 and 0.33 mm s
–1

 for NP-10% and NP-20%, 

respectively (Figures 4.5c, S4.4 and Table S4.1 in the supporting information).
41

 The increase 

in the amount of the incorporated iron caused an increase of the electric field gradient 

(quadrupole splitting increase from 0.49 mm s
–1

 to 0.66 mm s
–1

), which can be attributed to a 

reduced symmetry of the chemical environment around the nucleus. The results reveal the 

presence of high-spin Fe(III)-ions in octahedral sites which is consistent with a successful 

incorporation of Fe(III) into the rock salt structure of NiO.
42

 

X-ray absorption spectroscopy was used to examine the oxidation state and the position of Fe 

and Ni-atoms within the FexNi1–xO lattice. For comparison, NP-0% and NP-20% were 

analyzed both in powder form and after deposition on a FTO electrode. In addition, 

commercially available NiO powder (Sigma-Aldrich) and Fe2O3 (Sigma-Aldrich) were 

measured as references. The oxidation state of the Ni ions is +II and of the Fe-ions +III as 

judged from the X-ray absorption near edge structure (XANES) spectra and by comparison of 

the absorption edge position with the measured references (Figure S4.5 in the supporting 

information). No difference in the edge shape or position was found between the 

nanoparticles in powder form and those deposited on the electrode. Information about the 

atomic structure can be obtained from the extended X-ray absorption fine structure (EXAFS) 

spectra. Comparing the Fourier transforms of the EXAFS spectra shown in Figure 4.5d, it can 

be seen that the local atomic structure around both Ni and Fe centers is identical to that of the 
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rock salt structure of the NiO reference. This structure is confirmed by the simulations as 

shown in Figures S4.6, S4.7 and Tables S4.3, S4.5 in the supporting information. The 

different amplitudes of the peaks indicate different degrees of local disorder, which is 

reflected in the simulations by the higher Debye-Waller factor (lower peak amplitudes) for the 

nanoparticles. Another possible reason for the decrease in the peak amplitudes of the higher 

coordination shells in the nanoparticles is the higher proportion of surface atoms, for which 

not all long-range shells exist. Particularly high disorder or, alternatively, a higher proportion 

of surface atoms, is found around the Fe centers. As evident from the EXAFS spectrum, the 

Fe centers in the NP-20% are located in a rock salt type structure, and thus either are 

incorporated into the NiO lattice or form their own Fe-only phase which is rather unlikely 

since HRTEM images only show single crystalline nanoparticles. Ni and Fe-ions behave 

virtually identically as X-ray backscatterers and it is not possible to distinguish them in the 

EXAFS analyses (Figure S4.7 and Table S4.4 in the supporting information,). However, the 

Fe K-edge position shows that iron is in the oxidation state +III, and the EXAFS simulations 

at the Fe  K-edge result in Fe-O distances of 2.01 Å matching those expected for Fe(III) in 

octahedral coordination and not the one for Fe(II).
43

 Since the rock salt structure is not 

compatible with the oxidation state of +III of the Fe-ions, we conclude that in the Fe-doped 

NiO nanoparticles individual Fe-ions are incorporated in the Ni oxide lattice replacing 

Ni-ions. A situation where Fe is predominantly on the surface of the NiO nanoparticle thus 

preventing further growth of the crystals cannot be excluded and could explain the smaller 

particle size with Fe doping. However in this case the Fe needs to be part of the same rock salt 

lattice as evident from the virtually identical EXAFS spectra measured at the Ni and at the Fe 

edges. 

Different studies report a limited solubility of Fe in NiO (up to 6 at%) accompanied by the 

formation of Ni-Fe spinel or Fe2O3 phase at low calcination temperatures.
44,45

 Landon et al.
39

 

describe the formation of an additional NiFe2O4 phase with increasing Fe-content in the NiO 

lattice already at around 5 % Fe. In our material we do not observe any formation of 

additional phases up to at least 20 at% Fe according to the results of several methods such as 

XRD, Mössbauer spectroscopy and EXAFS, which supports the assumption that the Fe-atoms 

are incorporated into the NiO structure. Additionally, Raman spectra of NP-0% and NP-20% 

showing only the presence of the FexNi1–xO phase are shown in Figure S4.8 in the supporting 

information. The unusually high solubility of Fe in the rock salt NiO structure can originate 
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from the kinetic control of the Fe-NiO phase formation in a solvothermal process, as well as 

the effect of the nanoscale where the metastable and defect phases often show higher stability 

than in the bulk. 

To test the catalytic activity of Fe-doped NiO nanoparticles in electrochemical water 

oxidation, the particle dispersions were deposited as thin films on gold electrodes of the 

piezoelectric quartz crystals for the exact determination of their loading using the Sauerbrey 

equation.
46

 Spin coating of the particle dispersions results in the formation of uniform films 

with an average thickness of 8 nm (Figure 4.6a, inset).  

 

Figure 4.6  (a) Cyclic voltammograms of Au/QCM electrodes coated with thin films of 

NP-0% and NP-10%. The inset shows a cross-section HR-TEM image of the NP-10% film 

deposited by spin-coating on the Au/QCM substrate; (b) TOF values at an overpotential of 

η = 300 mV (filled circles) and η = 350 mV (open circles) for NP-0%, NP-5%, NP-10%, 

NP-15% and NP-20%. 
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The voltammograms of both undoped and Fe-doped NiO thin film electrodes show reversible 

oxidation peaks corresponding to the reaction  

 FexNi1–xO  –  (1–x) e–  +  (1–x) OH
–  ⇄  FexNi1–xOOH1–x (4.1) 

followed by the current corresponding to the OER reaction at more positive potentials. The 

introduction of Fe-atoms into the NiO lattice leads to a positive shift in the formal potential of 

the first process from 389 mV vs. Ag/AgCl for the undoped nanoparticles to 420 mV for the 

NP-10% particles, indicating that the electrochemical oxidation of Ni(OH)2 to NiOOH is 

suppressed with increasing Fe-content, which was also observed in previous studies.
21, 22, 24, 29

 

Electrochemical measurements show that the peak area and the formal potential do not change 

over several hundred cycles revealing a high stability of the Fe-doped material. A typical 

example of a stability measurement where the electrode potential was measured for 10 and 3 h 

at constant current densities of 10 and 200 mA cm
–2

, respectively, is shown in Figure S4.9 in 

the supporting information.  

According to the CV curves the highest current densities and therefore the highest catalytic 

activity were obtained for 10 % Fe(III)-doped NiO nanoparticles. The current densities rise 

with increasing doping concentration from NP-0% to NP-10% and drop significantly with 

further increase in Fe-content with NP-15% and NP-20% showing even lower catalytic 

activities than the undoped NiO sample.  

In order to quantify the electrocatalytic activity of the Fe-doped NiO nanoparticles, we 

calculated turnover frequency values (corresponding to the moles of oxygen evolved per 

second per active site) at different overpotentials. This is one of the generally accepted figures 

of merit of electrocatalytic materials.
19-21

 A critical issue in TOF calculation is the assessment 

of the active surface area, which is often challenging for thin electroactive layers. For our 

films deposited from nanoparticle dispersions on the piezoelectric Au/quartz electrodes we 

could determine surface areas precisely from the specific surface area of 117 m
2
 g

–1
 

determined by nitrogen sorption (Figure S4.10 in the supporting information) and the 

measured mass loading of 22.5 µg cm
–2

. Using the theoretical surface density of Ni-atoms of 

4.08 ∙ 10
14

 cm
–2

 in NP-10% and the fraction of Ni atoms on the surface (X-ray photoelectron 

spectroscopy, XPS) we obtained a surface charge of 1.50 mC cm
–2

. This value closely agrees 

with the charge obtained by integration of the voltammetric peaks of the FexNi1–xO oxidation 
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process (1.43 mC cm
–2

) corresponding to 5  2 % of the total Ni content, indicating that only 

surface atoms are involved in the electrochemical reaction. 

The TOF values calculated by this method for all Fe-doping concentrations at overpotentials 

of η = 300 mV and η = 350 mV are shown in Figure 4.6b. As already noticed for the current 

densities, the turnover frequencies increase with higher doping concentration up to 10 % 

showing TOF values of 0.55 s
–1

 at η = 300 mV for pure NiO (NP-0%), 1.1 s
–1

 for NP-5% and 

an extremely high value of 1.9 s
–1

 for NP-10%. With further increase in Fe-content the TOF 

strongly decrease showing values of only 0.39 s
–1

 and 0.33 s
–1

 at η = 300 mV for NP-15% and 

NP-20%, respectively. The TOF value obtained for the NP-10% nanoparticles not only 

favorably compares to other NiO-based compounds, but it is one of the highest reported so far 

for different known types of OER materials.
7,8,13,19,32

 The Tafel slope for the electrode with 

the best performance (NP-10%) is 37 mV dec
–1

 (Figure S4.11 in the supporting information) 

which is a typical value for anhydrous Fe/Ni oxides.
22

 

The high OER electrocatalytic activity of ultrasmall nickel oxide nanoparticles was already 

reported by us previously.
32

 The beneficial effect of the reduced crystal size of undoped NiO 

to only a few nanometers and the surface properties of the nanoparticles on the catalytic 

performance is shown by the very high TOF values (0.55 s
–1

) compared to bulk material. 

When doping the nanocrystals with iron the catalytic activity of the NiO is even further 

increased with TOF values of up to 1.9 s
–1

 for NP-10% in the present study. 

It should be noted that the TOF values reported for different materials strongly depend on the 

method of surface area determination. McCrory et al.
20

 and Louie et al.
21

 presented a route for 

the calculation of the surface area using the measured capacitance of the material. Following 

this method, we have obtained a surface area of 0.35 cm
2
 using the measured capacitance of 

21 µF (Figure S4.12 in the supporting information) and assuming a specific capacitance of 

60 µF cm
–2

 for flat oxide electrodes,
47

 which is almost 10 times lower than the specific 

surface area determined by the direct method described above. The use of this surface area 

leads to a greatly overestimated TOF value of 17 s
–1

 for NP-10%, which is almost 10 times 

higher than the TOF obtained by the direct method. The large discrepancy between the TOF 

values determined with different methods suggests that the results obtained from the 

capacitance measurements should be interpreted with great care and only be used for the 

estimation of activity trends in the same type of materials, but not for the calculation of 
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absolute values. The error in the surface area determination should become even more 

significant for insulating or poorly conducting layers, such as Fe1–xNixO, where an increase in 

surface area does not necessarily translate into an increase in the double layer capacitance. A 

similar point was raised by Louie et al.,
21

 who obtained drastically different TOF values for 

the same materials using a different calculation method. Thus, they calculated extremely high 

TOF values of up to 87 s
–1

 (TOFmax) from capacitive measurements assuming that only 

surface Ni atoms are catalytically active, and very small values of 0.005 – 0.008 s
–1

 (TOFmin) 

for the same material assuming that each atom in the layer is electrocatalytically active. The 

application of the latter method of TOF determination to our system (taking the amount of the 

Ni atoms from the mass loading) leads to a TOFmin value of 0.26 s
–1

, which is 30 times higher 

than the TOFmin reported by Louie et al.. However, similar to the results of Louie et al., this 

value is much lower than the TOFmax of 17 s
–1

 calculated for the same NP-10% film, which 

again shows that this method should be applied with great care.  

McCrory et al.
20

 recently described a method to benchmark OER catalysts. For example, they 

calculated the current density for a given overpotential of 350 mV. The two materials with the 

best catalytic performance were IrOx (42 mA cm
–2

) and NiFeOx (15 mA cm
–2

). Following this 

method, we obtained a current density of 59  5 mA cm
–2

 at an overpotential of 350 mV for 

the electrode with 10 % Fe-doped NiO. This value is higher than that of any other reported 

OER known to us including other NiFeOx morphologies.
7,8,13,19,30

 This demonstrates the 

strong impact of morphology and nanoscaling on the electrocatalytic performance, which 

opens new perspectives for the further development of active electrocatalysts. 

To conclude, higher Fe(III) doping concentrations increased the catalytic activity of Fe-doped 

NiO NPs. A similar observation is described in the literature for mixed iron nickel oxide 

phases. These mixed metal oxide catalysts attained the best OER activity for 10 % Fe(III) 

content.
39

 The same applies to solution cast thin films with the formal composition 

FexNi1-xO.
19

  

In addition to the extremely high electrocatalytic activity, the excellent dispersibility of the 

FexNi1–xO nanoparticles offers additional advantages, such as a great flexibility towards the 

fabrication of different electrode architectures. Thus, thin homogeneous layers can be 

obtained by spin coating of particle dispersions. It is also expected that the nanoparticles can 

be homogeneously distributed on porous substrates with complex geometry by drop casting. 
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4.4 CONCLUSION 

We describe a novel synthesis route for the preparation of ultrasmall, crystalline and 

dispersible NiO nanoparticles substitutionally doped with Fe(III). They reveal great potential 

as an extremely efficient inexpensive catalyst for the electrochemical oxygen evolution. 

Various undoped and Fe-doped NiO nanoparticles were successfully synthesized using a 

solvothermal reaction in tBuOH with the acetylacetonates of nickel(II) and iron(III) serving as 

precursors. In this way ultrasmall and highly dispersible nanocrystals of doped nickel oxide 

with Fe-doping concentrations of up to 20 % could be obtained. The particles form stable 

non-agglomerated colloidal dispersions in ethanol. The particle size is in the range of 1.5 –

 3.8 nm and strongly depends on the doping concentration, leading to smaller particles with 

increasing iron content. The presence of iron as Fe(III) and nickel as Ni(II) on the surface and 

within the nanoparticles was confirmed by XPS, EXAFS and Mössbauer spectroscopy. The 

electrocatalytic activity of NiO is clearly enhanced with increasing Fe-doping concentration 

reaching an optimum at 10 % iron content. The highest turnover frequency of 1.9 s
–1

 was 

obtained for Fe(III)-doped NiO nanoparticles even at a low overpotential of 300 mV, 

outperforming expensive catalysts such as iridium oxide. The unique features of these 

Fe-doped NiO nanocrystals provide great potential for their application as an efficient and 

competitive anode material in the field of electrochemical water splitting. 

 

4.5 EXPERIMENTAL SECTION 

4.5.1 SYNTHESIS OF IRON-DOPED NICKEL OXIDE NANOPARTICLES 

Nickel(II) acetylacetonate was purchased from Alfa Aesar (95 % purity), 

iron(III) acetylacetonate was purchased from Sigma-Aldrich (97 % purity) and tert-butanol 

was purchased from Sigma-Aldrich (puriss. p.a., ACS reagent, ≥ 99.7 %). All chemicals were 

used as received except for tert-butanol which was dried over a 4 Å molecular sieve at 28 °C 

and filtered prior to use. 

For the solvothermal synthesis of iron-doped nickel oxide nanoparticles 917.5 mg 

(3.571 mmol) of nickel(II) acetylacetonate (Ni(acac)2) was mixed with 
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iron(III) acetylacetonate (Fe(acac)3) in the desired molar composition. The Fe-doping 

concentration 𝑐Fe was calculated using the equation 

 cFe  =  
nFe

nNi + nFe

 (4.2) 

with nx being the molar amount of the respective precursor. For 5 %, 10 %, 15 % and 20 % 

Fe-doping 66.4 mg (0.188 mmol), 140.5 mg (0.397 mmol), 164.9 mg (0.466 mmol) and 

210.6 mg (0.595 mmol) of the iron precursor was added, respectively. The solid mixture was 

mixed with 100 mL of tert-butanol under vigorous stirring in a glass autoclave liner forming 

an orange suspension, then placed into a Parr Series 4760 pressure vessel (300 mL) autoclave 

reactor and hermetically sealed. The reactions were carried out under continuous stirring at 

205 °C for 20 h in case of 5 % and 10 % doping and for 30 h in case of 15 % and 20 % doping 

resulting in uniform brown dispersions of nanoparticles. The as-prepared particles were dried 

in air by evaporating the solvent at 80 °C on a hot plate. At these conditions phase pure 

iron-doped nickel oxide nanoparticles with 3.8 ± 0.1 nm (0 % Fe), 3.0 ± 0.1 nm (5 % Fe), 

2.0 ± 0.1 nm (10 % Fe), 1.6 ± 0.1 nm (15 % Fe) and 1.5 ± 0.1 nm (20 % Fe) in size were 

obtained.  

Dispersions of the Fe-doped and undoped NiO nanoparticles were prepared in ethanol by the 

addition of acetic acid. In a typical procedure, 1.1 mg of the dried powder was covered with 

8 µL of acetic acid. After sonication for 5 min the particles were dispersed in 500 µL ethanol 

(absolute) and sonicated for another 5 min to obtain a colloidal dispersion with a metal oxide 

concentration of 0.03 mol L
–1

. 

 

4.5.2 CHARACTERIZATION 

Wide angle X-ray diffraction analysis was carried out in transmission mode using a STOE 

STADI P diffractometer with Cu Kα1 radiation (λ = 1,54060 Å) and a Ge(111) single crystal 

monochromator equipped with a DECTRIS solid state strip detector Mythen 1K. Powder 

XRD patterns of the samples were collected with an omega-2theta scan in a 2θ range from 5° 

to 70° with a step size of 1°, a fixed counting time of 90 s/step and a resolution of 0.05°. The 

size of the crystalline domains was calculated from the XRD patterns for the most intensive 

(200) reflection using the Scherrer equation. 
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TEM measurements were carried out using a FEI Titan 80–300 instrument equipped with a 

field emission gun operated at 300 kV. For the sample preparation a drop of a strongly diluted 

dispersion of a sample in ethanol was deposited on a holey carbon coated copper grid and 

evaporated. Contaminations were removed by hydrogen-oxygen plasma cleaning for 15 s at 

50 mW and large-area illumination in the TEM for 40 min. The cross-sections were prepared 

following a procedure described by Strecker et al.
48

  

X-ray photoelectron spectroscopy analysis of the particles was performed on a silicon 

substrate using a VSW HA 100 electron analyzer and the Kα radiation was provided by a non-

monochromatized magnesium anode system (Mg Kα = 1253.6 eV). Ar ion polishing was done 

at 1000 eV for 10 min. The recorded elemental peaks were fitted using a Doniach-Sunjic 

function
49

 and the elemental ratios were calculated by the equation 

 
XA

XB

  =  
IA SA⁄

IB SB⁄
 (4.3) 

where 
IA

IB
 is the ratio of fitted areas, and S is the sensitivity factor. 

57
Fe Mössbauer spectra were recorded at 20 °C in the transmission mode using a standard 

WissEl (Starnberg, Germany) instrumental configuration. A 
57

Co/Rh Mössbauer source was 

used. The velocity scale and all data refer to the metallic α-Fe absorber at 20 °C. A 

quantitative analysis of the recorded spectra was made using the MossWinn program.  

X-ray absorption spectra (XANES/EXAFS) were collected at the BESSY synchrotron 

radiation source operated by the Helmholtz-Zentrum Berlin. The measurements were acquired 

at the KMC-1 bending-magnet beamline at 20 K in a cryostat (Oxford-Danfysik) with a 

liquid-helium flow system. The powder samples were diluted by mixing with boron nitride 

(BN) powder (Sigma-Aldrich) to a ratio of 1:10 and measured in absorption mode using 

ionization chambers (Oxford-Danfysik). The films deposited on FTO were measured in 

fluorescence mode using a 13-element energy-resolving Ge detector (Canberra) and selecting 

the Ni or Fe Kα fluorescence emission. The data were collected up to 800 eV above the Ni and 

Fe absorption K-edges. After the ionization chamber used to measure the absorption of the 

sample, Ni or Fe metal foil was placed and measured in absorption mode as internal energy 

standard. The energy calibration was done by shifting the energy axis such that the first 

inflection point in the absorption edge of the Fe foil corresponds to 7112 eV and for the Ni 
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foil to 8333 eV. These values were used as E0 in the conversion of the energy axis from eV to 

k scale when extracting the EXAFS spectrum. For the Fourier transformation a cosine 

window function was applied on 10 % from both sides of the EXAFS range between k 2.3 Å
–1

 

and 14.4 Å
–1

. Further details related to data evaluation and error calculation are given in 

previous studies.
50

  

Nitrogen sorption measurements were carried out at 77 K with dried powders of FexNi1–xO 

nanoparticles using a QUANTACHROME Autosorb iQ instrument. The powders were 

degassed at 150 °C for at least 12 h before measurement. 

Raman spectroscopy was carried out using a LabRAM HR UV-Vis (HORIBA JOBIN 

YVON) Raman Microscope (OLYMPUS BX41) with a SYMPHONY CCD detection system 

and a He-Ne laser (λ = 633 nm). Spectra were recorded using a lens with a 50-fold 

magnification. 

 

4.5.3 ELECTRODE PREPARATION 

The electrodes were prepared by deposition of the dispersed iron-doped nickel oxide 

nanoparticles by spin coating on Quartz crystal microbalance (QCM) crystals (KVG 10 MHz 

QCM devices with gold electrodes from Quartz Crystal Technology GmbH). For the spin 

coating method 8 µL of nickel oxide dispersion was deposited on a masked QCM crystal 

exposing an area of 0.196 cm
2
 and spun at 1000 rpm for 10 s. The QCM electrodes prepared 

in this way were subsequently heated to 240 °C in a laboratory oven with a heating ramp of 

4 °C min
–1

 and a dwell time of 2 h resulting in ~8 nm thick films. 

The mass loading was calculated from the resonance frequencies of the QCM crystals before 

and after coating using the Sauerbrey equation 

 ∆f  =  – Cf  ∆m (4.4) 

With f being the change in frequency, Cf the sensitivity factor of the QCM crystal and m 

the change in mass.
46
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4.5.4 ELECTROCHEMICAL MEASUREMENTS 

Electrochemical measurements were performed in a three-electrode setup using an Autolab 

PGSTAT302N potentiostat/galvanostat with a FRA32 M module operating with Nova 1.10.2 

software. All measurements were performed in 0.5 M KOH electrolyte solution 

(Sigma-Aldrich, volumetric solution) at pH 13.43. Pt mesh (2 cm
2
) was used as a counter 

electrode. Au/QCM crystals coated with FexNi1–xO nanoparticles were used as working 

electrodes. To provide an electrical connection to the QCM electrode, a silver wire was 

connected to the respective part of the QCM crystal using silver lacquer. The silver lacquer 

and the wire were sealed afterward in inert two-component epoxy resin (Gatan, Inc). All 

potentials were measured vs. Ag/AgCl/KCl (sat.) reference electrode with a potential of 

+0.989 V vs. the reversible hydrogen electrode at pH 13.43 (+0.197 V vs. NHE). The 

electrochemical data were corrected for uncompensated resistance Rs. Rs was determined as 

minimum total impedance in the frequency regime between 10 and 50 kHz at open circuit 

conditions and at a potential of 0.2 V vs. Ag/AgCl, where no faradaic processes take place. 

95 % of the measured resistance was compensated. Rs was typically around 6 – 8 Ohm for all 

FexNi1–xO-coated Au/QCM electrodes. The overpotential η was calculated using the equation  

 η  =  E  –  EOER  –  iRs (4.5) 

Where E is the potential recorded vs. the Ag/AgCl reference electrode, EOER is the reversible 

potential of the OER vs. the Ag/AgCl reference electrode (0.240 V at pH 13.43), and i is the 

current. Current densities are calculated using the geometric surface area of the Au/QCM 

electrode (0.196 cm
2
). 

The preconditioning of the NiO electrodes was performed using cyclic voltammetry (CVA). 

The electrodes were cycled between 0 V and 0.7 V vs. Ag/AgCl in 0.5 M KOH at a scan rate 

of 20 mV s
–1

 until the current had reached stable values and did not change anymore with 

repetitive cycling at scan rates of 20 mV s
–1

 (typically 35 cycles). 

The turnover frequency (TOF) at the overpotential of η = 0.3 V was calculated on the basis of 

active Ni-atoms according to:  

  TOF  =  
i

4 Q
exp

 (4.6) 
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where i is the current and Qexp is the charge corresponding to the Fe-NiO redox reaction 

according to the equation (4.1) assuming that only one electron is transferred per Ni atom. As 

the charge obtained from the anodic peak of the NiO redox process may contain some 

contribution from the OER process we have used the cathodic peak to determine the amount 

of the catalytically active Ni atoms. 

The ratio of catalytically active sites to the theoretical total number of active sites was 

calculated using the relation of the experimental charge values Qexp to the theoretical charge 

values Qth (
Qexp

Qth

). Qexp was obtained by integration of the cathodic peak which corresponds to 

the reduction of NiOOH to NiO. Qth was calculated using the total amount of FexNi1–xO in the 

films. For NP-0% to NP-20% the ratio 
Qexp

Qth

 is between 3 % and 9 % indicating that only 

surface atoms are catalytically active. 

The surface area was determined from N2-sorption isotherms (BET surface area) and 

calculated via measurements of the electrochemical capacitance of the interface between the 

film and the electrolyte. In this method the electrodes were cycled potentiostatically in a 

potential range where no oxidation or reduction processes take place, typically between 0.17 

and 0.23 V vs. Ag/AgCl/KCl (sat.) at scan rates ranging from 1 to 20 mV s
–1

. The measured 

capacitance was obtained by plotting the capacitance current at 0.2 V against the scan rate 

(Figure S4.12 in the supporting information).  

The stability of the Fe-doped NiO electrodes was tested using the 10 % doped sample. The 

electrode potential was measured at a constant current density of 10 mA cm
–2

 for 10 h and at 

200 mA cm
–2

 for 3 h vs. Hg/HgO/1 M KOH in 0.5 M KOH. 
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4.7 SUPPORTING INFORMATION 

 

 

Figure S4.1  Demonstration of the lattice parameters of the FexNi1–xO nanoparticles 

following Vegard’s law. 

 

The lattice parameters of the FexNi1–xO particles with different Fe content follow Vegard’s 

law (Figure S4.1). The undoped NiO nanoparticles obtained by our approach show a slightly 

larger lattice parameter of 4.22 Å than the bulk NiO (4.17 Å). This effect was already 

described in the literature for nanosized nickel oxide.
1
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Figure S4.2  TEM images of the Fe0.2Ni0.8O nanoparticles NP-20%. (a) Overview of the 

nanoparticles dispersed on the TEM grid. (b) HRTEM image of a single Fe0.2Ni0.8O 

nanoparticle. 

 

 

Figure S4.3  Particle size distribution determined from TEM images: (a) 2.0 ± 0.4 nm for 

NP-10%; (b) 1.8 ± 0.4 nm for NP-20% 

.  



4 IRON-DOPED NICKEL OXIDE NANOPARTICLES 

 

 

 

94 

 

Figure S4.4  Mössbauer spectrum of as prepared NiO nanoparticles containing 20 % Fe. 

 

 

Table S4.1  
57

Fe Mössbauer parameters of samples NP-10% and NP-20% (identification is 

performed according to Douvalis et al.
2
) 

Sample Spectral line δ / mm s
–1

 Δ / mm s
–1

 Identification 

NP-10% Q 0.37 0.49 Fe(III) 

NP-20% Q 0.33 0.66 Fe(III) 

 

Δ = Isomer shift given relative to α-Fe. 

Δ = quadrupole splitting 

Errors: δ = ± 0.01 mm s
–1

, Δ = ± 0.01 mm s
–1 
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Table S4.2  XPS fitting parameters for the Fe 2p and Ni 2p peaks.  

 

 

 

Figure S4.5  XANES spectra of the FexNi1–xO nanoparticles measured (a) at the Ni and (b) 

the Fe K-edges. Two reference crystalline oxides (Ni(II)O and Fe(III)2O3) are also shown. 

Based on the comparison of the edge positions, the oxidation state of Ni is +II and of Fe is 

+III.  

 

 

Peak 

Nr 

Lorentz 

FWHM 

/ eV 

Asym

metry 

Gauss 

FWHM 

/ eV 

Height 
Position 

/ eV 
Area 

Area 

rel 

Area 

sum 

Fe 2p 

0 0.3 0.05 4.979 3632.38 –711.21 2163.35 0.867 2494 

1 0.3 0.05 2.752 585.47 –723.89 330.65 0.133 2494 

Ni 2p 

0 0.3 0.05 3.586 33584.7 –855.18 19468.8 0.585 33293.6 

1 0.3 0.05 5.411 24429.5 –861.52 13824.8 0.415 33293.6 
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Figure S4.6  Fourier transformed EXAFS spectra measured at the Ni K-edge of the Ni(II)O 

reference, undoped and 20 % Fe(III)-doped NiO nanoparticles deposited on FTO, and 20 % 

Fe(III)-doped NiO nanoparticles in powder form. Experimental data are shown with thick 

lines and the simulations with thin lines.  
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Table S4.3  Simulation parameters for the curves presented in Figure S4.6. (Ni K-edge). The 

parameters marked with asterisks (*) were fixed during the simulation. All coordination 

numbers (N) and atom-atom distances (R) were fixed to the values predicted from the rock 

salt Ni(II)O crystal structure.
3
 The Debye-Waller factors (σ) for the Ni-O shells were fixed to 

typical values found for oxygen octahedrally coordinated to transition metal complexes. 

Errors representing 68 % confidence interval are shown in parenthesis. Amplitude-reduction 

factor of 0.8 was used. The slight increase of the Debye-Waller factor for the NP-20% after 

deposition on FTO as compared to the same material in powder form most likely reflects the 

smaller particle size of the material deposited on the FTO electrode. 

Shell N R / Å 

σ / Å 

Ni(II)O 
NP-0% 

on FTO 

NP-20% 

on FTO 

NP-20% 

powder 

1 Ni-O 6* 2.09* 

0.059* 0.059* 0.059* 0.059* 

2 Ni-O 8* 3.63* 

3 Ni-Ni 12* 2.96* 
0.066 

(0.002) 

0.077 

(0.002) 

0.080 

(0.002) 

0.074 

(0.002) 

4 Ni-Ni 6* 4.19* 

0.078 

(0.003) 

0.096 

(0.004) 

0.098 

(0.004) 

0.090 

(0.004) 

5 Ni-Ni 24* 5.13* 

6 Ni-Ni 12* 5.92* 

7 
Multiple-scattering 

from shells 1 and 4 
6*  

8 
Multiple-scattering 

from shells 3 and 6 
12*  
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Table S4.4  Comparison of three Ni EXAFS simulations of the powder NP-20% sample: a) 

varying the Debye-Waller factors only (i.e. accounting only for disorder effects); b) varying 

the coordination numbers only (i.e. accounting for particle size effects only); c) varying 

coordination numbers and Debye-Waller factors. The parameters marked with asterisks (*) 

were fixed during the simulation. All atom-atom distances (R) and coordination numbers (N, 

when fixed) were fixed to the values predicted from the rock salt Ni(II)O crystal structure.
3
 

The Debye-Waller factors (σ), when fixed, were taken from the fit for Ni(II)O (Table S4.3). 

Coordination numbers for the multiple-scattering shells were set equal to the coordination 

numbers of the longer of the corresponding single-scattering shells. Errors representing 68 % 

confidence interval are shown in parenthesis. Amplitude-reduction factor of 0.8 was used. 

Note that the most reasonable fit (lowest reduced chi-squared value) is achieved when 

considering disorder effects only; letting both N and σ free (fit c)) results in intermediate 

values for N and σ, which would suggest that the observed lowering of the amplitude of the 

long-range EXAFS peaks could be explained by both particle-size effects and increased 

disorder; however, we caution against over-interpretation of the data because of the large 

parameter errors in fit c) and because of the very large number of scattering atoms that affect 

the EXAFS and the prominent multiple-scattering effects that cannot be simulated sufficiently 

well. 

Shell R / Å 

a) Fit with 

constant N 

b) Fit with 

constant σ 
c) Free fit 

N σ / Å N σ / Å N σ / Å 

1 Ni-O 2.09* 6* 
0.09 

(0.01) 

4.6 

(0.8) 
0.059* 

7 

(2) 0.09 

(0.01) 
2 Ni-O 3.63* 8* 

0 

(3) 

1 

(5) 

3 Ni-Ni 2.96* 12* 
0.074 

(0.002) 

9.6 

(0.6) 
0.066* 

11 

(2) 

0.071 

(0.006) 

4 Ni-Ni 4.19* 6* 

0.091 

(0.004) 

4.2 

(0.7) 

0.078* 

5 

(2) 

0.08 

(0.01) 

5 Ni-Ni 5.13* 24* 
17 

(3) 

19 

(6) 

6 Ni-Ni 5.92* 12* 
7 

(2) 

8 

(3) 

7 
Multiple-scattering 

from shells 1 and 4 
 6* 4.2 5 

8 
Multiple-scattering 

from shells 3 and 6 
 12* 7 8 

Reduced χ
2
 1.49 1.61 1.64 
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Figure S4.7  Fourier transformed EXAFS spectra of 20 % Fe(III)-doped NiO nanoparticles 

measured at the Fe K-edge (experiment and simulations). In addition to the multiple shell 

simulation (Fit 3, dashed line) where only O and Ni backscatterers are considered, simulation 

of only the first two peaks with O and Fe backscatterers (Fit 1, solid line) and O and Ni 

backscatterers (Fit 2, dashed line) are shown. Simulation parameters are given in Table S4.5.  
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Table S4.5  Simulation parameters for the curves presented in Figure S4.7 (Fe K-edge). The 

parameters marked with asterisks (*) were fixed during the simulation. Coordination numbers 

(N) and atom-atom distances (R) were fixed to the values predicted from the rock salt Ni(II)O 

crystal structure. Errors representing 68 % confidence interval are shown in parenthesis. 

Amplitude-reduction factor of 0.9 was used. 

Shell 

Fit using Fe-Fe Fit using Fe-Ni 
Fit assuming Fe inside 

the NiO lattice 

N R/Å σ /Å N R/Å σ /Å N R/Å σ /Å 

1 Fe-O 6* 
2.02 

(0.02) 

0.082 

(0.010) 
6* 

2.01 

(0.02) 

0.082 

(0.010) 
6* 

2.01 

(0.01) 0.082 

(0.010) 
2 Fe-O – – – – – – 8* 3.63* 

3 Fe-Ni – – – 
12 

(2) 

3.00 

(0.01) 

0.088 

(0.007) 
12* 

3.00 

(0.01) 

0.087 

(0.003) 

4 Fe-Fe 
10 

(2) 

3.01 

(0.01) 

0.080 

(0.007) 
– – – – – – 

5 Fe-Ni – – – – – – 6* 4.19* 

0.12 

(0.01) 

6 Fe-Ni – – – – – – 24* 5.13* 

7 Fe-Ni – – – – – – 12* 5.92* 

8 
Multiple-scattering 

from shells 1 and 5 
– – – – – – 6* – 

9 
Multiple-scattering 

from shells 3 and 7 
– – – – – – 12* – 
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Figure S4.8  Raman spectra of the NP-0% and NP-20% powders. The broad band at around 

500 cm
–1

 corresponds to NiO and is slightly shifted to higher wavenumbers with increasing 

Fe content. 
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STABILITY TESTS 

Figure S4.9 shows the results of stability measurements on the NP-10% electrodes. The 

change in the overpotential was measured for 10 h galvanostatically at a constant current 

density of 10 mA cm
–2

. We attribute the increase in the overpotential after 10 h from 0.27 to 

0.30 V to accumulation of bubbles on the electrode surface (Figure S4.9a, blue line). The 

small decrease in the overpotential after around 6 h is due to a spontaneous detachment of 

several accumulated bubbles from the electrode. This effect becomes visible in a comparison 

with a measurement at the same conditions where the working electrode was periodically 

lifted from the electrolyte for 1 s and placed back in order to remove the bubbles 

(Figure S4.9a, grey line). In this case the overpotential remains constant at around 0.27 V, in 

contrast to the stability curve measured without bubble removal which shows an increasing 

overpotential. The removal of the working electrode from the electrolyte leads to large 

potential jumps followed by a drop in the overpotential (after placing the electrode back into 

the electrolyte) which subsequently saturates at around 0.27 V. Figure S4.9c shows CV curves 

measured before and after the stability test showing no visible changes in the electrochemical 

performance. The FexNi1–xO electrode oxidation and reduction peaks shift to higher potentials 

after galvanostatic conditioning corresponding to the structural transformation of the surface 

Ni atoms, presumably because of conversion of -Ni(OH)2 to -Ni(OH)2 on the surface as 

was reported in the literature.
4,

 
5
 At the same time the charge (which corresponds to the 

theoretical charge calculated from the surface density of Ni-atoms and the fraction of Ni 

atoms on the surface) and therefore the amount of the OER active sites do not increase. This 

supports the assumption that the structural transformations affect only atoms located on the 

surface while the structural integrity of the bulk of the nanoparticles remains preserved. This 

is also confirmed by the Raman spectroscopy measurements, which demonstrate the structural 

stability of the FexNi1–xO phase after the prolonged electrolysis (Figure S4.9d). Additionally, 

the stability of NP-10% was measured using the same setup at a constant current density of 

200 mA cm
–2

 for 3 h. In this case the bubbles produced on the electrode detach quickly and 

do not accumulate on the surface which would result in an increasing overpotential. 

Figure S4.9b demonstrates that the electrode overpotential remains stable at comparatively 

low overpotentials during the galvanostatic conditioning even at higher current densities. 
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Figure S4.9  Stability of the Fe0.1Ni0.9O coated Au electrodes measured in 0.5 M KOH vs. 

Hg/HgO/1M KOH: (a) electrode potential measured for 10 h at a constant current density of 

10 mA cm
–2 

without removal of accumulated bubbles (blue line) and for 4.2 h with removal of 

accumulated bubbles (grey line), (b) electrode potential measured at a constant current density 

of 200 mA cm
–2

 for 3 h without removal of accumulated bubbles (c) Cyclic voltammograms 

measured before (black) and after (red) the stability test with a scan rate of 20 mV s
–1

, (d) 

Raman spectra measured on NP-10% coated Au/QCM crystals before (black) and after (red) 

CV measurements.  
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Figure S4.10  Nitrogen sorption isotherm of the nanoparticles NP-10% heated to 240 °C to 

remove organic residues. 

 

 

Figure S4.11  Tafel slope corresponding to the cyclic voltammogram taken at a scan rate of 

20 mV s
–1

 for NP-10% on Au/QCM electrode in 0.5 M KOH vs. Ag/AgCl. 
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Figure S4.12  Electrochemical capacitance measured in 0.5 M KOH vs. Ag/AgCl using the 

electrode prepared with NP-10%. (a) Typical voltammograms obtained during the 

measurements; (b) capacitive current at 0.2 V vs. Ag/AgCl, the determined slope is 21 µF. 
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5.1 ABSTRACT 

 

Figure 5.1  ToC image demonstrating the excellent dispersibility, crystallinity and ultrasmall 

size of the NixCo1–xO nanoparticles combined with the extraordinary high miscibility of Ni 

and Co atoms in the whole composition range. 

 

The influence of nanoscale on the formation of metastable phases is an important aspect of 

nanostructuring, which can lead to the discovery of unusual material compositions. We report 

the synthesis, structural characterization and electrochemical performance in the hydrogen 

evolution reaction (HER) and oxygen evolution reaction (OER) of Ni/Co mixed oxide 

nanocrystals and investigate the influence of nanoscaling on their composition and solubility 

range. Using a solvothermal synthesis in tert-butanol we obtained ultrasmall crystalline and 

highly dispersible NixCo1–xO nanoparticles with rock salt type structure. The mixed oxides 

feature non-equilibrium phases with unusual miscibility in the whole composition range, 

which was attributed to a stabilizing effect of the nanoscale combined with kinetic control of 

particle formation. Substitutional incorporation of Co and Ni atoms into the rock salt lattice 

has a remarkable effect on the formal potentials of NiO oxidation that shift continuously to 

lower values with increasing Co content. This can be related to a monotonic reduction of the 

work function of (001) and (111)-oriented surfaces with increase in Co content, as obtained 

from DFT+U calculations. Furthermore, the electrocatalytic performance of the NixCo1–xO 

nanoparticles in water splitting changes significantly. OER activity continuously increases 

with increasing Ni contents, while HER activity shows an opposite trend, increasing for 

higher Co contents. The high electrocatalytic activity and tunable performance of the non-

equilibrium NixCo1–xO nanoparticles in HER and OER demonstrate great potential in the 

design of electrocatalysts for overall water splitting. 
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5.2 INTRODUCTION 

Development of high performance electrochemical energy conversion and storage 

technologies represents one of the most urgent goals of contemporary energy research. 

Nanostructuring is considered among the key strategies to maximize the performance of 

materials in various electrochemical applications comprising electrocatalysis, batteries and 

supercapacitors.
1-3

 The advantages of nanostructuring are diminishing dimensions of the bulk, 

resulting in shortened charge transport pathways, as well as a greatly increased surface area 

beneficial for the interfacial charge transfer processes. Due to the great impact of size and 

morphology on the electrochemical performance, the efforts in development of nanostructured 

materials have been so far predominantly focused on control over their dimensions. Other 

aspects such as formation of non-equilibrium phases have attracted much less attention. 

However, observations of different groups point to the possibility of obtaining novel 

compositions that exist only on the nanoscale.
4-6

 Kanatzidis et al. have described a series of 

new rock salt phases in the Pb/Sb-Se family. Even more, these phases were found to be stable 

only as nanosized crystals.
7
 Buriak et al. have observed complete solubility of iron in rock 

salt NiO nanocrystals with formation of non-equilibrium Fe/Ni-O mixed compounds by 

reducing the domain sizes to a few nanometers.
4
 In contrast, only 6 at% solubility was 

reported for the corresponding bulk phase synthesized via a high temperature solid state 

reaction.
8
 Our group demonstrated unusually high solubility of metal ions in different ternary 

metal oxide nanoparticles with phase compositions that are not found in bulk materials.
9-12

 In 

addition to size effects, the impact of chemical fabrication routes on the composition of 

nanomaterials is also of particular interest. Chemical reactions are often kinetically rather than 

thermodynamically controlled, enabling the formation of metastable and non-stoichiometric 

phases and tuning of defect chemistry in nanosized materials.
13

  

The discovery of novel nanoscale-specific compositions has the potential to emerge as a new 

direction in materials research. Besides the academic interest, the composition control on the 

nanoscale can become an additional tool to tune the performance of materials in different 

energy-related fields.
4,14

 Electrocatalysis is one of the applications which is extremely 

sensitive to any changes in stoichiometry and phase composition of catalysts, and thus could 

benefit from the discovery of novel material libraries.
3,9,15-23
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In the present study the influence of nanoscaling on the solubility range of nickel cobalt 

oxides is investigated. Ni/Co-O compounds have attracted great interest in many energy-

related fields and find applications as anodes in lithium ion batteries, as supercapacitors or 

electrocatalysts for water splitting.
18,23-32

 NixCo1–xO is known to be among the most active 

non-precious electrocatalysts for the overall water splitting in alkaline media comprising both 

oxygen evolution reaction (OER) and hydrogen evolution reaction (HER).
3,18,23

 

Various Ni/Co oxides with different structures and morphologies ranging from crystalline 

nanoparticles to amorphous films have been fabricated for water splitting and other energy 

conversion applications.
16,21,24,27,29,33

 NiO and CoO both show rock salt structure with only a 

minor lattice mismatch of 1.6 % due to almost identical crystal ionic radii of Co and Ni.
28,33

 

This suggests that substitutional doping of the NiO lattice would be possible to relatively high 

Co contents without generating much lattice strain.
33

 In spite of the structural similarity, the 

synthesis of rock salt type NixCo1–xO solid solutions in the whole composition range has not 

yet been reported. The solubility of Co in the NiO lattice is often limited to a maximum 

concentration. At Co contents beyond 10 – 25 at%, the oxides tend to form either physical 

mixtures containing additional phases or another stable oxide, the Co3O4 spinel (NixCo3–xO4 if 

doped with Ni).
23,25,27-30,33-37

 Several articles report the synthesis of rock salt type NiCoO2 

with 50 at% Co content, but not other possible compositions.
24,38

 Only one example of a 

completely miscible phase was described by Xiao et al. who reported the formation of 

crystalline rock salt NixCo1–xO nanorods as a composite material on graphene oxide, whose 

influence could be in fact one of the reasons for the formation of unusual solid solution 

compositions.
39

 The authors also pointed out that a synthesis of single phase NaCl type 

NixCo1–xO using classical methods is nearly impossible. Various synthesis pathways for 

Ni/Co oxides were reported also by other groups using electrodeposition, thermal 

decomposition, sol-gel and solvothermal techniques.
23-25,28,30,33

 The composition of the 

obtained materials differed strongly depending on the synthesis strategy, but in general 

thermodynamically controlled synthesis methods were found to result in more stable phases 

or phase mixtures above a critical concentration.  

We introduce for the first time a pathway for the fabrication of crystalline non-agglomerated 

NixCo1–xO nanoparticles of 2 – 4 nm in size with rock salt type structure and Ni/Co 

miscibility in the whole composition range. The nanoparticles are formed in a non-aqueous 

reaction in tert-butanol established by our group.
9-11,40-42

 The moderate reactivity of the 
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solvent, typical for non-aqueous reaction routes, leads to a slow reaction with the metal 

precursors resulting in a controlled formation of ultrasmall oxide nanocrystals.
13

 The kinetic 

control enables the formation of thermodynamically less stable phases with increased 

solubility of the elements in mixed oxides.
9,10,40-42

 The water splitting performance of the 

NixCo1–xO nanoparticles was tested in basic media revealing an overall trend of higher OER 

electrocatalytic activity for high Ni contents and higher HER activity for high Co contents. 

The best OER performance was shown by pure NiO with a current density of 10 mA cm
–2

 at 

the overpotential of 350 mV. The HER activity of CoO reached 2.14 mA cm
–2

 at 100 mV 

overpotential. The measured electrocatalytic activities for all Ni/Co compositions were found 

to be similar to the best values reported in the literature.
16-18,21,23,43

 

 

5.3 RESULTS AND DISCUSSION 

Crystalline NixCo1–xO nanoparticles in the present study were obtained via a solvothermal 

reaction in tert-butanol (tBuOH).
9-11,40-42

 The formation of metal oxides using this reaction 

pathway is mostly kinetically controlled. Similar reactivity of the different precursors with 

tBuOH is therefore an important condition to obtain phase-pure materials. The combination of 

nickel(II) acetylacetonate (Ni(acac)2) and Co(II) acetylacetonate (Co(acac)2) in different ratios 

was found to be most suitable for the formation of phase-pure NixCo1–xO mixed oxides.  

In the following the particles containing different Co amounts will be denoted as NP-X with 

X being the total molar fraction of Co in the sample in at% (e.g. NP-10 for the composition 

Ni0.9Co0.1O). 
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Figure 5.2  Crystallite size and dispersibility of the NixCo1–xO nanoparticles. (a) Powder 

XRD patterns of the dried nanocrystals NP-0 – NP-100 (sample codes indicating 0 – 100 at% 

Co content), CoO pattern ICDD card number 00-043-1004 (solid line), NiO pattern ICDD 

card number 00-047-1049 (dashed line). (b) DLS analysis of ethanolic NixCo1–xO 

nanoparticle dispersions with different Co content. Inset: Image of NixCo1–xO nanoparticle 

dispersions (concentration: 2 mg mL
–1

) in EtOH. The numbers indicate the Co content in at%. 

(c) Crystalline domain size of nanoparticles with increasing Co content calculated from the 

XRD patterns for the most intensive (200) signal using the Scherrer equation (black) and 

obtained from DLS measurements (red). 

 

X-ray diffraction (XRD) patterns of as-prepared nanoparticles show cubic rock salt structure 

without the presence of any additional amorphous or crystalline phases throughout the whole 

range from 0 – 100 at% Co content (Figure 5.2a). Both binary oxides NiO and CoO 

crystallize in the rock salt structure and show almost identical XRD patterns. The lattice 

parameter of CoO is slightly larger with 4.261 Å compared to that of NiO (4.195 Å) showing 

a small shift to lower 2θ angles. Accordingly, the reflections of the mixed oxides NixCo1–xO 

are expected to appear between the corresponding signals of the single oxides. The XRD 

patterns in Figure 5.2a clearly show a shift to lower angles with increasing Co content 

indicating substitutional incorporation of Co into the NiO structure (or vice versa for higher 

Co amounts) and following Vegard’s law (Figure S5.1 in the supporting information). Also 

the peak shapes suggest substitutional incorporation of the elements. The presence of two 

separate NiO and CoO phases usually results in clearly visible shoulders in the reflections.
35,37

 

Additionally, the broad signals indicate very small crystallite sizes which were calculated for 

the different Co contents using the Scherrer equation from the most intensive (200) peak at 

approximately 42° 2θ. The particles are perfectly dispersible in ethanol (EtOH) upon addition 

of small amounts of acetic acid (HOAc) (the dispersion process is illustrated in Figure S5.2 in 
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the supporting information). The size of dispersed nanoparticles measured by dynamic light 

scattering (DLS, red dots) together with that estimated from the XRD patterns (black dots) is 

shown in Figure 5.2c. Both methods reveal nanocrystals of around 4 nm in the range between 

30 at% and 60 at% Co content. DLS-based particle sizes below and above that range are even 

smaller with around 2 nm, while XRD-calculated sizes remain relatively constant. It should 

be noted however that DLS is very sensitive to the number of particles which may be 

increased for smaller size at very high and very low Co concentrations. Examples of DLS 

curves for NP-0 – NP-80 revealing the ultrasmall dimensions and a narrow size distribution 

are presented in Figure 5.2b.  

The Co precursor was found to be slightly more reactive at the same reaction conditions than 

the nickel compound leading to larger particles of up to 19 nm for powders with high cobalt 

concentrations. We attribute this effect to the better solubility of Co(acac)2 in tBuOH 

compared to Ni(acac)2, which only dissolves at 200 °C. The corresponding XRD patterns with 

calculated particle sizes are summarized in Figure S5.3 in the supporting information. To 

obtain smaller nanoparticles the reaction conditions had to be optimized, especially for 

particles with higher Co contents NP-70 – NP-100. By reducing the temperature from 200 °C 

down to 180 °C and the reaction time from 20 h to 12 h, it was possible to obtain about 4 nm 

small particles for all Ni/Co ratios. It is remarkable that the Co(acac)2 obviously has an 

influence on the solubility of Ni(acac)2. Even at 180 °C the signals of the unreacted Ni 

precursor are missing in the XRD, which means that all of the Ni precursor was dissolved and 

could react together with Co(acac)2 to form nanocrystals. 
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Figure 5.3  Raman spectra of the as-prepared NixCo1–xO nanopowders. (a) Overview of the 

recorded spectra of NP-0 – NP-100. The lines indicate the location of NiO (dashed) and CoO 

(solid) bands. (b) Position of bands corresponding to CoO in the nanoparticles NP-50 – 

NP-100. The numbers indicate the Co content in at%. 

 

Raman spectra of the NixCo1–xO nanoparticles with different Ni/Co ratios are shown in 

Figure 5.3a. The broad band in the range between 450 cm
–1

 and 600 cm
–1

 with its maximum 

at around 500 cm
–1

 corresponds to the first order one-phonon mode of NiO.
9,42,44,45

 In the 

spectra of Co-containing nanoparticles additional peaks appear at 183 cm
–1

, 462 cm
–1

 and 

653 cm
–1

, attributed to CoO T2g, Eg and A1g phonon modes, respectively.
46,47

 The spectra are 

dominated by NiO modes for low Co concentrations below 20 at% and CoO modes for higher 

Co contents beyond 50 at%, suggesting the formation of single phase mixed Ni/Co oxides. 

Between NP-20 and NP-40 both NiO and CoO phonon modes are present. The Raman spectra 

in this range do not provide unambiguous evidence for the formation of solid solutions 

because similar spectra could be expected also for a physical mixture of individual oxides. 

Nevertheless, the clearly visible shift of the CoO peaks in the spectra of the mixed NixCo1–xO 

nanoparticles compared to pure CoO is a strong indication for the formation of mixed phases 

caused by expected changes in the structure (Figure 5.3b). For instance, the A1g band shifts 

from 673 cm
–1

 to 668 cm
–1

 and the T2g band shifts from 471 cm
–1

 to 465 cm
–1

 from NP-50 to 

NP-100, respectively. 
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Figure 5.4  TEM images of the NixCo1–xO nanoparticles. Overview of (a) NP-20 and (g) NP-

80 crystals dispersed on the TEM grid. (b) ED pattern of several tens of NP-20 crystals. 

HRTEM images of single nanocrystals (c) NP-20 (e) NP-60 and (f) NP-100. (d) STEM image 

of a single NP-40 nanocrystal. 

 

Transmission electron microscopy (TEM) images illustrate the crystalline structure and 

ultrasmall size of the NixCo1–xO nanoparticles. Examples of high resolution transmission 

electron microscopy (HRTEM) and scanning transmission electron microscopy (STEM) 

images are shown in Figures 5.4 and S5.4 in the supporting information. The micrographs 

show well-dispersed crystals with a narrow particle size distribution and a predominantly 

spherical shape. Clearly visible lattice fringes and missing defects in HRTEM images 

illustrate the single crystalline character of the nanoparticles (Figures 5.4c – f). The electron 

diffraction (ED) pattern in Figure 5.4b was recorded for NP-20 at an area of around 150 nm in 

diameter and shows several rings that originate from averaging over several tens of particles, 

and can be indexed using the NiO rock salt structure. The corresponding d-values are 2.44 Å 

(111), 2.11 Å (200), 1.48 Å (220) and 1.27 Å (311) which is in close agreement with literature 

values and XRD results.
48

  

The average particle size determined from the TEM images (over several tens of particles) is 

in the range between 1.8 nm and 4.5 nm for all Ni/Co ratios. This correlates well with the 

sizes calculated from XRD patterns and measured by DLS. It should be noted that an 

increased number of ultrasmall 1 – 2 nm particles was observed in TEM for some samples, 

especially those with high Co contents (Figure 5.4g). This is in good agreement with the DLS 

measurements. However, bigger particles of up to 4.5 nm in diameter such as in Figure 5.4f 

constitute a major part of the samples. 
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Quantification of the elements in the samples was performed using inductively coupled 

plasma-atomic absorption spectroscopy (ICP-AAS), energy-dispersive X-ray spectroscopy 

(EDX) and X-ray photoelectron spectroscopy (XPS). The obtained amounts of Co are listed in 

Table S5.1 in the supporting information. ICP-AAS measurements reveal that the Co 

concentration within the particles mainly corresponds to the Co amount applied in the 

reaction mixture for all tested Ni/Co ratios showing only minor deviations. EDX-based Co 

amounts recorded for NP-20, NP-40, NP-60 and NP-80 averaged over several tens of 

nanoparticles confirm the ICP values. This indicates that both precursors in the initial mixture 

have reacted completely and are incorporated into the oxide structure.  

 

Figure 5.5  XPS spectra of the NixCo1–xO nanoparticles, Co 2p peaks of nanoparticle layers 

(a) heated at 200 °C and (b) sputtered with Ar
+
 ions. The spectra were taken using a Mg Kα 

source. The points correspond to the experimental data, and the lines are the fitted curves and 

the individual peak fits, respectively. The corresponding fitting parameters are listed in 

Table S5.2 in the supporting information. (c) Co 2p3/2 peaks of nanoparticle layers dried under 

high vacuum. The numbers indicate the Co content in at%. 

 

XPS spectra show correlating Co contents for NP-20 and NP-80. The spectra in Figure 5.5 

show typical Co 2p3/2 peaks for NP-20 – NP-100 with the main and satellite peaks at around 

780 eV and 786 eV, respectively. For the particles with the intermediate Ni/Co ratios (NP-40 

and NP-60) the Co content is around 10 at% lower than applied in the synthesis, pointing to 

the possible formation of surface defects or a depletion of Co content on the surface. Analysis 

of the oxidation states reveals that according to the peak shape characteristics the proportion 

of Co(III) is increasing with increasing Co content in the films (Figure 5.5a and Table S5.1 in 

the supporting information).
49

 Presumably, the particles were partially oxidized on the surface 
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after heating in air at 200 °C to remove organic residues. Sputtering of the same samples with 

Ar
+
 ions leads to peak shapes characteristic for Co(II) (Figure 5.5b and Table S5.1 in the 

supporting information) indicating that the cobalt remains in the oxidation state +II in the core 

of the films. Non-sputtered samples NP-70 and NP-90 dried under high vacuum (hv) at room 

temperature (RT) (Figure 5.5c) contain exclusively Co(II) confirming oxidation of Co due to 

heating in air and excluding reduction caused by the argon beam during sputtering.
49,50

 The 

Ni 2p3/2 doublet with the main peak binding energy of 853.8 ± 0.1 eV exactly matches the 

literature value for Ni(II) in NiO in all sputtered and hv-dried samples (Figure S5.5 and 

Table S5.1 in the supporting information).
49,51-53

 In conclusion, the combined ICP-AAS, EDX 

and XPS results indicate that the Ni/Co ratios initially applied in the syntheses remain 

preserved in the particles. The oxidation state +II was found for both Co and Ni in all as-

prepared particle powders, indicating that no separate phase such as Co3O4 or CoOOH is 

formed. However, the surface Co atoms may be partially oxidized after heating in air. 

To determine the influence of intermixing on the surface properties and work function, DFT 

calculations were performed on the bulk and surface of NixCo1–xO (x = 0.0, 0.5, 1.0). In the 

bulk, the most stable Ni0.5Co0.5O cation ordering was found to be the alternating Ni and Co 

layers along the [111] direction (see computational details). The cation ordering with 

alternating Ni and Co layers along the [001] direction was found to be around 28 meV f.u.
–1

 

less stable. In particular, the DFT lattice constant of Ni0.5Co0.5O is the average of the end 

members, following Vegard’s law. Adopting the most stable Ni0.5Co0.5O bulk cation 

configuration, the (001) and (111) surfaces were built as illustrated in Figure S5.6 in the 

supporting information. The (001) surface contains a mixture of Ni, Co and O atoms, while 

the (111) surfaces are terminated by a Ni or a Co layer, respectively. Table 5.1 shows 

calculated lattice parameters and magnetic moments µB of the bulk NiO, CoO and the mixed 

Ni0.5Co0.5O phase. The lattice constants are in very good agreement with the experimental 

data showing only minor deviations. The magnetic moments remain largely unchanged in the 

Ni/Co mixed phase as compared to the end members (see spin density of the (001) and (111) 

oriented surfaces in Figure S5.7 in the supporting information). Stronger reduction of the 

surface magnetic moments is observed at the (111)-oriented surfaces. Since the magnetic 

moment is directly related to the configuration of electrons in the d band and therefore to the 

oxidation state, it additionally indicates that the Ni and Co oxidation states of +II remain 
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preserved in NixCo1-xO as already observed in XPS spectra of our Ar-sputtered samples 

(Table S5.1 in the supporting information). 

Table 5.1  DFT+U computed values of the lattice constants (experimental values are given in 

brackets) and magnetic moments of the cations in the bulk compounds. 

 Lattice constants / Å 
Magnetic moments µB 

Ni(II) Co(II) 

NiO 4.191 (4.195) 

– 

1.58 – 

Ni0.5Co0.5O 4.233 (4.23) 1.60 2.63 

CoO 4.279 (4.261) – 2.64 

 

The electrocatalytic activity of the NixCo1–xO nanoparticles for water splitting was tested in 

basic media. Due to the high dispersibility of the nanoparticles they can be deposited from 

solution on various substrates with the formation of homogeneous electrocatalytic layers (see 

SEM images of different layer morphologies in Figure S5.8 in the supporting information). 

For quantitative characterization and accurate determination of the mass loading, the 

electroactive layers were prepared on gold-coated QCM quartz crystals as described by us 

previously.
9,42

 The typical electrode mass loading was 20  2 µg cm
–2

. Cyclic voltammograms 

of the NixCo1–xO electrodes with different Co contents show water oxidation currents at 

potentials beyond 0.5 V vs. Ag/AgCl corresponding to the oxygen evolution reaction (OER) 

and water reduction currents at potentials below –1.1 V vs. Ag/AgCl due to the hydrogen 

evolution reaction (HER) (Figure S5.9 in the supporting information). The couples of redox 

peaks between 0.250 V and 0.400 V vs. Ag/AgCl (Figure 5.6a) correspond to the reversible 

oxidative hydroxylation of NiO according to
54,55

 

 NiO  +  OH
– –  e–  ⇄  NiOOH (5.1) 

Since Co oxide does not show prominent redox peaks in this range, it is not expected to 

significantly contribute to the redox process.
16,56-59

 Accordingly, the specific charge of this 

process (calculated as oxidation peak area per total mass loading) is proportional to the 

amount of electrochemically accessible Ni atoms. With increasing Co content the specific 

charge decreases continuously from 231 C g
–1

 for NP-0 to 68 C g
–1

 for NP-70 (Figure 5.6b). 

Beyond 70 at% Co content the peaks become practically indistinguishable. The relative ratio 

of peak areas for Co-containing nanoparticles compared to that of pure NiO closely matches 
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the proposed molar concentration of Ni in the particles, in good agreement with the elemental 

ratios obtained by other methods. More importantly, the peak potentials of this process shift 

continuously to lower values with increasing Co content (Figures 5.6a, b). Since the potential 

is an intensive property depending only on the energy of the system but not on the amount, 

the observation of the potential shift is a strong indication for the incorporation of Co into the 

NiO structure (or vice versa) and complete intermixing of the elements within the particles 

forming new phases. In case of physical mixtures the specific charges corresponding to 

individual oxides are expected to change according to their relative amounts, but the formal 

redox potential should remain constant if the phase composition does not change. This also 

applies to the particles NP-20 – NP-40, whose phase purity could not be unambiguously 

confirmed by Raman measurements, suggesting the formation of a single NixCo1–xO phase 

also in this range. The experimentally observed continuous shift in redox potentials of mixed 

oxides (estimated as a work function) is also supported by DFT calculations. The theoretically 

calculated work function of the pure oxides and the substitutionally mixed Ni0.5Co0.5O phase 

show nearly linear dependence on the Co concentration for the (111) surface (Figure 5.6c), in 

excellent agreement with the experimental data. For the (001) surface DFT calculations 

predict a monotonic but non-linear behavior. This can be attributed to the difference in surface 

termination and the respective cation-cation interactions. The (111) surfaces of Ni0.5Co0.5O 

contain exclusively Ni or Co terminations (Figure S5.6 in the supporting information), while 

the (001) surface contains mixed Ni/Co layers resulting in homoionic and heteroionic 

interactions, respectively. 

Besides the remarkable effect on the formal NiO oxidation potential, the substitutional 

incorporation of Co atoms into the rock salt NiO lattice (or vice versa) also significantly 

affects the electrocatalytic performance of NixCo1–xO nanoparticles in water splitting, both in 

the OER and the HER process (Figures 5.7a, b).  
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Figure 5.6  Redox potentials of NixCo1–xO (NP-0 – NP-100). (a) Redox peaks in the potential 

range 0 – 47 mV obtained from cyclic voltammograms of nanoparticle electrodes in 0.5 M 

KOH vs. Ag/AgCl. The currents were normalized to the electrode mass loading (mass 

activity). The numbers indicate the Co content in at%. (b) Anodic peak (dark grey), cathodic 

peak (light grey) and formal (black) potentials of NP-0 – NP-80. Specific charge 

corresponding to the peak areas of the electrode oxidation peaks of NP-0 – NP-70 (blue). (c) 

DFT+U computed variation of the work function of (111) (red) and (001) (grey) oriented 

surfaces of NixCo1–xO as a function of the Co content. 

 

The water oxidation behavior of NixCo1–xO nanoparticles demonstrates a distinct trend of 

increasing OER activity with increasing Ni content. Figure 5.7c illustrates the current 

densities at the overpotentials  = 300 mV and 350 mV (red and light red dots). 

The best OER performance is shown by pure nano-NiO with the current density 

j = 1.2 mA cm
–2

 at  = 300 mV and j = 10 mA cm
–2

 at  = 350 mV. The electrocatalytic 

activity reduces significantly and continuously with decreasing Ni content reaching 

0.25 mA cm
–2

 at  = 300 mV and 1.1 mA cm
–2

 at  = 350 mV for pure CoO. Corresponding 

overpotentials are shown in Figure 5.7d (red and light red dots), demonstrating an increase 

from 299 mV to 348 mV at 1 mA cm
–2

 and from 350 mV to 426 mV at 10 mA cm
–2

 for NiO 

and CoO, respectively. The electrocatalytic performance of Ni/Co mixed oxides in OER was 

investigated by several groups. The majority of the publications, however, deal with 

compounds different from rock salt NixCo1–xO and include carbon nanocomposites, spinel 

type NixCo3–xO4 and amorphous materials.
15-18,20,21,23,30,56-60
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Figure 5.7  Cyclic voltammograms of electrode layers composed of NixCo1–xO nanoparticles 

(NP-0 – NP-100) in 0.5 M KOH vs. Ag/AgCl. (a) Detailed overview of CV curves in the 

HER range. (b) Detailed overview of CV curves in the OER range. (c) Current densities at 

OER overpotentials of 300 mV (light red) and 350 mV (red) and HER overpotentials of 

100 mV (grey) and 300 mV (black). (d) OER overpotentials at current densities of 1 mA cm
–2

 

(light red) and 10 mA cm
–2

 (red) and HER overpotentials at 10 mA cm
–2

 (black).  

 

The literature on the electrochemical activity of Ni/Co oxides with rock salt structure is 

scarce, although their promising electrocatalytic activity in the OER was suggested in the 

theoretical work of Bajdic et al.
43

 They showed that substitutional doping of the CoO surface 

with 25 at% Ni decreases the OER overpotential from 480 mV to 360 mV, respectively. This 

was attributed to the dopant-induced increase in adsorption free energy of intermediate *OOH 

species, the formation of which was calculated to be the potential limiting step. 
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Trotochaud et al. reported fabrication of mixed Ni/Co oxides via electrodeposition, however 

in this way only 25 at% Co could be accommodated into the NiO rock salt structure without 

phase changes.
23

 Beyond this concentration the NixCo3–xO4 spinel phase was formed. The 

authors compared overpotentials  at 1 mA cm
–2

 which decreased continuously with growing 

Ni content from 381 mV for CoOx to 300 mV for NiOx. The current densities at  = 300 mV 

increased from CoOx with 0.02 mA cm
–2

 to NiOx with 1.01 mA cm
–2

. McCrory et al. 

published a benchmarking overview for HER and OER electrocatalysts, which also included 

several Ni/Co mixed oxides, although their possible structure and phase composition were not 

reported.
18

 The OER overpotential at their CoOx electrodes was 420 mV and was reduced to 

380 mV upon doping with 50 at% Ni at j = 10 mA cm
–2

. Accordingly, the current density at 

350 mV overpotential increased from 0.6 mA cm
–2

 to 2 mA cm
–2

, respectively. Interestingly, 

the overpotential rose again to 470 mV for pure NiOx. The different electrocatalytic behavior 

of undoped NiOx in both studies may be attributed to different nanomorphologies, which have 

an influence on the properties of the resulting materials. To conclude, the observed OER 

activity of our mixed phase nanoparticles roughly correlates with literature values showing 

even higher performance in some cases.
16-18,21,23,43

 

Besides the remarkable influence on the OER activity, the substitution of Ni and Co atoms in 

the rock salt NixCo1–xO structure also has a strong impact on the HER performance. The HER 

activity of the NixCo1–xO nanocrystals illustrated in Figures 5.7c, d (grey and black dots) 

increases continuously with growing Co content. The overpotential at 10 mA cm
–2

 decreases 

from 385 mV for NP-0 to 236 mV for NP-100, and the current density at 100 mV HER 

overpotential increases accordingly reaching 2.14 mA cm
–2

 for pure CoO. It should be noted 

that the electrocatalytic performance of Ni/Co mixed oxides in the HER is much less 

investigated compared to the OER.
20

 Corrigan et al. observed a slight decrease in the 

overpotential necessary to produce 16 mA cm
–2

 from 369 mV for undoped NiOx to 364 mV 

for 11 at% Co content.
61

 McCrory et al. reported decreasing overpotentials at 10 mA cm
–2

 

from 290 mV for NiOx over 240 mV for 25 at% Co amount to 220 mV for CoOx 

demonstrating enhanced HER activity with growing Co concentration, contrary to OER where 

Ni plays the decisive role.
18

 The parameters describing the electrocatalytic activity of the 

nanosized NixCo1–xO particles in OER and HER are found to be in the same range as reported 

in the literature, partially showing even higher performance. For instance, the OER 

overpotentials at 1 mA cm
–2

 are up to ~30 mV lower than the values reported by Trotochaud 
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et al., especially for the mixed oxides and pure CoOx. The overpotentials at 10 mA cm
–2

 are 

15 – 120 mV lower than described by McCrory et al. for pure NiOx and the mixed phases 

(10 % and 50 % Co content). The same group reported up to 0.6 mA cm
–2

 lower HER current 

densities at  = 100 mV for NiOx and the Ni/Co oxide containing 25 % Co. 

In general, the mixed metal NixCo1–xO nanoparticles are not only consistent in their structure 

but they also demonstrate high electrocatalytic activity in both HER and OER, showing great 

potential for the design of electrocatalysts for overall water splitting. 

 

5.4 CONCLUSION 

We describe a solvothermal synthesis route for ultrasmall, crystalline and dispersible 2 – 4 nm 

NixCo1–xO nanoparticles with rock salt type structure and in the whole range from 0 % to 

100 % Co content. The exceptionally high solubility of Co and Ni in NixCo1–xO may be 

attributed to the extremely small size of the nanoparticles showing the great influence of 

nanoscaling on the formation of new phases. Larger particles usually do not show this 

behavior, being able to incorporate only a few percent of the dopant without losing structural 

integrity.
14,17,23,26,27,38

 

The structure of the nanoparticles was analyzed by XRD, Raman, XPS and TEM 

measurements that indicate substitutional incorporation of the metal ions in the lattice. This 

finding is also supported by the shift of the electrode redox potential visible in cyclic 

voltammograms recorded in alkaline media. The DFT+U calculations indicate a monotonic 

dependence on Ni concentration of the work function for NixCo1–xO surfaces with different 

crystallographic orientation, while an overall surface oxidation state of +II is maintained for 

the studied terminations. The electrocatalytic activity of the NixCo1–xO nanoparticles in water 

splitting is similar to the best values reported in the literature. The particles show an overall 

trend of increasing OER electrocatalytic performance for increasing Ni concentration and 

higher HER activity with growing Co content. Summarizing, the ultrasmall NixCo1–xO 

nanoparticles demonstrate unique structural properties with tunable electrocatalytic 

performance. Consisting of cheap and abundant elements the particles show great potential 

for applications as efficient overall water splitting electrocatalysts. 
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5.5 EXPERIMENTAL SECTION 

5.5.1 SYNTHESIS OF NiXCo1–XO NANOPARTICLES 

Nickel(II) acetylacetonate (95 % purity) , and cobalt(II) acetylacetonate (97 % purity) were 

purchased from Alfa Aesar and used as received. tert-Butanol was purchased from Sigma-

Aldrich (puriss. p.a., ACS reagent, ≥ 99.7 %), dried over a 4 Å molecular sieve at 28 °C and 

filtered prior to use. 

For the solvothermal synthesis of NixCo1–xO nanoparticles Ni(acac)2 was mixed with 

Co(acac)2 in the desired molar composition. The total amount of the metal precursors was 

kept at a constant value of 0.5 mmol. The Co doping concentration cCo was calculated using 

the equation 

 cCo  =  
nCo

0.5 mmol
 (5.2) 

with nCo being the molar amount of the Co precursor. As an example, for the synthesis of 

Ni0.8Co0.2O nanocrystals 102.8 mg (0.4 mmol) of Ni(acac)2 was mixed with 25.7 mg 

(0.1 mmol) of Co(acac)2. The solid mixture was added to 14 mL tert-butanol under vigorous 

stirring in a glass autoclave liner forming a brownish suspension, then placed into a 22 mL 

custom made steel autoclave reactor and hermetically sealed. The reactions were carried out 

in the temperature range of 180 °C to 200 °C for 9 h – 20 h resulting in uniform brown 

dispersions of nanoparticles. The reaction conditions for all Ni/Co ratios are listed in 

Table 5.2. 

Table 5.2  Synthesis conditions of the NixCo1–xO nanoparticles. 

Co content / % Reaction temperature / °C Reaction time / h 

0 – 60 200 20 

70 190 14 

80 190 14 

90 190 14 

100 180 12 

 

The as-prepared particles were dried in air by evaporating the solvent at 80 °C on a hot plate 

resulting in NixCo1–xO nanopowders with particle sizes of around 4 nm.  
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Dispersions of the NixCo1–xO nanoparticles were prepared in ethanol with the addition of 

acetic acid. In a typical dispersion procedure 1.1 mg of the dried powder was covered with 

8 µL of acetic acid. After sonication for 5 min the particles were dispersed in 500 µL ethanol 

(absolute) and sonicated for another 5 min to obtain colloidal dispersions with a metal oxide 

concentration of 2 mg mL
–1

. 

 

5.5.2 CHARACTERIZATION 

Wide angle X-ray diffraction analysis was performed in transmission mode using a STOE 

STADI P diffractometer with Cu Kα1 radiation (λ = 1.54060 Å) and a Ge(111) single crystal 

monochromator equipped with a DECTRIS solid state strip detector Mythen 1K. Powder 

XRD patterns of the samples were collected with an omega-2theta scan in the 2θ range from 

5° to 70° with a step size of 1° and fixed counting time of 90 seconds per step and a resolution 

of 0.05°. Optimum quality measurements were performed on a STOE STADI P 

diffractometer with Mo Kα1 radiation (λ = 0.709300 Å) and a Ge(111) single crystal 

monochromator equipped with a DECTRIS solid state strip detector Mythen 1K. The size of 

the crystalline domains was calculated from the XRD patterns for the most intensive (200) 

reflection using the Scherrer equation. 

TEM measurements were carried out using a Titan Themis 300 instrument equipped with a 

field emission gun operated at 300 kV. For the sample preparation a drop of a strongly diluted 

dispersion of a sample in ethanol was deposited on a holey carbon coated copper grid and 

evaporated. Contaminations were removed by plasma cleaning for 15 s at 50 mW and large-

area illumination in the TEM for 40 min.  

Dynamic light scattering measurements were performed on a MALVERN Zetasizer-Nano 

instrument equipped with a 4 mW He-Ne laser (633 nm) and an avalanche photodiode 

detector. 

X-ray photoelectron spectroscopy (XPS) analysis of the particles was performed on a silicon 

substrate using a VSW HA 100 electron analyzer and the Kα radiation provided by a non-

monochromatized Mg anode system (Mg Kα = 1253.6 eV). Ar-ion polishing was done at 

1 keV for 5 min. The recorded elemental peaks were fitted using a Doniach-Sunjic function
63
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with linear background subtraction and the elemental ratios were calculated using the 

equation 

 
XA

XB

  =  
IA SA⁄

IB SB⁄
 (5.3) 

where 
IA

IB
 is the ratio of fitted areas, and S is the sensitivity factor. 

Raman spectroscopy was carried out using a LabRAM HR UV-Vis (HORIBA JOBIN 

YVON) Raman Microscope (OLYMPUS BX41) with a SYMPHONY CCD detection system 

and a He-Ne laser (λ = 633 nm). Spectra were recorded using a lens with a 50-fold 

magnification. 

Quartz Crystal microbalance (QCM) measurements were performed on an in-house-designed 

QCM-setup, using KVG 10 MHz QCM devices with gold electrodes from Quartz Crystal 

Technology GmbH. The mass loading was calculated from the resonance frequencies of the 

QCM crystals before and after coating using the Sauerbrey equation 

 ∆f  =  – Cf  ∆m (5.4) 

with f being the change in frequency, Cf the sensitivity factor of the QCM crystal and m the 

change in mass.
62

 

SEM images were obtained with a JEOL JSM-6500F scanning electron microscope equipped 

with a field emission gun operated at 5 kV. The films were prepared on Au substrates and 

glued onto a brass sample holder with silver lacquer. 

Inductively coupled plasma-atomic absorption spectroscopy was carried out with a VARIAN 

VISTA RL CCD Simultaneous ICP-AAS. 
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5.5.3 ELECTRODE PREPARATION 

The electrodes were prepared by spin coating of ethanolic NixCo1–xO nanoparticle dispersions 

on gold coated QCM quartz crystals (KVG 10 MHz QCM devices with gold electrodes from 

Quartz Crystal Technology GmbH) forming thin films. For the spin coating method 8 µL of 

NixCo1–xO dispersion with the concentration of 2 mg mL
–1

 was deposited on a masked QCM 

crystal exposing an area of 0.196 cm
2
 and spun at 1000 rpm for 10 s. The QCM electrodes 

prepared in this way were subsequently heated to 240 °C in a laboratory oven with a heating 

ramp of 4 °C min
–1

 and a dwell time of 2 h. 

 

5.5.4 ELECTROCHEMICAL MEASUREMENTS 

Electrochemical measurements were performed in a three-electrode setup using an Autolab 

potentiostat/galvanostat PGSTAT302N with FRA32M module operating with Nova 1.10.4 

software. All measurements were performed in 0.5 M KOH electrolyte solution 

(Sigma-Aldrich, volumetric solution) at pH 13.43. Pt mesh (2 cm
2
) was used as a counter 

electrode. Au/QCM crystals coated with NixCo1–xO nanoparticles were used as working 

electrodes. All potentials were measured vs. Ag/AgCl/KCl (sat.) reference electrode with a 

potential of +0.989 V vs. the reversible hydrogen electrode (RHE) at pH 13.43 (+0.197 V vs. 

NHE). The electrochemical data were corrected for uncompensated resistance Rs. Rs was 

determined as minimum total impedance in the frequency regime between 10 and 50 kHz at 

open circuit conditions and at a potential of 0.17 V vs. Ag/AgCl where no faradaic processes 

take place. 95 % of the measured resistance was compensated. Rs was typically around 10 – 

12 Ohm for all NixCo1–xO-coated Au/QCM electrodes. The OER overpotential ηOER was 

calculated using the equation 

 η
OER

  =  E  –  EOER  –  iRs (5.5) 

where E is the potential recorded vs. Ag/AgCl reference electrode, EOER is the reversible 

potential of the OER vs. Ag/AgCl reference electrode (0.240 V at pH 13.43), and i is the 

current.  
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The HER overpotential |ηHER| was calculated using the equation 

 |η
HER

|  =  –E  –  EHER  –  iRs (5.6) 

where E is the potential recorded vs. Ag/AgCl reference electrode, EHER is the reversible 

potential of the OER vs. Ag/AgCl reference electrode (0.989 V at pH 13.43), and i is the 

current.  

Current densities were calculated using the geometric surface area of the Au/QCM electrode 

(0.196 cm
2
). Mass activities are calculated using the respective mass loading on the Au/QCM 

electrode, usually 18 – 22 µg cm
–2

.  

The preconditioning of the NixCo1–xO electrodes was performed using cyclic voltammetry. 

The electrodes were cycled between –1.5 V and 0.7 V vs. Ag/AgCl in 0.5 M KOH at a scan 

rate of 20 mV s
–1

 until the current had reached stable values and did not change anymore with 

repetitive cycling at scan rates of 20 mV s
–1

 (typically 35 cycles, ca. 2 h). 

 

1.1.1 COMPUTATIONAL DETAILS 

Density functional theory (DFT) calculations were performed on CoO, NiO and Ni0.5Co0.5O 

surfaces with (001) and (111) orientation using the projector-augmented wave (PAW) 

pseudopotentials as implemented in VASP code.
64,65

 The generalized-gradient approximation 

(GGA) for the exchange-correlation functional was used with the effective Hubbard-U 

parameters. Different values between U = 0 and 8 eV have been used in the literature to 

model different structural, magnetic and electronic properties of transition metal oxides.
66-69

 

We adopted the value of U = 3.7 for both Ni and Co in NixCo1–xO (x = 0.0, 0.5 and 1.0) to 

capture the structural and magnetic properties of the end members. The energy cutoff of 

450 eV and a uniform 663 k-points mesh was utilized to sample the Brillouin zone. 

Previous investigations demonstrate an AF-II antiferromagnetic ordering in NixCo1–xO where 

the adjacent ferromagnetic (111) planes are coupled antiferromagnetically along the [111]-

direction.
70,71

 The total energies of different cation orderings were calculated for Ni0.5Co0.5O 

and the most stable configuration that was found to be the rock salt type ordering of cations 

was adopted to the system. The (001) surfaces were modeled by slabs containing 5 layers 

whereas the (111) slabs contained 5 cation and three oxygen layers. The atomic coordinates 
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were fully relaxed using the conjugate gradient method until the force on each atom was 

converged to less than 0.02 eV A
–1

. The investigation of further surface terminations, 

reconstructions and the processes during OER and HER go beyond the scope of this study and 

will be addressed in a future study. 
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5.7 SUPPORTING INFORMATION 

 

Figure S5.1  Demonstration of the lattice parameters of the NixCo1–xO nanoparticles 

following Vegard’s law. 

 

The lattice parameters of the NixCo1–xO particles with different Co content follow Vegard’s 

law (Figure S5.1). The undoped NiO and CoO nanoparticles prepared by our synthesis route 

show slightly larger lattice parameters of 4.20 Å and 4.28 Å than the corresponding bulk 

materials, respectively. The literature values are 4.17 Å for NiO and 4.26 Å for CoO. This 

effect was already described in the literature for nanosized NiO and CoO and in our previous 

study.
1-3
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Figure S5.2  Preparation of NixCo1–xO dispersions (concentration: 2 mg mL
–1

). Top row: 

dried powders directly after synthesis. Middle row: dispersions after addition of HOAc. 

Bottom row: Dispersions after filling up with EtOH. The numbers indicate the Co content of 

each sample in at%. 
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Figure S5.3  Influence of reaction conditions on crystallite size of NixCo1–xO nanoparticles. 

(a) Powder XRD patterns of the dried nanocrystals NP-0 – NP-100 prepared at the same 

reaction conditions, CoO pattern ICDD card number 00-043-1004 (solid line), NiO pattern 

ICDD card number 00-047-1049 (dashed line). The numbers indicate the Co content in at%. 

(b) Powder XRD patterns of NP-100 prepared at the different reaction conditions. (c) Particle 

size of NP-100 calculated from the XRD patterns recorded after reactions at 200 °C (black) 

and 180 °C (red). (d) XRD particle sizes of NP-0 – NP-100 prepared at unchanged (red) and 

optimized reaction conditions (black). 

 

The solvothermal synthesis in tBuOH at 200 °C for 20 h was designed for the rather 

unreactive precursor Ni(acac)2 that only dissolves in tBuOH after reaching 200 °C. For 

precursors like Co(acac)2 that dissolve at lower temperatures more easily, this high 
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temperature leads to much larger particles. The higher the ratio of Co(acac)2 in the reaction 

mixture, the more pronounced is this effect. Figure S5.3a shows XRD patterns of NP-0 – 

NP-100 prepared at 200 °C for 20 h. The reflections become narrower with increasing Co 

content revealing a drastic increase in particle size starting from NP-70 (Figure S5.3d, red 

dots). To obtain smaller particle sizes, the parameters temperature and time were optimized 

for each Ni/Co ratio to slow down the reaction. As an example, XRD patterns and 

corresponding particle sizes at different reaction conditions are demonstrated for NP-100 in 

Figures S5.3b, c. By decreasing the reaction time, the particle size was reduced from 19 nm to 

9 nm. Further decrease to around 4 nm was achieved by reducing the temperature from 

200 °C to 180 °C. The particle sizes after optimization of reaction conditions are shown in 

Figure S5.3d, black dots.  

We note that the XRD patterns shown in Figures S5.3a, b were obtained using an XRD 

diffractometer with a Cu-source (Cu Kα1 radiation λ = 1.54060 Å). Due to strong fluorescence 

caused by interactions of Co containing compounds with the Cu radiation, the signal-to-noise 

ratio becomes less with increasing Co content. The XRD patterns with better quality shown in 

Figure 5.2 in the main text are recorded using a Mo-source diffractometer, which does not 

lead to Co fluorescence. 
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Figure S5.4  Scanning transmission electron microscopy (STEM) images of several (a) NP-

20 and (b) NP-40 nanocrystals.  

 

 

Table S5.1  Co content in reaction mixtures compared to Co content within the NixCo1–xO 

nanoparticles determined by different methods.  

Co 

content 

reaction 

/ % 

Co 

content 

(ICP) 

/ % 

Co 

content 

(EDX) 

/ % 

Co content (XPS) / % Ni content (XPS) / % 

Before 

sputtering 

After 

sputtering 

Before 

sputtering 

After 

sputtering 

Co(II) Co(III) Co(II) Co(III) Ni(II) Ni(III) Ni(II) Ni(III) 

10 10.1 – – – – – – – – – 

20 19.1 19.8 15.1 2.0 18.5 0 82.91 0 81.47 0 

30 29.3 – – – – – – – – – 

40 42.6 39.9 16.1 12.1 30.7 0 71.81 0 69.32 0 

50 46.4 – – – – – – – – – 

60 60.5 59.8 13.7 35.8 51.0 0 50.5 0 49.0 0 

70 70.3 – 58.1 0 – – – – – – 

80 81.6 79.3 23.0 61.3 86.4 0 15.6 0 13.6 0 

90 90.4 – 72.7 0 – – – – – – 

100 100.0 100.0 14.0 86.0 100.0 0 0 0 0 0 
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Figure S5.5  XPS spectra of the NixCo1–xO nanoparticles, Ni 2p peaks of nanoparticle layers 

(a) heated at 200 °C and (b) heated at 200 °C and sputtered with Ar
+
 ions. The spectra were 

taken using a Mg Kα source. The points correspond to the experimental data, and the lines are 

the fitted curves and the individual peak fits, respectively. The corresponding fitting 

parameters are listed in Table S5.2. (c) Ni 2p3/2 peaks of nanoparticle layers dried under high 

vacuum. The numbers indicate the Co content in at%. 

 

 

 

Table S5.2  XPS fitting parameters for the Co 2p3/2 and Ni 2p3/2 peaks of non-sputtered 

samples.  

 

 

  

Peak Peak Nr 

Lorentz 

FWHM / 

eV 

Asymmetry 

Gauss 

FWHM /  

eV 

Position / 

eV 

Ni 2p3/2 

1 0.3 0.05 1.0 ~853.8 

2 0.3 0.05 2.3 – 3.2 ~855.4 

3 0.3 0.05 ~6 ~861.5 

Co 2p3/2 

1 0.3 0.05 2.1 ~779.8 

2 0.3 0.05 2.6 ~782.1 

3 0.3 0.05 ~4.5 ~786.1 
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Figure S5.6  Slab models of (a) (001) and (b) (111)-oriented Ni0.5Co0.5O surfaces. Blue and 

silver spheres correspond to Co and Ni cations with antiparallel alignment of magnetic 

moments, respectively. Red spheres correspond to O atoms. 

 

Figure S5.7  DFT+U computed spin density of the (001) and (111) oriented surfaces in CoO, 

NiO and Ni0.5Co0.5O. The colors are related to the up spin (red) and the down spin (blue). The 

numbers indicate the corresponding magnetic moments µB. 
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Figure S5.8  (a, b) SEM images of an NP-40 film on Au coated QCM crystals with different 

magnifications. The film was prepared from ethanolic dispersion via spin coating. 

 

Scanning electron microscopy (SEM) images of the NP-40 film applied as electrode for 

electrochemical measurements are presented in Figures S5.8a, b in different magnifications. 

The films show a smooth surface morphology with some textural porosity typical for 

nanoparticle films reported in our previous studies.
2,4
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Figure S5.9  (a) Cyclic voltammograms of Au/QCM electrodes coated with thin films of 

NixCo1–xO nanoparticles NP-0, NP-40, NP-60, NP-80 and NP-100. The numbers indicate the 

Co content in at%.  

 

Typical cyclic voltammograms of selected nanoparticle samples are shown in Figure S5.9, 

demonstrating the electrocatalytic activity in OER and HER. It should be noted that 

practically no current was measured on the bare Au electrode under the same conditions, 

exhibiting no pronounced OER or HER activity.  
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6   ULTRASMALL CO3O4 

NANOCRYSTALS 

STRONGLY ENHANCE 

SOLAR WATER 

SPLITTING ON 

MESOPOROUS 

HEMATITE 
This chapter is based on the following publication: 

J. M. Feckl, H. K. Dunn, P. M. Zehetmaier, A. Müller, S. R. Pendlebury, P. Zeller, K. 

Fominykh, I. Kondofersky, M. Döblinger, J. R. Durrant, C. Scheu, L. Peter, D. Fattakhova-

Rohlfing and T. Bein Adv. Mater. Interfaces 2015, 2, 1500358. 

The joint project is a collaboration of different groups involving synthesis of Co3O4 

nanoparticles (J. M. Feckl and P. M. Zehetmaier), their electrochemical characterization 

(K. Fominykh), photoelectrochemical and transition absorption spectroscopy characterization 

(H. K. Dunn, S. R. Pendlebury, I. Kondofersky and J. R. Durrant), XPS (P. Zeller) and TEM 

analysis (A. Müller, M. Döblinger and C. Scheu). The following experiments were performed 

by K. Fominykh: fabrication of Co3O4 electrode layers, electrochemical characterization of 

their water oxidation performance and characterization of the dark electrocatalytic activity of 

Co3O4 nanoparticles.  
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Figure 6.1  Image created by Christoph Hohmann (Nanosystems Initiative Munich, NIM) 

published as front cover in Adv. Mater. Interfaces 18/2015 (used with permission from the 

publisher). 
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6.1 ABSTRACT 

 

Figure 6.2  ToC image: Ultrasmall dispersible Co3O4 nanocrystals with an average size of 3 –

7 nm are prepared by a solvothermal reaction in tert-butanol. The small size and high 

dispersibility of the nanoparticles enable their homogeneous deposition on nanostructured Sn-

doped hematite serving as a photoanode in light-driven water splitting. This surface treatment 

leads to a striking photocurrent increase. 

 

The synthesis of crystalline, non-agglomerated, and perfectly dispersible Co3O4 nanoparticles 

with an average size of 3 – 7 nm using a solvothermal reaction in tert-butanol is reported. The 

very small size and high dispersibility of the Co3O4 nanoparticles allow for their 

homogeneous deposition on mesoporous hematite layers serving as the photoactive absorber 

in the light-driven water splitting reaction. This surface treatment leads to a striking 

photocurrent increase. While the enhancement of hematite photoanode performance by cobalt 

oxides is known, the preformation and subsequent application of well-defined cobalt oxide 

nanoparticles are novel and allow for the treatment of arbitrarily complex hematite 

morphologies. Photoelectrochemical and transient absorption spectroscopy studies show that 

this enhanced performance is due to the suppression of surface electron–hole recombination 

on time scales of milliseconds to seconds. 
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6.2 INTRODUCTION 

The spinel Co3O4 is interesting for applications such as gas sensing,
1
 electrochemical lithium 

ion storage,
2-6

 and as a catalyst for lithium air batteries,
7
 for the combustion of CH4,

8
 for the 

oxidation of CO,
9
 for the oxygen reduction reaction in fuel cells,

10,11
 or for electrochemical 

water oxidation.
12

 Co3O4 has the highest turnover frequency for dark electrochemical water 

oxidation among the various cobalt oxides, and the catalytic activity is enhanced with 

decreasing crystallite size.
12

 Interest in Co3O4for photoelectrochemical water splitting was 

sparked by the work of Kanan and Nocera,
13

 and several other groups demonstrated the high 

efficiency of various cobalt compounds,
14-20

 including Co3O4,
21-23

 as oxygen evolving 

catalysts. The effect is pronounced in combination with Fe2O3 hematite photoanodes. 

Hematite offers several features attractive for solar water splitting,
24-27

 but also suffers from 

serious limitations including the sluggish kinetics of the oxygen evolution reaction (OER)
28-30

 

and the high rate of electron–hole recombination at the surface.
20,26,31-33

 The 

photoelectrochemical water splitting efficiency of hematite photoanodes was found to 

improve significantly upon surface treatment with different cobalt compounds.
14-17,19,20,34

 The 

role of these surface treatments is not yet fully understood,
34

 although some of them were 

found to suppress surface recombination but not to catalyze the hole transfer.
19,35,36

 The 

reported synthetic methods rely either on electrochemical deposition,
14-17

 in situ growth,
19,23,37

 

or atomic layer deposition.
20,34

 However, the former methods are sensitive to the growth 

conditions or surface properties of the photoabsorber material and not always applicable to 

complex electrode geometries, while the latter is not easily and economically scalable.
14-17

 

Consequently, the development of a facile procedure for the low-temperature deposition of 

Co3O4 with well-defined properties on any type of photoabsorber substrate, independent of 

surface properties or morphology, is very desirable. Dispersible nanoparticles are particularly 

interesting for this purpose, as their deposition from solution can easily be controlled. 

Compared to an in situ growth process, the formation of nanocrystals in a separate process 

allows for a much better control of properties such as size, shape, and chemical composition. 

Although several Co3O4morphologies such as nanotubes,
6,38

 needles,
4
 rods,

11
 wires,

5
 hollow 

spheres,
8
 nanoboxes,

39
 and nanoparticles

12,37,40-45
 are synthetically available, it appears that 

none of these have so far been applied to photoabsorbers for water splitting. Here we report 

the solvothermal synthesis of dispersible, non-agglomerated, and crystalline Co3O4 
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nanoparticles with sizes in the range of 3 – 7 nm. The nanoparticles can be dispersed in 

ethanol and homogeneously distributed on the surface of mesoporous hematite photoanodes 

by a simple drop-casting process. This treatment leads to a more than fivefold increase in 

photocurrent under AM 1.5 illumination compared to the untreated hematite electrodes. The 

performance enhancement is more pronounced for thicker films, suggesting that the reason 

for the increased photocurrents is enhanced electron collection in the mesoporous 

nanoparticle-containing hematite electrodes rather than acceleration of hole transfer at the 

hematite–solution interface. Efficient extraction of photogenerated electrons from a 

mesoporous photoanode requires retardation of their recombination with the photogenerated 

holes (and with intermediates in the water oxidation reaction), resulting in significantly more 

long-lived surface-accumulated holes, which are required for water oxidation on hematite. 

This observation was supported by transient absorption spectroscopy (TAS), which showed 

an increased lifetime of long-lived (ms to s time scale) photogenerated holes at or near the 

hematite surface. 

. 

6.3 RESULTS AND DISCUSSION 

For the synthesis of dispersible crystalline Co3O4 nanoparticles we developed a solvothermal 

procedure in tert-butanol. This solvent has already been shown to be suitable for the 

preparation of dispersible, crystalline, and ultrasmall metal-oxide nanoparticles such as 

different titania compounds, NiO, and tin oxide.
46-51

 For the preparation of 

Co3O4 nanoparticles, Co(OAc)2 was dispersed in a solution of Pluronic P123 in tert-butanol. 

After the addition of concentrated nitric acid to the reaction solution, the mixture was 

autoclaved at 120 °C for 17 h. Only a combination of Co(OAc)2, nitric acid, and Pluronic 

P123 led to the formation of small non-agglomerated particles. The use of Co(NO3)2 as an 

alternative precursor causes the fast growth of larger nanocrystals whose size cannot be 

decreased by changing reaction conditions or by adding stabilizing ligands. On the other 

hand, using Co(OAc)2 as a precursor leads to the formation of mostly amorphous material. 

We believe that the combination of Co(OAc)2 with nitric acid leads to the in situ formation of 

reactive Co(NO3)2 that can form Co3O4. It seems reasonable to assume that the particles are 

capped by acetate ligands, limiting the particle growth. The presence of Pluronic P123 

additionally stabilizes and limits the particle growth. 
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Figure 6.3  Morphology and composition of as-synthesized Co3O4 nanoparticles prepared via 

the tert-butanol route: (a) XRD pattern of nanoparticles with the corresponding ICDD card 

00-043-1003 of Co3O4 and (b) Raman spectrum of the Co3O4 nanoparticles. The peaks at 

190.7 (F2g), 472.7 (Eg), 513.1 (F2g), 610.0 (F2g), and 678.6 (A1g) cm
−1

 correspond to the 

Raman modes characteristic of Co3O4.
52

 (c) DLS measurement of a diluted 

Co3O4 nanoparticle dispersion; the inset shows a photograph of a dispersion with a 

concentration of 22.8 mg Co3O4 nanoparticles after drying, dispersed in 4 mL ethanol; and (d) 

XPS spectrum of Co3O4 nanoparticles showing the Auger transitions of oxygen at 742 and 

761 eV and the Co 2p signals, which are split by spin–orbit coupling into Co 2p3/2 (779.9 eV) 

and 2p1/2 (795.0 eV). 

 

After cooling to room temperature, the nanoparticles could be collected simply by 

centrifugation or by drying the processed solution. X-ray diffraction (XRD) of the obtained 

solid proves the formation of about 7 nm small Co3O4 nanoparticles (size calculated 

according to the Scherrer equation from the broadening of the 311 reflection; Figure 6.3a). 

The high background in the XRD pattern is attributed to the fluorescence common for cobalt-

containing materials when using Cu Kα radiation. Additionally, the Raman spectrum of the 
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nanoparticles shows modes characteristic of Co3O4 (Figure 6.3b).
52

 The solid is easily 

redispersible in ethanol by adding a drop of concentrated acetic acid. This was proven by 

dynamic light scattering (DLS) measurements in Figure 6.3c, which show a narrow peak at 

around 7 nm. X-ray photoelectron spectroscopy (XPS) measurements were performed to 

determine the oxidation states of the cobalt oxide nanoparticles. Figure 6.3d shows the Auger 

transitions of oxygen at 742 and 761 eV and the Co 2p signals that are split by spin–orbit 

coupling into Co 2p3/2 and 2p1/2. The binding energy of the Co 2p3/2 peak (779.9 eV) and the 

absence of a satellite at about 786 eV (which would indicate CoO) identify the samples as 

Co3O4.
53

 The XPS spectra before and after electrochemical testing look very similar, 

suggesting no significant changes in the material during the electrochemical reactions 

(Figure S6.1 in the supporting Information). 

 

Figure 6.4  (a) TEM image of finely dispersed Co3O4 nanoparticles. (b) HRTEM image of 

two individual Co3O4 nanoparticles. 

 

In good agreement with the data obtained by XRD and DLS, high-resolution transmission 

electron microscope (HRTEM) images show monocrystalline nanoparticles with d-spacings 

typical of Co3O4 (Figure 6.4). The particles sized 3 – 7 nm are non-agglomerated and evenly 

distributed on the surface of the TEM grid, indicating high dispersibility in ethanol 

(Figure 6.4a). 
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The ultrasmall and dispersible Co3O4 nanoparticles were applied as a surface treatment to 

mesoporous, Sn-doped hematite layers prepared by a wet chemical deposition described by 

Dunn et al.
54

 The hematite electrodes prepared in this way feature a disordered mesoporous 

structure composed of elongated crystalline nanoparticles with an average size of around 40 × 

80 nm. The thickness of the electrodes can be varied from about 50 to 400 nm by repetitive 

coating.
54

 Even though the photocurrents are lower than those of state-of-the-art hematite 

photoelectrodes,
55

 the morphology and photocurrents of the hematite films used in this study 

are similar to those prepared by other solution-based synthetic routes and therefore provide an 

excellent model system.
56

 The Co3O4 nanoparticles were deposited onto the mesoporous 

hematite electrodes by drop-casting from an ethanolic dispersion. The degree of coating of the 

hematite photoanodes by Co3O4 could easily be controlled by diluting the particle dispersions 

to the desired concentration. After the deposition step, the samples were heated to 180 °C. 

This step was necessary to provide good adhesion of the nanoparticles to the mesoporous 

layer. TEM analysis showed that the Co3O4 nanoparticles (which could be identified by lattice 

spacings, energy-dispersive X-ray spectroscopy (EDX) measurements, and size) were for the 

most part homogenously distributed throughout the whole volume of the mesoporous 

hematite layer. For a rather low nanoparticle loading depicted in Figure S6.2 (supporting 

Information), individual, non-agglomerated nanoparticles are evenly distributed on the 

hematite crystals, which can be attributed to their excellent dispersibility. 

The Co3O4-treated hematite films fabricated as described above were tested as photoanodes 

for the photoelectrochemical OER. The current-voltage curves obtained under AM 1.5 

illumination are displayed in Figure 6.5 for a 350 nm thick mesoporous hematite film with 

and without the Co3O4 nanoparticle surface treatment. The photocurrent of the hematite 

electrodes with deposited Co3O4 nanoparticles is significantly higher than that of the untreated 

hematite films. The increase in photocurrent depends on the illumination direction, a 

phenomenon that will be discussed later. The increase in photocurrent is accompanied by an 

increase in the amount of detected oxygen (Figure S6.3 in the supporting information and the 

experimental section), indicating that the observed effect stems from the water oxidation 

process and not from any other reactions such as photocorrosion or the oxidation of organics. 
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Figure 6.5  (a) Simplified illustration of the processes taking place in a porous hematite 

electrode during illumination. Red arrows indicate diffusion of the photogenerated holes to 

the hematite surface, the blue arrow indicates diffusion of photogenerated electrons to the 

substrate (current collector), and striped blue arrows represent their recombination with 

positive species, such as holes; illumination direction is indicated as SI (substrate 

illumination) and EI (electrolyte illumination). Current density–voltage curves for 350 nm 

nanostructured hematite films with (full red lines) and without (dashed blue lines) 

Co3O4 nanoparticle treatment under simulated AM 1.5 illumination through (b) the substrate 

and (c) the electrolyte. Dark j–V curves are also shown for the Co3O4 treated film (full black 

line) and untreated film (dashed gray line). Photocurrent at 1.23 V versus RHE of films of 

varying thicknesses with (red circles) and without the Co3O4 treatment (blue squares), when 

illumination is provided through the (d) substrate and (e) electrolyte. 
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We detect a cathodic shift in the photocurrent onset potential, although the observed effect is 

small compared to other reported cobalt treatments.
32,57-59

 Such a shift can indicate either 

catalysis of charge transfer or a lowering of surface recombination; the analysis of possible 

effects will be given below. 

When deposited directly onto FTO, the Co3O4 nanoparticles do not produce any photocurrent, 

indicating that the observed improvements originate from the synergy between the hematite 

and the nanoparticles (Figure S6.4 in the supporting Information.). We note that the 

Co3O4 nanoparticles lower the onset potential of water oxidation in the dark, acting as 

catalysts for electrochemical water oxidation. To quantify the dark electrocatalytic activity, 

we prepared thin films by depositing particle dispersions on the Au electrodes of piezoelectric 

quartz crystal microbalance (QCM) chips. Using Au/QCM crystals as substrates allows for an 

accurate determination of the mass loading
60

 and the direct calculation of turnover frequencies 

(TOF) from voltammetric data (Figure S6.5 in the supporting Information). The TOF values 

can either be calculated based on the mass loading of Co3O4, assuming that all Co atoms are 

catalytically active (TOFmin), or by using the BET surface area based on the assumption that 

the catalytically active sites are located only on the surface of the electrode (TOFmax). We 

applied both methods to compute the TOF values for our Co3O4nanoparticles. For example, 

the TOFmin values at overpotentials of η = 300 mV and η = 400 mV are 0.003 and 0.01 s
−1

, 

respectively. The TOFmax at the same overpotentials were calculated as 0.021 and 0.63 s
−1

, 

which is an order of magnitude higher than the corresponding TOFmin. The obtained results 

indicate that Co3O4 nanoparticles act as a reasonably good dark catalyst for the OER, 

although the TOF values do not surpass those of other cobalt oxide structures reported in the 

literature.
21,58,59,61,62

 It should also be noted that good dark catalysts do not necessarily act as 

catalysts when deposited on photoelectrodes.
58,63

 The explanation for this possibly lies in the 

different mechanisms of the light and dark OER, as the former involves minority carriers, 

whereas the latter involves majority carriers. 

To elucidate how the Co3O4 nanoparticles improve the performance of hematite photoanodes, 

we compared their effect on the photocurrent for substrate (SI) and electrolyte (EI) side 

illumination. A scheme illustrating the various pathways of photogenerated charges in a 

mesoporous electrode is shown in Figure 6.5a. In porous hematite layers made up of particles 

of the same size, photogenerated holes (red arrows in Figure 6.5a) travel the same short 

distance to reach the oxide–solution interface, independent of the illumination direction. 
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Photogenerated electrons, in contrast, must travel through the porous layer to the FTO 

substrate, and for strongly absorbed light (i.e., at wavelengths where the penetration depth of 

the light is much less than the film thickness), the average distance travelled therefore 

depends on the illumination direction. Under EI, electron–hole pairs are generated far away 

from the substrate and electrons have a long collection pathway through the thickness of the 

film (blue arrow in Figure 6.5a). This leaves them vulnerable to recombination with surface 

species such as trapped holes (this loss pathway is depicted by blue striped arrows). Under SI, 

we expect more efficient electron collection, since the charges are generated very close to the 

FTO substrate. The comparison of the photocurrent under EI and SI thus gives insight into 

electron–hole recombination in porous electrodes;
55,64

 the description of this method for AM 

1.5 illumination will be published separately. 

For the untreated hematite electrode, the photocurrent measured when illuminating by an AM 

1.5 solar simulator through the electrolyte is approximately a quarter of that obtained when 

illuminating through the substrate (Figures 6.5b, c). According to the arguments outlined 

above, this indicates that a considerable portion of photogenerated electrons is not collected 

when generated far from the FTO substrate. However, when applying Co3O4 nanoparticles to 

100–400 nm thick mesoporous hematite layers, the photocurrent when illuminating through 

the substrate strongly increases by a factor of 1.6 compared to the untreated hematite 

electrode, reaching 0.64 mA cm
−2

 at 1.23 V versus the reversible hydrogen electrode (RHE) 

for the 350 nm thick electrode (Figures 6.5b, d). Much higher increases of up to a factor of 

nearly five are observed for EI (Figures 6.5c, e). Given that the losses to recombination under 

EI are expected to scale with the film thickness, one can expect a more dramatic effect of the 

Co3O4 nanoparticles on thicker films. Figure 6.5 illustrates the photocurrent at 1.23 V versus 

RHE of films of varying thickness under SI (Figure 6.5d) and EI (Figure 6.5e), with and 

without the Co3O4 nanoparticle treatment. Due to electron–hole recombination losses, the 

deviation between EI and SI increases as a function of thickness. However, the effect is 

reduced for Co3O4-treated photoanodes, indicating a significant reduction of this loss 

pathway. 
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Figure 6.6  Photogenerated hole dynamics in untreated (blue) and Co3O4 treated (red) thin 

(50 nm) hematite photoanodes at open circuit in 1 M NaOH, excited at 455 nm and probed at 

650 nm. The arrow indicates the increase in lifetime of photogenerated holes after treatment 

with Co3O4. 

 

The transient absorption dynamics of photogenerated holes at or near the hematite surface 

(probed at 650 nm, in accordance with previous studies
30

 in untreated and Co3O4-treated 

hematite at open circuit are shown in Figure 6.6 (the same data shown on a linear time axis 

are presented in Figure S6.7 in the supporting information). It is apparent that the 

Co3O4 treatment significantly increases the lifetime of the photogenerated hole signal on 

millisecond to second time scales. These results are consistent with the effect of other Co-

based treatments (such as Co–Pi and cobalt nitrate) on the lifetime of surface-accumulated 

holes in hematite as studied by transient absorption spectroscopy and intensity modulated 

photocurrent spectroscopy.
35,36

 The increase in lifetime of photogenerated holes (of ≈500 ms) 

on these long time scales indicates that electron–hole recombination at the semiconductor 

surface has been retarded by the Co3O4 treatment.
33

 These results are consistent with the 

photocurrent increase by Co3O4 treatment. Interestingly, treatment with cobalt nitrate, which 

has been reported to increase photocurrents of different hematite photoelectrodes
32,57

 by 

retarding recombination,
36

 had little influence on the performance (Figure S6.6 in the 

supporting information). 
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Figure 6.7  Normalized photocurrent at 1.164 V vs. RHE (pH 13) under 455 nm illumination 

with about 10
17

 cm
−2

 s
−1

 intensity, of Co3O4-treated 150 nm Sn-doped hematite films as a 

function of Co3O4 nanoparticle loading on the active area of the electrodes. The normalized 

current is displayed as a ratio of photocurrent of Co3O4 nanoparticle-treated electrodes to that 

of an untreated electrode of the same thickness. On the left and right side the corresponding 

TEM images are shown to illustrate the different surface coverage. 

 

The observed improvement in photocurrent depends on the mass loading of the 

Co3O4 nanoparticles in the mesoporous hematite electrodes, as shown in Figure 6.7. The best 

performance is observed for samples with a low loading of Co3O4 nanoparticles. TEM 

investigation of the best-performing samples demonstrates that the porous hematite layers 

contain homogeneously distributed non-agglomerated Co3O4 nanoparticles, with only a few 

Co3O4 nanoparticles observed on the hematite crystals (Figures 6.6a and S6.2 in the 

supporting information). In contrast, hematite photoanodes treated with concentrated 

nanoparticle dispersions show suppressed photocurrents compared to the non-treated 

photoanodes. Examination of such samples by TEM reveals a dense coverage with 

Co3O4 nanoparticles, leaving very little exposed Fe2O3. We tentatively attribute the 

suppressed photocurrent in such densely decorated hematite films to the reduced exposed 

surface area and an increased parasitic light absorption by the black Co3O4.
65

 

The obtained results demonstrate that the postsynthetic Co3O4 nanoparticle treatment 

significantly improves the electron collection in mesoporous hematite photoanodes. 

Photoelectrochemical and transient absorption spectroscopy studies suggest that this enhanced 

performance is due to the suppression of surface electron–hole recombination and not due to 

the catalysis of charge transfer. However, the way by which Co3O4 nanoparticles retard 
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electron–hole recombination at the semiconductor surface is not fully understood and 

additional studies are needed to elucidate the mechanism of this effect. 

 

6.4 CONCLUSION 

Ultrasmall Co3O4 nanoparticles were synthesized via a newly developed tert-butanol 

solvothermal synthesis protocol. The high dispersibility and very small size of these particles 

were proven by XRD, DLS, and TEM measurements and allow for the efficient distribution 

of these monocrystalline nanoparticles on mesoporous hematite films by a drop-casting 

process. This treatment leads to striking improvements in photoelectrochemical water 

oxidation rates, increasing the obtained photocurrent by a factor of nearly five. The 

improvement is attributed to a significant reduction in electron–hole recombination processes 

on millisecond to second time scales at the surface of the mesoporous network, and strongly 

depends on the degree of surface coverage by the Co3O4 nanoparticles. This demonstrates the 

importance of a homogeneous distribution of the applied nanoparticles on the highly porous 

host materials, which can easily be achieved with the stable colloidal dispersions presented in 

this study. 

 

6.5 EXPERIMENTAL SECTION 

6.5.1 SYNTHESIS OF COBALT OXIDE NANOPARTICLES  

Co3O4 nanoparticles were synthesized in tert-butanol. All chemicals were purchased from 

Sigma-Aldrich and used as received. tert-Butanol was dried over a 4 Å molecular sieve at 

28 °C and filtered prior to use (Sartorius minisart cellulose acetate membrane, 220 nm). In a 

typical reaction 50 mg (0.2 mmol) of Co(OAc)2 tetrahydrate was dispersed in a solution of 

58 mg Pluronic P123 in 14 mL tert-butanol and treated for 45 min in an ultrasonic bath at 

room temperature. To accelerate the synthesis, 48 mg of concentrated nitric acid was added to 

the reaction solution. The reaction mixture was transferred into a Teflon lined steel autoclave 

(20 mL volume) and kept at 120 °C for 17 h. The nanoparticles can be collected by simply 

drying the processed solution or by centrifugation. The content of Co3O4 of the resulting 

centrifuged solid after drying at 180 °C (equivalent to the heat treatment after the deposition 
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of the nanoparticles on the nanostructured hematite electrodes) was determined to be 70 wt% 

by thermogravimetric analysis. The pellet was treated with one drop of concentrated acetic 

acid (35 mg acetic acid per 22.8 mg solid) and then redispersed in ethanol (1 mL ethanol for 

1 mg solid). This dispersion was filtered with a 220 nm syringe filter (Sartorius minisart 

cellulose acetate membrane) and the concentration of Co3O4 nanoparticles in the resulting 

dispersion was determined by inductively coupled plasma atomic emission spectroscopy 

(ICP-AES) to be 0.667 mg mL
−1

, which agrees well with the inorganic amount of 70 wt% 

determined by TGA. This dispersion was then diluted with ethanol (1:50) for DLS 

measurements, the preparation of TEM samples and the photo-electrochemical water splitting 

experiments. 

 

6.5.2 ELECTRODE PREPARATION 

The electrodes for dark electrochemical measurements were prepared by spin-coating of the 

cobalt oxide nanoparticle dispersions on Au/QCM crystals (KVG 10 MHz QCM devices with 

gold electrodes from Quartz Crystal Technology GmbH). In a typical procedure, 10 µL of a 

cobalt oxide dispersion were deposited on a masked QCM crystal covering an area of 

0.196 cm
2
 and spun at 1000 rpm for 10 s. The electrodes were subsequently heated in a 

laboratory oven to 200 °C with a heating ramp of 4 °C min
−1

 and a dwell time of 2 h. 

The mass loading was calculated from the change in the resonance frequency of the QCM 

crystals before and after coating using the Sauerbrey equation 

 ∆f  =  – Cf  ∆m (6.1) 

Where f is the change in frequency, Cf is the sensitivity factor of the QCM crystal and m is 

the change in mass.
60 

  



6 COBALT OXIDE NANOPARTICLES 

 

 

 

160 

6.5.3 PHOTOELECTRODE PREPARATION  

The precursor solution for the 20 % Sn-precursor based hematite was prepared according to a 

procedure described in detail elsewhere.
54

 In brief, 0.111 g (0.313 mmol) Sn(OAc)4 was first 

dispersed under vigorous stirring at room temperature for 5 h and 15 min sonication in a 

mixture of Pluronic P123 (0.25 g) and 10 mL tert-butanol. Afterwards, 0.505 g (1.25 mmol) 

Fe(NO3)3∙9H2O was dissolved in the dispersion under sonication for 15 minutes, and then 

2.5 mL water (Millipore) was added forming a dark red solution. The solution was stirred at 

room temperature overnight, resulting in a light brown dispersion of iron oxide. After 

cleaning the FTO glass (TEC 15 Pilkington TEC Glass™, 2.5  1.5 cm) by sequential 

sonication for 15 min each in detergent (1 mL Extran in 50 mL Millipore water), water 

(Millipore) and ethanol, the substrates were dried and masked with Scotch Tape on the 

conducting side to retain a non-covered area of 1.5  1.5 cm
2
. The back of the substrates was 

completely masked to avoid contamination during the spin-coating procedure that would lead 

to a deterioration of the optical transparency of the substrates. Before spin-coating, the fresh 

solutions were filtered through a 220 nm syringe filter (Sartorius minisart cellulose acetate 

membrane) to remove agglomerates, ensuring the preparation of homogeneously smooth 

films. The masked substrates were covered with 100 µL of solution and spun at 1000 rpm for 

30 seconds. To increase the film thickness, the films were dried for 5 minutes at 60 °C and 

spin-coated again. To remove the template and crystallize the material, the samples were 

calcined in air in a laboratory oven (3 hour ramp to 600 °C, 30 min dwell time). This results 

in films of about 50 nm thickness, which can be increased linearly by repeating the complete 

procedure. SEM cross-section images of these films are shown in Figure S6.8 in the 

supporting Information. 

A Co3O4 nanoparticle surface treatment was applied to the Sn-containing mesoporous 

hematite thin films by drop casting. After depositing 10 µL of the Co3O4 nanoparticle 

dispersion in ethanol as described above onto a projected electrode area of 2.25 cm
2
, the films 

were heated to 180 °C for 30 min. This step was necessary to provide a good adhesion of the 

nanoparticles to the mesoporous layer. All data reported herein are representative of several 

samples of each type (hematite film thickness and nanoparticle loading). 
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6.5.4 CHARACTERIZATION  

X-ray diffraction analysis of the powders on microscopy slides was carried out in reflection 

mode (Bragg-Brentano) using a Bruker D8 Discover diffractometer with Ni-filtered Cu Kα 

radiation and a position-sensitive detector (LynxEye). Raman spectra were recorded with a 

Jobin Yvon Horiba HR800 UV Raman microscope using a HeNe laser emitting at 632.8 nm.  

Scanning electron microscopy (SEM) was performed on a JEOL JSM-6500F scanning 

electron microscope equipped with a field emission gun.  

TEM analysis was carried out on a FEI Titan 80-300 (S)TEM with a Fischione Instruments 

(Model 3000) high angle annular dark field (HAADF) detector and an EDAX Energy-

dispersive X-Ray Spectroscopy (EDX) detector. All measurements were conducted at an 

acceleration voltage of 300 kV. Pure Co3O4 nanoparticles were drop-coated on a copper grid 

with a holey carbon film, whereas of the treated hematite film material was removed and 

deposited on such a copper grid.  

X-ray photoelectron spectroscopy (XPS) analysis was performed using a VSW HA 100 

hemispherical analyzer and a VSW TA10 X-ray source providing non-monochromatized 

Mg Kα radiation (Mg Kα = 1253.6 eV).  

Dynamic light scattering (DLS) of the cobalt oxide nanoparticles was performed using a 

Malvern Zetasizer-Nano equipped with a 4 mW He-Ne laser (633 nm) and an avalanche 

photodiode detector. The scattering data were weighted based on particle number.  

Thermogravimetric analysis was performed on a Netzsch STA 440 C TG/DSC.  

Inductively coupled plasma atomic emission spectroscopy was carried out with a VARIAN 

VISTA RL CCD Simultaneous ICP-AES. 
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6.5.5 ELECTROCHEMICAL MEASUREMENTS  

Cyclic voltammetry measurements were performed at a scan rate of 20 mV s
−1

 between 0 V 

and 0.8 V in a three-electrode setup using an Autolab potentiostat/galvanostat PGSTAT302N 

with FRA32M module operating with Nova 1.10.2 software. A 0.5 M KOH solution 

(Sigma-Aldrich, volumetric solution, pH 13.43) was used as electrolyte in all measurements. 

Pt mesh (1 cm
2
) was used as a counter electrode. Au/quartz crystals coated with Co3O4 

nanoparticles were used as working electrodes. All potentials were measured vs. 

Ag/AgCl/KCl (sat.) reference electrode with a potential of +0.989 V vs. the reversible 

hydrogen electrode (RHE) at pH 13.43 (+0.197 V vs. NHE). The overpotential η was 

calculated using the equation 

 η  =  E  –  EOER  –  iRs (6.2) 

where E is the potential recorded vs. Ag/AgCl reference electrode, EOER is the reversible 

potential of the OER vs. Ag/AgCl reference electrode (0.240 V at pH 13.43), i is the current, 

and Rs is the uncompensated resistance. Rs was determined by measuring the minimum total 

impedance in the frequency mode between 10 and 50 kHz at open circuit conditions at a 

potential of 0.2 V vs. Ag/AgCl, and was typically around 11 – 14 Ohm. All data were 

corrected for 95 % of the measured resistance. Current densities were calculated using the 

unmasked surface area of 0.196 cm
2 

of the Au/quartz electrode. 

The turnover frequency (TOF) was calculated according to: 

  TOF  =  
i

4 F n 
 (6.3) 

where i is the current, F is the Faraday constant and n is the amount of Co on the electrode 

determined either from the total amount of Co atoms using the mass loading (TOFmin) or from 

the number of surface Co atoms calculated using the BET surface area and the density of 

surface cobalt atoms in cobalt oxide of 6.1 ∙ 10
18

.
66
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6.5.6 PHOTOELECTROCHEMICAL MEASUREMENTS 

Hematite photoelectrodes were masked with a Teflon-coated glass fiber adhesive tape leaving 

a circular area of 1 cm in diameter exposed to a 0.1 M NaOH aqueous electrolyte. All 

electrochemical measurements were carried out with glass or quartz cells using a µ-Autolab 

III potentiostat equipped with a FRA2 impedance analyzer connected to a saturated Ag/AgCl 

reference electrode (Sigma Aldrich, 0.197 V vs. the standard hydrogen electrode) and a Pt 

mesh counter electrode. Potentials versus the reversible hydrogen electrode VRHE were 

calculated from those measured at pH 13 versus the Ag/AgCl electrode VAg/AgCl according to: 

 VRHE  =  VAg/AgCl  +  0.197  +  0.059 pH (6.4) 

The light intensity was measured inside the cells using a 4 mm
2
 photodiode, which had been 

calibrated against a certified Fraunhofer ISE silicon reference cell equipped with a KG5 filter. 

The current-voltage characteristics of the films were obtained by scanning from negative to 

positive potentials in the dark or under illumination, with a 20 mV s
−1

 sweep rate. 

Illumination, which was either provided by a high power light emitting diode (LED, Thorlabs, 

455 nm), or an AM1.5G solar simulator (Solar Light Model 16S) at 100 mW cm
−2

, was 

incident either through the substrate (SI) or the electrolyte (EI). A detailed description of the 

method for quantification of the electron diffusion length will be described in a following 

publication. 

The dissolved O2 was determined with a HANNA dissolved oxygen bench meter (HI 2400 

DO Meter) using the same setup described above in an aqueous 1 M NaOH electrolyte. The 

electrolyte solution was purged with N2 before each measurement until the dissolved oxygen 

in solution reached 0 ppm. During electrochemical measurements N2 was purged above the 

solution. The films were illuminated through the electrolyte (EI) side using a blue diode 

(455 nm at 10
17

 s
–1

 cm
–2

).  

Current-voltage (I-V) curves were obtained by scanning from negative to positive potentials in 

the dark or under illumination at a 20 mV s
–1

 sweep rate. Further chronoamperometric 

measurements were carried out at 1.56 V vs. RHE over 10 minutes while determining the 

concentration change of dissolved oxygen over time. 
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6.5.7 TRANSIENT ABSORPTION SPECTROSCOPY (TAS) 

The dynamics of photogenerated holes in untreated and Co3O4-treated hematite photoanodes 

were measured using microsecond to second timescale transient absorption spectroscopy 

(TAS). Band-gap excitation of hematite was achieved using a 455 nm pulsed laser (0.35 Hz, 

210 μJ cm
−2

/pulse, < 20 ns pulse width), generated from the third harmonic (355 nm) of a 

Nd:YAG laser (Quantel Ultra, Lambda Photometrics) via an optical paramagnetic oscillator 

(Opolette, Opotek Inc.). This “pump” pulse was transmitted to the sample by a liquid light 

guide. A 100 W tungsten lamp (IL 1, Bantham) equipped with a monochromator (OBB-2001, 

Photon Technology International) was employed as the probe beam; holes in hematite were 

probed at 650 nm, in accordance with previous studies.
30

 The sample was illuminated from 

the EI side (electrolyte-electrode). The transmitted probe light was filtered by several long-

pass filters and a band-pass filter in order to remove scattered light from the laser before being 

focused on a silicon photodiode detector (S3751, Hamamatsu). Microsecond-millisecond 

timescale data were amplified and filtered (Costronics) and collected by an oscilloscope (TDS 

2012c, Tektronics); millisecond-second timescale data were collected with a DAQ card (NI 

USB-6211, National Instruments). All data were acquired using home-built Labview 

software. Each trace shown is the average of 300 – 500 individual measurements. Signals due 

to laser scatter were subtracted from μs-ms timescale data. 
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6.7 SUPPORTING INFORMATION 

 

Figure S6.1  XPS spectra of cobalt oxide nanoparticles deposited on top of Sn-doped 

hematite electrodes before and after 20 cyclic voltammetry scans under 455 nm illumination, 

incident photon flux 10
17

 cm
−2

 s
−1

. The XPS spectra exhibit the Auger transitions of oxygen at 

742 and 761 eV and the Co 2p signals that are split by spin-orbit coupling into Co 2p3/2 

(779.9 eV) and 2p1/2 (795.0 eV). 

 



6 COBALT OXIDE NANOPARTICLES 

 

 

 

170 

 

Figure S6.2  HR-TEM images of the cobalt oxide nanoparticle-treated mesoporous hematite 

layers removed from the substrate. Rare occurrences of agglomerates (c) that could be 

observed in addition to individual nanoparticles (b) are most likely a result of nanoparticles 

being caught in pores during the drop-casting process. 
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Figure S6.3  (a) Cyclic voltammetry curves of tin-doped hematite films on FTO with (red 

line) and without (blue line) Co3O4 treatment. (b) Potentiostatic measurements on untreated 

(blue) and Co3O4-treated (red) tin-doped hematite samples at 1.56 V vs. RHE over 

10 minutes. (c) Amount of dissolved oxygen in electrolyte after 10 minute measurement at 

1.56 V vs. RHE and under illumination (455 nm LED, with about 10
17

 cm
−2

 s
−1

 intensity).  

 

 

Figure S6.4  Cyclic voltammograms of a Co3O4 treated (red) FTO electrode in the dark (blue) 

and under illumination (455 nm LED, with about 10
17

 cm
−2

 s
−1

 intensity) (red). An inset 

shows a zoomed area marked in grey.  
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Figure S6.5  Dark CV curves of a Co3O4 electrode prepared on a Au/QCM crystal (red line) 

and a bare Au/QCM crystal (grey line). The electrodes were cycled vs. Ag/AgCl in 0.5 M 

KOH with the scan rate of 20 mV s
–1

. The reduction peak at the potential of ca. 0.1 V vs. 

Ag/AgCl corresponds to the Au electrode and is visible in both CV curves. 

 

 

Figure S6.6  Steady state photocurrent under 455 nm illumination with about 10
17

 cm
−2

 s
−1

 

intensity from the electrolyte side of 150 nm Sn-doped hematite films (blue), as well as 

identical films treated with Co3O4 (red) and Co(NO3)2 (green). 
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Figure S6.7  Dynamics of surface-accumulated photogenerated holes in untreated (blue) and 

Co3O4 treated (red) thin (50 nm) hematite photoanodes at open circuit in 1 M NaOH, excited 

at 455 nm and probed at 650 nm, shown on a linear time-axis. The arrow indicates the 

increase in lifetime of photogenerated holes after treatment with Co3O4. 

 

 

 

Figure S6.8  TEM cross-section image of mesoporous Sn-containing hematite film on FTO 

substrate.  
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7.1 ABSTRACT 

 

Figure 7.1  ToC image demonstrating the dispersibility, crystallinity, phase composition and 

elongated shape of the -FeOOH nanoparticles doped with various elements. The 

nanocrystals assemble in situ to mesoporous hierarchical films with tunable thickness. 

 

Dispersible non-agglomerated akaganeite (-FeOOH) nanocrystals doped with various 

elements in different oxidation states (Co(II), Ni(II), V(III), Ti(IV), Sn(IV), Si(IV), Nb(V)) were 

prepared using a microwave assisted solvothermal synthesis in tert-butanol. Divalent ions 

could reach doping concentrations of 15 at%, whereas atoms with higher oxidation states are 

incorporated in concentrations of up to 40 at%. The high doping concentration is attributed to 

the kinetic control of the phase formation during the solvothermal reaction. Depending on the 

doping element, different crystal shapes were observed in transmission electron microscopy 

(TEM) ranging from spherical 4 nm particles to nanorods with 4 nm in width and up to 

100 nm in length. The particles are perfectly dispersible in water giving stable colloidal 

dispersions that can be deposited on different substrates to produce 35 – 250 nm thin films. 

Additionally, 2.9 µm thick films consisting of interconnected mesoporous spheres can be 

prepared in situ during the reactions. The nanostructures assembled from akaganeite 

nanocrystals can be topotactically transformed to hematite (-Fe2O3) by heating between 

480 °C and 600 °C without losing the morphology, which can be used for the fabrication of 

doped hematite nanostructures. The tunable properties of the doped akaganeite nanoparticles 

make them excellent candidates for a wide range of applications as well as versatile building 

blocks for the fabrication of doped hematite nanomorphologies. 
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7.2 INTRODUCTION 

Nanostructured iron oxides and oxyhydroxides are intensively investigated materials for 

different areas of technology because of their semiconducting properties in combination with 

abundance, stability and low toxicity.
1-8

 Akaganeite (-FeOOH) is one of the iron 

oxyhydroxide polymorphs that is widely used in electrocatalysis, lithium-ion batteries and 

ion-exchange applications.
7,9-11

 Its crystal structure has monoclinic symmetry and forms a 

tunnel matrix of double chains of edge-sharing Fe(III)O3(OH)3 octahedra. The channels are 

usually occupied by chloride ions or other halogenides that were found to be essential for the 

stabilization of the tunnel structure and therefore for the formation of -FeOOH.
10,12-14

 Due to 

the intrinsically elongated tunnel-type structure, akaganeite particles preferentially adopt a 

rodlike shape.
1,15,16

 The thermal stability of akaganeite is rather low and hence it easily 

undergoes phase transition to the more stable hematite (-Fe2O3).
1,15,17-19

 An interesting 

feature of this transformation is its topotactic character, meaning that the morphology of the 

parent akaganeite structure is retained in the resulting hematite.
1,17,20

 This fact was exploited 

by several groups to fabricate anisotropically shaped nanostructured hematite photoanodes 

exhibiting very good performances for photoelectrochemical (PEC) water 

oxidation.
1,6,8,15,18,21-23

 

The most common method to produce akaganeite structures is the hydrolysis of aqueous 

FeCl3 solutions at low pH upon heating to 70 – 100 °C.
4,12,24-26

 This process is generally very 

fast resulting in rather large particles of up to 500 nm in size.
12,25

 To overcome this issue other 

wet chemical routes such as coprecipitation, microemulsion, surfactant mediation and 

solvothermal syntheses were applied to effectively reduce the crystal dimensions.
4,7,14,15,26,27

 

In this way also particles with morphologies different from the preferred rodlike shape were 

obtained, including stars and spheres.
4,26,28

 The microemulsion technique was shown to be the 

most suitable for fabricating very small nanoparticles of only a few nanometers in size.
26

 

Although significant progress has been achieved in controlling the dimensions and shape of 

the akaganeite nanomorphologies, the dispersibility of the reported nanoparticles still remains 

a serious issue as the particles obtained by different methods are typically strongly 

agglomerated.
26-28

 

Besides nanoscaling, the development of synthesis strategies giving access to doped 

akaganeite nanostructures was pursued by several groups.
15,24,25,28

 Doping with different 
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elements is an efficient tool to tune the morphology and corresponding physico-chemical 

properties of akaganeite and the resulting hematite. Doping of akaganeite with Co(II), Ti(IV), 

Si(IV) was reported using hydrolysis of aqueous precursor solutions at room temperature, but 

the maximum doping level was rather low reaching only around 4 at% 
24,25,28

 

In the present study we report the fabrication of very small crystalline and dispersible 

non-agglomerated akaganeite nanoparticles with a tunable particle shape using a novel 

solvothermal microwave reaction in tert-butanol. The developed method enables 

incorporation of Co(II), Ni(II), V(III), Ti(IV), Sn(IV), Si(IV) and Nb(V) into the -FeOOH 

crystal lattice with very high concentrations reaching 40 at%. The maximum doping level and 

the nanomorphology of the nanocrystals ranging from spheres to high-aspect ratio nanorods 

are strongyl influenced by the nature of the incorporated ions. Furthermore, the particles are 

suitable for the preparation of porous hierarchical hematite films, which are of interest for 

applications in photoelectrochemical devices. 

 

7.3 RESULTS AND DISCUSSION 

Nanocrystals of akaganeite (-FeOOH) were synthesized via a microwave assisted 

solvothermal reaction in tert-butanol (tBuOH). The formation of the -FeOOH phase strongly 

depends on the choice of the Fe precursor (Figure S7.1a in the supporting information). Since 

halogen ions are necessary to stabilize the tunnel structure of the akaganeite phase, it was 

formed only when iron chloride (FeCl3∙6H2O) was used as a precursor.
25

 The corresponding 

XRD analysis in Figure S7.1a in the supporting information shows a single phase -FeOOH 

pattern. The average size of the crystalline domains calculated from the broadening of the 

(310) peak corresponds to around 8 nm. To further decrease the particle dimensions, the 

reaction parameters were optimized. Figure S7.1b in the supporting information shows XRD 

patterns of selected powders obtained at different reaction conditions. By reducing the 

temperature from 120 °C to 80 °C and the microwave radiation power from 1200 W to 120 W 

it was possible to reduce the crystal size to around 4.6 nm according to XRD analysis. The 

same conditions were kept for all further reactions to investigate the influence of various 

dopant elements, namely Co(II), Ni(II), V(III), Ti(IV), Sn(IV), Si(IV) and Nb(V), on the 

composition, size and morphology of the particles. Further in the text we use the term dopant 
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for these additives, whilst noting that the levels of their incorporation are many orders of 

magnitude higher than those encountered in classical semiconductor physics.  

The possibility of incorporating dopant ions into the -FeOOH lattice and the maximum 

doping level depend on different factors, among which the nature of the dopants, their ionic 

radii and the charge are expected to play a major role. Generally, the ions with the same or 

slightly smaller size than Fe(III) in the akaganeite structure are not expected to cause much 

lattice strain and should be incorporated more readily than larger ions. The ionic radii of the 

different elements investigated in this work are listed in Table 7.1. Furthermore, the charge of 

incorporated ions can influence the maximum doping level. An excess of positive charge 

induced by ions with an oxidation state higher than +III can be easily balanced by 

incorporated Cl
–
 or OH

–
 ions in the akaganeite structure, as was discussed by different 

groups.
21,28

 In contrast, lower valence ions would reduce the total charge that should be 

compensated by the uptake of counter cations, which is however less preferential.
29

 Besides 

the structural factors, synthesis parameters such as reaction conditions and reactivity of the 

precursors affect the maximum doping level and the phase purity.
 
To ensure a similar 

reactivity with FeCl3, the dopant ions were introduced as nitrate or chloride salts in the 

reaction mixtures with the exception of Ti(IV) because of the very high reactivity of TiCl4.  

The structural composition of the doped akaganeite materials was investigated by X-ray 

diffraction (XRD) and Raman spectroscopy, although the -FeOOH phase was found to be 

very sensitive to the Raman laser beam ( = 633 nm, 10 mW). Apparently, a phase transition 

from akaganeite to the thermodynamically more stable hematite is caused by the laser during 

the measurement (see the time resolved Raman study in Figure S7.2 in the supporting 

information) as was also reported by other groups.
30,31

 Despite this fact, Raman spectroscopy 

can be used for an indirect analysis of phase composition of doped compounds due to its 

sensitivity to crystalline impurities. Detection of a phase-pure hematite spectrum can therefore 

be interpreted as an indication of phase purity of the parent akaganeite sample. The structure 

and morphology of -FeOOH doped with different ions is described in greater detail in the 

following. The doped samples are assigned as AX, where A is the dopant element and X is 

the doping concentration in at% (for example Sn10 for -FeOOH doped with 10 at%  Sn).  
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-FeOOH containing divalent Co(II) and Ni(II) ions 

 

Figure 7.2  Structural and morphological analysis of Co(II) doped -FeOOH nanocrystals. 

(a) XRD patterns, -FeOOH pattern ICDD card number 01-075-1594 (grey line), FeCl2∙2H2O 

pattern ICDD card number 01-072-0268 (orange lines) and (b) Raman spectra of the Co0 –

Co20 powders. The bands at 221 cm
–1

 (A1g), 237 cm
–1

 (Eg), 284 cm
–1

 (Eg), 398 cm
–1

 (Eg), 

489 cm
–1

 (A1g), 601 cm
-1

 (Eg) and 649 cm
–1

 (Eu) correspond to hematite.
30,31 

The band at 

654 cm
–1

 is assigned to the water libration mode in FeCl2∙2H2O.
32

 The numbers indicate the 

Co amounts in at%. TEM images of (c) several Co5 nanoparticles and (d) a single Co5 

nanocrystal. 

 

Addition of Co(NO3)2 to the reaction mixture leads to a formation of Co(II)-doped -FeOOH 

nanoparticles incorporating up to 15 at% cobalt ions. XRD patterns of Co5 – Co15 powders 

(Figure 7.2a) show a phase pure akaganeite structure, while in the corresponding Raman 

spectra only the hematite bands are visible.
30,31

 Furthermore, the hematite peaks in the Raman 

spectra of Co5 – Co15 particles are slightly shifted compared to that of undoped akaganeite 

(for instance the A1g mode at 221 cm
–1

 shifts to 219 cm
–1

 (see inset in Figure 7.2b) indicating 

successful incorporation of Co(II) ions into the -FeOOH lattice. Further increase in Co 

doping however leads to the formation of an additional FeCl2∙2H2O phase visible in the XRD 

patterns as well as in the Raman spectra.  

High-resolution transmission electron microscopy (HRTEM) images of the cobalt doped 

particles Co5 are shown in Figures 7.2c, d and S7.5c in the supporting information. The 

crystals exhibit an anisotropic rod-like shape with around 4 nm in width and 20 nm in length 
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giving an average aspect ratio of 5/1. The smaller particles comprise the major part of the 

sample, however a few 90 – 100 nm long rods with the same width are observed as well. The 

corresponding electron diffraction (ED) pattern can be indexed according to the -FeOOH 

phase (Figure S7.5a in the supporting information). The TEM image of a typical particle in 

Figure 7.2d shows its elongated shape with a crystal growth perpendicular to the (310) 

direction. 

Similar results are obtained when Ni(NO3)2 is added instead of Co(NO3)2 to the reaction 

mixture, although the incorporation level and the phase purity of the Ni(II)-doped akaganeite 

are lower than those of the Co(II)-doped material. XRD patterns (Figure S7.4a in the 

supporting information) show the presence of only one phase structurally similar to -FeOOH 

for up to 20 at% Ni. Beyond this concentration, NiCl2∙2H2O is formed as an additional phase 

and the yield of -FeOOH is decreased, respectively. Raman spectra (Figure S7.4b in the 

supporting information) reveal that a nickel ferrite (NiFe2O4)
33

 impurity is formed already at 

low Ni contents of 5 and 10 at%. However, hematite is still the dominating phase indicating 

that mainly akaganeite is formed in the reaction. The band shift to lower wavenumbers from 

Ni0 to Ni10 indicates successful incorporation of Ni(II) into the -FeOOH lattice (inset in 

Figure S7.4b). In the spectrum of Ni20, the intensity of the hematite signals is significantly 

reduced and nickel ferrite is the dominating phase. Beyond 20 at% the hematite bands vanish 

completely and only nickel ferrite is visible.  

From the above results we conclude that, the divalent ions Co(II) and Ni(II) can be 

incorporated into the -FeOOH structure with a maximum concentration of 15 at% for both 

elements (Figures 7.2a, b and S7.4a, b in the supporting information). Ni(II)-doped samples 

contain some nickel ferrite impurities. This may be associated with the lower oxidation state 

and the larger ionic radii of dopant ions compared to Fe(III) in akaganeite (mismatch of 14 % 

and 7 % for Co(II) and Ni(II), respectively). 
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-FeOOH containing trivalent V(III) ions 

 

Figure 7.3  Structural and morphological analysis of V(III) doped -FeOOH nanocrystals. 

(a)  XRD patterns and (b) Raman spectra of the V0 – V50 powders. -FeOOH pattern ICDD 

card number 01-075-1594 (grey lines). The numbers indicate the V amounts in at%. (c) TEM 

images of a large number of V5 nanoparticles. (d) STEM image of a few V5 nanocrystals. 

 

Trivalent vanadium was examined as another possible dopant for -FeOOH. V(III) not only 

has the same oxidation state but also an ionic radius that closely matches that of Fe(III). 

Therefore, it may be expected to substitute iron up to high concentrations. Indeed, XRD 

patterns of V(III) doped samples show phase-pure akaganeite structure for V concentrations of 

up to 50 at% (Figure 7.3a). The Raman spectra reveal phase-pure hematite structure for V5 –

V20 with a shift to lower wavenumbers indicating successful incorporation (Figure 7.3b). 

However, for higher V levels of 30 at% the Raman spectra indicate the formation of an 

additional iron vanadate (FeVO4) phase, although at low amounts.
34,35

 The bands 

corresponding to FeVO4 increase for the higher vanadium concentration and become very 

distinct for the V50 samples.
34,35

 Therefore, the maximum doping concentration of V(III) 

without phase separation is 20 at% according to the Raman analysis, although -FeOOH is 

still formed to a large extent even for high V content in the range of 30 – 50 at% and a shift in 

the Raman signals is observed for up to 30 at%.  

Incorporation of V(III) into -FeOOH has a strong impact on the particle morphology. TEM 

and scanning transmission electron microscopy (STEM) images of V5 in Figures 7.3c, d 
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reveal that the nanorod-like shape typical for the undoped -FeOOH is practically not present 

and mostly spherical particles are formed. A few crystals exhibit elongated shape but they are 

much smaller than the Co(II)-doped crystals, with around 10 nm in length and an average 

aspect ratio of 2.3/1. The average size of the crystalline domains estimated from the line 

broadening in XRD patterns is around 4.8 nm, in good agreement with the TEM data. 

 

-FeOOH containing tetravalent Ti(IV), Sn(IV) and Si(IV) ions 

 

Figure 7.4  Structural and morphological analysis of Ti(IV) doped -FeOOH nanocrystals. 

(a)  XRD patterns and (b) Raman spectra of the Ti0 – Ti50 powders. -FeOOH pattern ICDD 

card number 01-075-1594 (grey lines). The numbers indicate the Ti amounts in at%. STEM 

image of (c) a large number of Ti5 nanoparticles, (d) a single near spherical Ti5 nanoparticle 

and (d) a single Ti5 nanorod. 

 

Incorporation of tetravalent Ti, Sn and Si ions into -FeOOH is particularly interesting with 

regard to the properties of the resulting hematite, for which doping with these elements was 

shown to greatly improve its photoanode performance in solar water splitting.
22,36-41

 For the 

nanocrystals synthesized in the presence of Ti(IV), XRD patterns exclusively show reflections 

of akaganeite for Ti5 – Ti50 (Figure 7.4a). However, the broadening of the reflections is 

significantly higher for Ti50, indicating decrease in the particle size for this Ti content. The 

Raman spectra in Figure 7.4b show hematite structure for Ti5 – Ti40 with a continuous shift 

of the hematite bands to higher wavenumbers for increasing Ti content. For a Ti content 
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exceeding 40 at%, the hematite bands vanish almost completely and FeTiO3 bands arise at 

200 cm
–1

, 223 cm
–1

, 337 cm
–1

 and 658 cm
–1

.
42

 40 at% can be therefore considered as the 

solubility limit for Ti(IV) in the -FeOOH structure, which is much higher than that of the 

Co(II), Ni(II) and V(III) ions described above. We tentatively attribute this finding to the Ti(IV) 

ionic radius of 74.5 pm, which is slightly smaller than that of Fe(III).  

Similar to the V(III)-containing -FeOOH described above, incorporation of Ti(IV) has a 

strong impact on particle morphology even at low concentrations. The STEM images of Ti5 

particles in Figures 7.4c – e show a mixture of nanorods and spherical particles. The fraction 

of nanocrystals with elongated shape with an aspect ratio of 5.1/1 is higher than for the V 

doped sample. Figures 7.4d, e show single particles with different shapes and widths of 

around 5 nm. 

 

Figure 7.5  Structural and morphological analysis of Sn(IV) doped -FeOOH nanocrystals. 

(a) XRD patterns and (b) Raman spectra of the Sn0 – Sn30 powders. -FeOOH pattern ICDD 

card number 01-075-1594 (grey lines). The numbers indicate the Sn amounts in at%. (c) TEM 

overview image of a large number of Sn5 nanoparticles. (d) TEM image of a few Sn5 

nanocrystals. 

 

Sn(IV) and Si(IV) exhibit similar behavior as dopant elements in the akaganeite structure. For 

Sn0 – Sn30 as well as for Si0 – Si25 only the akaganeite phase is present in the XRD patterns 

(Figures 7.5a and S7.4c in the supporting information), and only the hematite phase is 
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detected in the Raman spectra without phase separation (Figures 7.5b and S7.4d in the 

supporting information).  

The maximum doping concentration of Sn(IV) exceeds that of Ni(II), despite the same ionic 

radius of 83 pm. TEM images of Sn5 particles (Figures 7.5c, d and S7.5) reveal their uniform 

elongated shape with an average aspect ratio of 6.7/1. With increasing Sn content the particle 

shape becomes less anisotropic. For Sn20 particles the average aspect ratio is significantly 

reduced to 2.5/1 (Figures S7.3e, f in the supporting information). The ED pattern in 

Figure S7.5b in the supporting information corresponds to the akaganeite phase, confirming 

the XRD results. The lattice analysis of several crystals reveals that the preferred growth 

direction is parallel to the (200) planes (HRTEM image in Figure 7.5d). 

 

-FeOOH nanoparticles containing pentavalent Nb(V) ions 

 

Figure 7.6  Structural and morphological analysis of Nb(V) doped -FeOOH nanocrystals. 

(a) XRD patterns and (b) Raman spectra of the Nb0 – Nb40 powders. -FeOOH pattern 

ICDD card number 01-075-1594 (grey lines). FeCl2∙2H2O pattern ICDD card number C00-

072-0268 (violet lines). The numbers indicate the Nb amounts in at%. (c) TEM overview 

image of a large number of Nb5 nanoparticles. (d) TEM image of a single Nb5 nanocrystal. 

 

According to XRD and Raman measurements, phase-pure akaganeite nanocrystals containing 

Nb(V) are obtained for up to 30 at% Nb ions (Figures 7.6a, b). The high Nb uptake may be 
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attributed to its ionic radius of 78 pm matching that of Fe(III). Furthermore, Raman spectra 

exhibit a consistent shift of hematite bands to higher wavenumbers with increasing Nb 

content, pointing to successful incorporation of Nb(V) into the -FeOOH structure. The XRD-

based particle size continuously increases from 4.6 to 16 nm in the range of Nb0 to Nb20, 

respectively, which was not observed for other dopants where the particle size remained 

rather constant. Interestingly, the mean particle size decreases to around 3 nm for Nb30 at the 

same reaction conditions. The TEM images of Nb5 in Figures 7.6c, d demonstrate uniform 

anisotropic crystal morphology with shorter lengths than Sn5 (in the range of 13 nm) and an 

aspect ratio of 4.3/1. For the Nb40 sample the presence of FeCl2∙2H2O and a significantly 

reduced intensity of the hematite bands are detected in the XRD patterns and in the Raman 

spectra, respectively. 

Table 7.1  Precursors and ionic parameters of Fe(III) and the dopant elements. Maximum 

doping concentrations and particle morphology. 

 

Table 7.1 summarizes the main results of the structural analysis along with the particle 

morphology obtained from TEM. The results demonstrate the suitability of the microwave-

assisted synthesis in tBuOH enabling the fabrication of dispersible phase-pure crystalline 

akaganeite nanoparticles that can incorporate various transition metal ions in very high 

concentrations. The highest doping concentrations of up to 40 at% were obtained for V(III), 

Ti(IV) and Nb(V) ions. The lowest uptake limit of 15 at% was observed for the divalent Co(II) 

and Ni(II) ions. The dopant/Fe atomic ratios within the particles were verified by energy 

dispersive X-ray spectroscopy (EDX). Examples of V, Ti and Sn doped single particles 

analyzed by EDX are demonstrated in Figure S7.3 in the supporting information. Noticeably, 

doping contents reported in literature for akaganeite (around 4 at%) are much lower than these 

values.
15,24,25,28,43

 We can therefore hypothesize that an ultrasmall crystallite size can play an 

Dopant 

Ionic 

radius 

/ pm 

Precursor 

Max. doping 

concentration 

(XRD) / % 

Max. doping 

concentration 

(Raman) / % 

Nanoparticle 

shape 
Aspect ratio 

Fe(III) 78.5 FeCl3∙6H2O – – – – 

Co(II) 88.5 Co(NO3)2∙6H2O 15 15 Rods 5/1 

Ni(II) 83 Ni(NO3)2∙6H2O 20 15 – – 

V(III) 78 VCl3 50 20 Spheres 2.3/1 

Ti(IV) 74.5 Ti(OBu)4 50 40 Spheres + rods 5.1/1 (rods) 

Sn(IV) 83 SnCl4∙5H2O 30 30 Rods 6.7/1 

Si(IV) 54 SiCl4 25 25 – – 

Nb(V) 78 NbCl5 30 30 Rods 4.3/1 
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important role in the formation of unusual structural compositions in mixed oxides and an 

increased solubility of the dopants.
24,36,43

 Several groups have previously described the 

formation of thermodynamically less stable phases that only exist on the nanoscale.
44-46

 The 

different dopants have a strong impact on the size and morphology of the -FeOOH 

nanocrystals. In most cases an elongated nanorod-like shape exhibiting different aspect ratios 

was observed. This type of particle morphology was often reported for akaganeite and other 

iron oxyhydroxides.
4,15,25,27,16

 The particle lengths described in the literature are, however, 

mostly in the range of 100 – 500 nm which is far larger than the dimensions observed in the 

present study. 

 

Figure 7.7  Dispersibility of doped -FeOOH crystals and preparation of thin films. (a)  DLS 

curves of dispersions containing different dopants (the color code of the dopants is consistent 

with the curves). Inset: photograph of doped -FeOOH nanoparticle dispersions in water 

(concentration 2 mg mL
–1

). The dispersions are denoted with the respective dopant element. 

SEM side view images of -FeOOH thin films prepared using (b) a 2 mg mL
–1

 and (c) a 

10 mg mL
–1

 nanoparticle dispersion. 

 

A remarkable feature of the nanosized akaganeite particles described above is their excellent 

dispersibility without agglomeration. Even dried powders can be redispersed in water and 

water/ethanol (H2O/EtOH) mixtures after the addition of very small amounts of acetic acid 

(HOAc) in the µL range. An image of particle dispersions with different dopants is shown in 

the inset in Figure 7.7a. The perfect dispersibility of the crystals is demonstrated by dynamic 

light scattering (DLS) measurements. Selected examples are shown in Figure 7.7a revealing 

effective particle sizes in the range between 5 nm and 18 nm. It should be noticed that 



7 IRON OXYHYDROXIDE NANOPARTICLES 

 

 

 

188 

unambiguous size determination with DLS is only possible for spherical particles. For -

FeOOH crystals with elongated shape, DLS gives the size of a sphere calculated from the 

measured translational diffusion coefficient. Thus different diameters of up to 22 nm were 

often recorded for the same samples. Nevertheless, DLS provides a good approximation of 

the particle size and shows the high quality of the akaganeite dispersions.  

Colloidal nanoparticle dispersions can be coated on different substrates to give homogeneous 

thin films. Figures 7.7b, c show side view scanning electron microscopy (SEM) images of 

nanoparticle films prepared via spin coating on FTO substrates. The film thickness can be 

varied between 35 nm and 250 nm by applying different particle concentrations between 

2 mg mL
–1

 and 10 mg mL
–1

, respectively. The thickness is homogeneous over a large area as 

shown in Figures S7.6a, b in the supporting information.  

 

Figure 7.8  (a) XRD heating study of undoped -FeOOH particles with a step size of 100 °C 

below 500 °C and 50 °C above 500 °C, respectively. (b) TGA curves of undoped and doped 

-FeOOH samples in the range of 25 – 900 °C. The doping concentration for all doped 

samples is 10 at%. 

 

Upon thermal treatment in air the nanocrystals undergo a phase change from the monoclinic 

akaganeite to the hexagonal hematite structure. Phase transition temperatures reported in the 

literature are mostly in the range of 300 °C.
17,18,21

 Post et al. described a mechanism for the 

phase transition where akaganeite continuously releases water and chloride ions which leads 

to reduced cell parameters and degradation of the crystalline structure that becomes 

completely amorphous at around 300 °C. Crystalline hematite with large domain size is 
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formed afterwards upon further increase in temperature.
21

 Interestingly, the -FeOOH 

nanocrystals described in the present study do not form any detectable amorphous phases with 

increasing temperature. Figure 7.8a illustrates an XRD heating study of the undoped crystals 

where XRD patterns were recorded with a step size of 100 °C and a dwell time of 30 min for 

each step. The patterns reveal an increasing particle size from 4.6 nm at 100 °C to 5 nm at 

200 °C, the akaganeite structure however remains unchanged. At higher temperatures 

between 300 °C and 500 °C the (211) reflection becomes very pronounced while the (110), 

(200) and (521) reflections gradually lose intensity. Furthermore, (310) and (211) shift to 

higher and (521) to lower angles, respectively, with increasing temperature indicating the 

formation of intermediate phases. For instance, the (211) reflection shifts from 34.0° to 35.4° 

which is the hematite (110) peak position. In contrast to literature findings with larger crystal 

sizes the phase transition to -Fe2O3 was observed in the high temperature range between 

500 °C and 600 °C which was therefore investigated in greater detail with a step size of 50 

°C. At 550 °C the hematite (110) peak appears with low intensity. After 2 h heating at the 

same temperature the hematite pattern becomes more pronounced, however the broad signal 

at 2θ = 35° indicates the presence of an intermediate mixed phase. At 600 °C the transition to 

hematite is complete showing only hematite signals with a large crystalline domain size of 

50 nm.  

Mass losses and phase transformations of differently doped particles were investigated using 

thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) curves 

(Figures 7.8b and S7.7 in the supporting information). Phase transition to hematite takes place 

at around 500 °C for the undoped particles; however this temperature is significantly 

influenced by introducing dopant elements. For instance nanocrystals containing 10 at% of 

Nb(V) undergo the phase transition already at around 470 °C and Ti(IV) doping leads to a 

much higher transition temperature of around 550 °C. The V(III) containing sample shows a 

mass loss in a very broad temperature range between 400 °C and 600 °C. This should be taken 

into account when preparing hematite structures from akaganeite building blocks. Generally, 

the heating study clearly demonstrates an increased thermal stability of the doped -FeOOH 

nanocrystals compared to the akaganeite structures described in the literature. Nevertheless, 

the thermally iduced phase transformation provides a facile way to fabricate doped hematite 

films starting from the akaganeite nanocrystals. Thus the -FeOOH films shown in 
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Figures 7.7b, c can be used for the fabrication of crystalline -Fe2O3 thin films by heating in 

air. 

Additionally, akaganeite thick films can be grown in situ on FTO substrates directly during 

the microwave reactions. The SEM images in Figures 7.9a, c, e shows a -FeOOH film in 

different magnifications. The film exhibits disordered macroporous morphology with a film 

thickness of 4.2 µm consisting of interconnected akaganeite spheres (SEM cross-section in 

Figure 7.9a). The average size of the spheres is relatively large (750 nm). However, the XRD-

based domain size is still in the range of a few nanometers indicating that the small akaganeite 

nanocrystals act as building blocks for the macro-spheres. 

 

Figure 7.9  SEM images of a -FeOOH film grown in situ during the microwave reaction. 

(a, c, e) Different magnifications of the as-prepared -FeOOH film. (b, d, f) Different 

magnifications of the film after annealing at 600 °C and phase transition to -Fe2O3. 
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The high resolution image reveals that the spheres are mesoporous with pore sizes of around 

10 nm (Figure 7.9e). The different dopants have no significant influence on the morphology 

and thickness of the films showing similar porous structures for all samples. An interesting 

feature of this process is a possibility to fabricate thick stable films. By increasing the reaction 

time to 2.5 h even 30 µm thick films could be obtained (Figure S7.8 in the supporting 

information). Calcination of akaganeite films at 600 °C results in the formation of hematite 

layers. The insets in Figures 7.9a, b show photographs of the non-heated and heated films 

with the typical dark yellow akaganeite and bright red hematite color, respectively. The 

corresponding SEM images in Figures 7.9b, d, f demonstrate that the initial film morphology 

and the mesoporous structure of the spheres remain preserved during the heating process. 

However, the spheres shrink to around 560 nm leading to a reduction of total film thickness 

by 22 % (to 2.9 µm). In general, all the films prepared from dispersions or in situ during the 

synthesis are very homogeneous showing a complete coverage over a large area as 

demonstrated in the SEM overview images in Figures S7.6 and S7.9 in the supporting 

information. The unique porous morphology retained even after heating to 600 °C and phase 

transformation to -Fe2O3 make the -FeOOH nanoparticles excellent starting materials for 

the fabrication of hematite films. 

 

7.4 CONCLUSION 

The microwave-assisted synthesis in tBuOH enables the fabrication of dispersible phase-pure 

crystalline -FeOOH akaganeite nanoparticles that can incorporate various metal ions. This 

reaction method allows for a kinetic control of the particle formation resulting in ultrasmall 

particle sizes and increased solubility of dopants in oxide phases. Additionally the uptake 

level was influenced by the oxidation state of the dopants showing the lowest contents of 

15 at% for divalent Co(II) and Ni(II) and maximum concentration of 40 at% for the tetravalent 

Ti(IV) without losing the structural integrity of akaganeite. We note that literature values for 

alrger crystallite sizes are in the range of 1 – 4 at% for several doped -FeOOH 

structures.
15,24,25,28,43

 The nanomorphology of the akaganeite nanocrystals was influenced by 

the dopant as well and ranged from nearly spherical with 5 at% V to nanorod-like with an 

aspect ratio of 5/1 for 5 at% Sn. The particles can be used for film fabrication, whereby 

different film thicknesses are possible ranging from several nanometers for the films prepared 
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from particle dispersions to several micrometers for the films grown in situ during the 

solvothermal reaction. Investigation of thermal behavior of the akaganeite nanoparticles 

revealed a phase transition to hematite at different temperatures between 480 °C and 600 °C 

depending on the incorporated doping element. The tunable properties via incorporation of 

different metal ions makes the akaganeite nanoparticles attractive candidates for a variety of 

applications as well as the preparation of doped hematite nanostructures. 

 

7.5 EXPERIMENTAL SECTION 

7.5.1 SYNTHESIS OF DOPED IRON OXYHYDROXIDE NANOPARTICLES 

Iron(III) chloride hexahydrate (FeCl3∙6H2O) (Sigma-Aldrich, ACS reagent, 97 % purity), 

cobalt(II) nitrate hexahydrate (Co(NO3)2∙6H2O) (Sigma-Aldrich, ≥ 98 % purity), nickel(II) 

nitrate hexahydrate (Ni(NO3)2∙6H2O) (Sigma-Aldrich, purum, ≥ 97 % purity), vanadium(III) 

chloride (VCl3) (Aldrich, 97 % purity), titanium(IV) butoxide (Ti(OBu)4) (Sigma-Aldrich, 

reagent grade, 97 % purity), tin(IV) chloride pentahydrate (SnCl4∙5H2O) (Sigma-Aldrich, 

98 % purity), silicon(IV) chloride (SiCl4) (Aldrich, 99 % purity), niobium(v) chloride (NbCl5) 

(Alfa Aesar, 99 % purity) were used as received. tert-Butanol was purchased from Sigma-

Aldrich (puriss. p.a., ACS reagent, ≥ 99.7 %), dried over a 4 Å molecular sieve at 28 °C and 

filtered prior to use.For the solvothermal microwave assisted synthesis of metal (M)-doped β-

FeOOH nanoparticles (M = Co, Ni, V, Ti, Sn, Si, Nb), FeCl3·6H2O was mixed with the 

dopant precursor in the desired molar composition while the total amount of the metal 

precursors was kept at a constant value of 0.6 mmol. The dopant concentration cM was 

calculated using the equation 

 cM  =  
nM

0.6 mmol
 (7.1) 

with nM being the molar amount of the metal dopant precursor. As an example, for the 

synthesis of Sn0.2Fe0.8OOH nanocrystals 129.7 mg (0.48 mmol) of FeCl3∙6H2O was mixed 

with 42.1 mg (0.12 mmol) of SnCl4∙5H2O. The solid mixtures were added to 14 mL 

tert-butanol in a microwave Teflon vessel forming a yellow to rusty-red suspension 

depending on the dopant, then placed into a ceramic microwave reactor and hermetically 

sealed. The reactions were carried out under vigorous stirring at 80 °C for 1 h resulting in 
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uniform brown, red or yellow dispersions of nanoparticles. The as-prepared particles were 

dried in air by evaporating the solvent at 80 °C on a hot plate resulting in M/β-FeOOH 

nanopowders exhibiting various particle shapes and sizes.  

Dispersions of the M/β-FeOOH nanoparticles were prepared in water or water/ethanol 

mixtures with the addition of acetic acid. In a typical dispersion procedure, 1 mg of the dried 

powder was covered with 500 µL water (Millipore) and 20 µL of acetic acid was added to the 

turbid mixture. After 10 min colloidal dispersions with a metal oxide concentration of 

2 mg mL
–1

 were obtained. 

 

7.5.2 CHARACTERIZATION 

Wide angle X-ray diffraction analysis was carried out in transmission mode using a STOE 

STADI P diffractometer with Cu Kα1 radiation (λ = 1.54060 Å) and a Ge(111) single crystal 

monochromator equipped with a DECTRIS solid state strip detector Mythen 1K. Powder 

XRD patterns of the samples were collected with an omega-2theta scan in the 2θ range from 

5° to 70° with a step size of 1° and fixed counting time of 90 seconds per step and a resolution 

of 0.05°. The size of the crystalline domains was calculated from the XRD patterns for the 

most intensive (310) reflection using the Scherrer equation. 

Raman spectroscopy was carried out using a LabRAM HR UV-Vis (HORIBA JOBIN 

YVON) Raman Microscope (OLYMPUS BX41) with a SYMPHONY CCD detection system 

and a He-Ne laser (λ = 633 nm). Spectra were recorded using a lens with a 50-fold 

magnification. 

TEM measurements were carried out using a FEI Titan 80–300 instrument equipped with a 

field emission gun operated at 300 kV. For the sample preparation a drop of a strongly diluted 

dispersion of a sample in ethanol was deposited on a holey carbon coated copper grid and 

evaporated. Contaminations were removed by plasma cleaning for 15 s at 50 mW and large-

area illumination in the TEM for 40 min.  

Dynamic light scattering measurements were performed on a MALVERN Zetasizer-Nano 

instrument equipped with a 4 mW He-Ne laser (633 nm) and an avalanche photodiode 

detector. 
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SEM images were obtained with a JEOL JSM-6500F scanning electron microscope equipped 

with a field emission gun operated at 5 kV. The films were prepared on Au substrates and 

glued onto a brass sample holder with silver lacquer. 

Thermogravimetric analysis of the samples was performed on a NETZSCH STA 440 C 

TG/DSC (heating rate of 10 K min
–1

 in a stream of synthetic air of about 25 mL min
–1

). 

 

7.5.3 FILM PREPARATION 

For film preparation fluorine doped tin oxide coated glass (FTO, TEC 15 Pilkington TEC 

Glass™, 2.5  1.5 cm) was used as conductive substrate. Prior to use the FTO was washed 

by sequential sonication for 15 min each in detergent (1 mL Extran in 50 mL Millipore 

water), water (Millipore) and ethanol (absolute) and dried in a N2 stream. The electrodes were 

prepared in situ by placing the FTO substrates in a specially designed sample holder that 

allows for magnetic stirring during the microwave reaction while keeping the substrates 

covered in solution. The M/β-FeOOH films grown in this way were approximately 3 µm 

thick, exhibiting a porous structure. After the synthesis the non-conductive side of the FTO 

was cleaned with 1 M hydrochloric acid (HCl), as well as 1 cm of the conductive side leaving 

a coated area of ca. 1.5  1.5 cm. To produce metal doped hematite films the electrodes were 

subsequently heated to 600 °C in a laboratory oven with a heating ramp of 3.33 °C min
–1

 and 

a dwell time of 30 min.  
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7.7 SUPPORTING INFORMATION 

 

Figure S7.1  Influence of different iron precursors on the formation of akaganeite and 

variation of reaction conditions. (a) XRD patterns of powders obtained at the same reaction 

conditions using Fe(NO3)3, Fe(acac)3 (black) and FeCl3 (pink) as precursors. (b) XRD 

patterns of samples obtained using FeCl3∙6H2O at different reaction conditions. The numbers 

indicate the microwave power in W, temperature in °C and reaction time in hours or 

minutes.-FeOOH pattern ICDD card number C01-075-1594 (grey lines). FeCl2∙4H2O 

pattern ICDD card number C00-016-0123. (black lines) 

 

The Fe compounds Fe(NO3)3, Fe(acac)3 and FeCl3 were investigated as precursors for the 

akaganeite synthesis. The XRD patterns in Figure S7.1a show the formation of -FeOOH 

only in case of FeCl3. Iron nitrate results in an amorphous phase and Fe(acac)3 did not react at 

the relatively low temperature of 120 °C, probably because the solubility of iron 

acetylacetonate in tert-butanol is rather low. The sharp reflexes in the XRD pattern 

correspond to the precursor signals. Figure S7.1b shows XRD patterns of selected powders 

obtained at different reaction conditions. The initial synthesis was performed at 1200 W 

microwave power, 120 °C for 1 h and resulted in phase-pure 8 nm -FeOOH particles 

(calculated from the (310) peak using the Scherrer equation). To obtain smaller crystals the 

reaction temperature was reduced to 80 °C and resulted in particle sizes of around 4.6 nm. 

The further decreased temperature of 60 °C was too low to obtain phase-pure akaganeite, 

since a second phase corresponding to FeCl2∙2H2O is visible in the XRD pattern 

(Figure S7.1b, grey scale). Further reactions were carried out at 80 °C with reduced 



7.7 SUPPORTING INFORMATION 

 

 

 

199 

microwave radiation power. The smallest particle dimensions of around 5 nm were obtained 

at 120 W for 1 h (Figure S7.1b, pink). Further decrease in the reaction time to 40 min and 

30 min again resulted in a mixture of -FeOOH and FeCl2∙2H2O. The reaction conditions 

120 W, 80 °C and 1 h were therefore applied in all following reactions. 

 

Figure S7.2  Time-resolved Raman investigation of the undoped -FeOOH powder. (a) 

Raman spectra recorded every 5 min with a filter reduced intensity of the laser beam (grey). 

The orange spectrum was taken after exposure of the sample to the laser with full intensity for 

1 s. Micrographs of the sample with a 10-fold magnification (b) before, (c) during and (d) 

after the Raman measurement, showing a dark spot caused by the laser beam.  

 

Figure S7.2 shows an in situ time resolved Raman study of the undoped -FeOOH. The 

spectra were taken with a time step of 5 min using an intensity-reducing laser filter with an 

optical density of 0.6 (Figure S7.2a). The signals at 221 cm
–1

 (A1g), 237 cm
–1

 (Eg), 284 cm
–1

 

(Eg), 398 cm
–1

 (Eg), 489 cm
–1

 (A1g), 601 cm
–1

 (Eg) and 649 cm
–1

 (Eu) can be assigned to 

hematite (-Fe2O3) bands. Noticeably, neither -FeOOH nor any other phases are visible 

below 10 min irradiation. The hematite spectrum starts to appear after 15 min and becomes 

gradually more pronounced with extended exposure time. To compare, the unfiltered laser 

beam immediately leads to the formation of hematite (Figure S7.2a, orange line). 

Corresponding micrographs recorded before and after the Raman measurement in 

Figures S7.2b – d show a dark spot occurring at the position where the laser beam was 

focused. This additionally confirms the structural change. 
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Figure S7.3  Single particle EDX analysis of the selected akaganeite nanoparticles (a, b) Ti5, 

(c, d) V10 and (e, f) Sn20. The marked range shows the respective area that was exposed to 

the EDX measurement. The numbers indicate the measured Fe/dopant ratios within the 

particles. 
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Figure S7.4  Structural analysis of Ni(II) and Si(IV) doped -FeOOH nanocrystals. (a) XRD 

patterns and (b) Raman spectra of the Ni0 – Ni50 powders. The bands at 333 cm
–1

 (Eg), 

484 cm
–1

 (T2g), 573 cm
–1

 (T2g), 661 cm
–1

 (Eg) and 701 cm
–1

 (A1g) are characteristic for 

NiFe2O4.
1
 (c) XRD patterns and (d) Raman spectra of the Si0 – Si25 powders. The numbers 

indicate the respective dopant amounts in at%.-FeOOH pattern ICDD card number 01-075-

1594 (grey line). NiCl2∙2H2O pattern ICDD card number 01-072-0044 (violet lines). 
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Figure S7.5  Electron diffraction (ED) and transmission electron microscopy (TEM) images 

of the samples (a, c) Co5 and (b, d) Sn5. 

 

Figures S7.5a, c show electron diffraction (ED) patterns of the samples Co5 and Sn5. The 

corresponding d-spacings are 3.39 Å (301), 2.59 Å (211), 2.38 Å (310), 1.99 Å (411), 

1.69 Å (512) for Co5 and 3.35 Å (301), 2.62 Å (211), 2.37 Å (310), 1.97 Å (411), 

1.68 Å (512) for Sn5. 

 

 

Figure S7.6  SEM images of -FeOOH films prepared from H2O/EtOH nanoparticle 

dispersions with the concentrations of (a) 2 mg mL
–1

 and (b) 10 mg mL
–1

. 

  



7.7 SUPPORTING INFORMATION 

 

 

 

203 

 

Figure S7.7  TGA and DSC curves of the samples Ti10 (pink), Sn10 (black) and Nb10 

(grey). 

 

Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) curves of the 

samples Ti10, Sn10 and Nb10 in Figure S7.7 show several processes that are accompanied by 

changes in mass. The endothermic process with the mass loss of around 5 % at 100 °C 

corresponds to evaporation of adsorbed water and is visible for all samples that are stored in 

air. In the range between 100 and 400 °C all organic parts such as tert-butoxide residues are 

burned off with the greatest mass loss of around 20 %. The exothermic effects with only 

minor mass losses of 2 – 3 % between 480 and 600 °C are caused by the phase transition into 

hematite confirming the XRD results. 
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Figure S7.8  SEM images of a thick -FeOOH film grown in situ for 2.5 h during the 

microwave reaction. (a, c, e) Different magnifications of the as-prepared -FeOOH film. (b, d, 

f) Different magnifications of the film after annealing at 600 °C and phase transition to -

Fe2O3. 
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Figure S7.9  SEM images of as prepared -FeOOH films grown in situ during the microwave 

reaction with the reaction time of (a) 2.5 h and (c) 1 h. (b) SEM image of the film grown in 

situ for 2.5 h after annealing at 600 °C and phase transition to -Fe2O3. The scale bars 

correspond to the length of 10 µm. 
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8.1 ABSTRACT 

 

Figure 8.1  ToC image: variety of crystalline -Fe2O3 (hematite) nanostructures with a well-

defined anisotropic porosity is obtained via sol-gel transformations of molecular precursors in 

the confined space of self-organized cellulose nanocrystals (NCC) used as a shape-persistent 

template. 

 

We report the formation of porous iron oxide (hematite) nanostructures via sol-gel 

transformations of molecular precursors in the confined space of self-organized 

nanocrystalline cellulose (NCC) used as a shape-persistent template. The obtained structures 

are highly porous -Fe2O3 (hematite) morphologies with a well-defined anisotropic porosity. 

The character of the porous nanostructure depends on the iron salt used as precursor and the 

heat treatment. Moreover, a postsynthetic hydrothermal treatment of the NCC/iron salt 

composites strongly affects the crystal growth as well as the porous nanomorphology of the 

obtained hematite scaffolds. We demonstrate that the hydrothermal treatment alters the 

crystallization mechanism of the molecular iron precursors, which proceeds via the formation 

of anisotropic iron oxyhydroxide species. The nanocellulose templating technique established 

here enables the straightforward fabrication of a variety of mesoporous crystalline iron oxide 

scaffolds with defined porous structure and is particularly attractive for the processing of 

porous hematite films on different substrates. 

 



8.2 INTRODUCTION 

 

 

 

209 

8.2 INTRODUCTION 

The combination of semiconducting properties with low cost, abundance and chemical 

stability makes iron oxides attractive materials for various energy conversion and storage 

applications. Among numerous iron oxide compounds, -Fe2O3 (hematite) is the most studied 

material whose applications span from electrochemical energy storage and 

photoelectrochemical water splitting to photocatalytic degradation of air and water pollutants 

and gas sensing.
1-3

 The performance of hematite in these applications critically depends upon 

mass transfer to the active surface sites, charge transfer at the interface, and charge and/or ion 

transport in the bulk. These processes are controlled to a large degree by the nanomorphology 

of iron oxide because of the role of interface-related processes caused by the large surface 

area, as well as the impact of the diminishing dimensions on its charge carrier and ion 

transport behavior. Because of the interest in nanostructured iron oxide, several strategies 

have already been developed for the fabrication of nano morphologies with optimized 

properties.
4-6

 Still, a major synthetic challenge is control over the structure on different length 

scales, from the organization of atoms in the crystalline structure to the macroscopic 

morphology, which strongly influence the performance of hematite in different applications. 

Templated approaches based on sol-gel transformations of molecular precursors can provide a 

high level of control over the porous nanostructure by using objects with a well-defined shape 

and 3D organization to guide evolution of the structure and morphology. Mesoporous 

nanocrystalline iron oxide thin films with high surface area have been prepared by so called 

soft templating methods using supramolecular aggregates (micelles) of amphiphilic 

molecules.
7,8

 The practical benefits of soft templating include the straightforward formation of 

periodic porous structures based on the self-assembly processes, and the facile subsequent 

removal of the organic templates by thermal decomposition. However, the critical step in 

these transformations is crystallization of the inorganic scaffold, which often leads to collapse 

of the porous morphology due to uncontrolled crystal growth at elevated temperatures and 

requires a careful selection of the amphiphilic molecules and/or the processing conditions. 

Alternatively, hard-templating routes are advantageous regarding the formation of highly 

crystalline transition metal oxide morphologies with well-defined porosity.
9-11 

Thermally 

stable and robust templates such as porous silica or alumina have been demonstrated to 

sustain the crystallization of porous transition-metal oxides, but these methods are less 
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suitable for the processing of porous coatings on different substrates because of the 

difficulties associated with the removal of the template under demanding conditions. 
 

Nanocrystalline cellulose (NCC) extracted from natural cellulose sources
12,13 

is a promising 

biogenic template for the generation of porosity in inorganic oxides. Cellulose nanocrystals 

having anisotropic rodlike shape show a remarkable ability to self-organize and to form chiral 

nematic liquid crystalline phases.
14,15

 Owing to the rigidity and thermal stability of the 

cellulose nanocrystals, the NCC-based composites can sustain relatively high temperatures 

and provide fully crystalline metal oxide scaffolds with well-defined mesostructure, therefore 

combining the advantages of soft templating and shape-persistent hard templates.  

Recent studies on the preparation of nanoscale iron oxide aided by cellulose have focused 

mainly on composite materials.
16-24

 In these publications, cellulose of different origins acts as 

a supporting matrix for the formation of iron oxide and as a filler for the homogeneous 

distribution of presynthesized crystalline nanospecies. Other biomaterials have been shown to 

assist in the nanofabrication of iron oxide, such as silk,
25

 chitosan,
26-28

 chitin,
29

 proteins,
30

 

yeast cells
31

 and butterfly wings.
32

 A few publications describing the fabrication of porous 

hematite morphologies aided by sacrificial cellulose templating
33-35

 deal only with 

macroscopic cellulose-based objects such as wood, filter paper or fibers fabricated from 

regenerated cellulose. On the contrary, in our study we employ distinct nanosized cellulose 

species for the synthesis of porous hematite nanostructures. Recently, we have established the 

high potential of cellulose nanocrystals in the fabrication of porous titania thin films.
36

 Herein 

we explore the suitability of this promising approach for the synthesis of iron oxide films. We 

show for the first time the direct formation of porous hematite thin films on different 

substrates by a nanocellulose-assisted templating method. We demonstrate several strategies 

to alter the scaffold morphology. In particular, we investigate the effect of iron oxide 

precursors and the calcination temperature on the film porosity and crystallinity. Furthermore, 

we reveal a striking effect of postsynthetic treatments on the crystallization of iron oxide in 

the nanocellulose matrix. 
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8.3 RESULTS AND DISCUSSION 

For the fabrication of mesoporous iron oxide, aqueous dispersions of NCC were mixed with 

different iron salts acting as iron oxide precursors in the sol-gel process. As such, we used 

hydrates of iron(III) nitrate (Fe(NO3)3·9H2O), iron(III) chloride (FeCl3·6H2O), and iron(II) 

chloride (FeCl2·4H2O), which are perfectly soluble in the NCC dispersions without changes 

in their colloidal stability. Iron(III) salts color the opaque cellulose suspensions yellow, 

whereas the iron(II) chloride solution remains white. After dissolution, the precursor mixtures 

were processed to powders or films by drop casting on Teflon surfaces or spin-coating on 

different substrates (typically silicon wafers or fluorine-doped tin oxide, FTO), respectively. 

After drying, the composites were calcined in air at temperatures ranging from 300 °C to 

600 °C to remove cellulose under formation of mesoporous iron oxide scaffolds.  

Thermogravimetric analysis (TGA) of pure NCC reveals that it dehydrates in several 

subsequent steps in the temperature range from 200 °C to 500 °C
37,38

 and that it is completely 

decomposed at 500 °C. The Addition of iron salts leads to a decrease in the decomposition 

temperature, which depends on the type of precursor as demonstrated in Figures 8.2a1 – a3. 

According to the TGA measurements, the lowest decomposition temperature of ca. 290 °C 

was observed for the NCC/Fe(NO3)3·9H2O composite, which could be attributed to the 

oxidative character of the nitrate ions. The addition of iron(III) chloride leads to a rather small 

decrease in the decomposition temperature to ca. 450 °C, while in the iron(II) chloride 

containing composites NCC is combusted at about 400 °C.  

In order to investigate the degradation behavior of the nanocellulose in thin films, we 

performed in situ X-ray diffraction (XRD) heating experiments on 1 µm thick composite 

films coated on silicon wafers. Figures 8.2b1 – b3 show a gradual reduction of the signals 

characteristic for native cellulose upon a temperature increase (the NCC signal assignment is 

shown in Figure S8.1 in the supporting information). Although the XRD results indicate 

complete degradation of crystalline cellulose at 250 °C, the optical appearance of the films 

calcined at this temperature implies the presence of template residues, as follows from the 

black coloring of the film (Figure S8.2d in the supporting information), which is consistent 

with the TGA revealing an incomplete decomposition of cellulose at 250 °C (Figure 8.2).  
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Figure 8.2  Degradation of NCC/iron oxide precursor composites containing different iron 

salts: FeCl3·6H2O (a1, b1), FeCl2·4H2O (a2, b2) and Fe(NO3)3·9H2O (a3, b3). Top row (a1 –

a3) TGA revealing mass loss of iron oxide precursor/NCC composites (black lines) compared 

to pristine NCC (dashed lines). The composites were dried at 35 °C prior to analysis and 

heated with a ramp of 2 °C min
-1

. Bottom row (b1 – b3) In-situ XRD patterns obtained upon 

gradual heating of 1 µm iron oxide precursor/NCC composite films coated on silicon wafers. 

 

The degradation studies demonstrate that calcination of composite films at 300 °C to 600 °C 

should be sufficient to remove NCC with the associated liberation of open pores. This is 

confirmed with scanning electron microscopy (SEM) images of the NCC-templated films, 

which demonstrate the formation of elongated slitlike pores characteristic for NCC-derived 

porous scaffolds, closely replicating the shape of the initial NCC (Figure 8.3). The 

mesoporous morphology obtained after calcination of the dried coatings is practically not 

influenced by the choice of iron precursors (SEM images in Figures 8.3 and S8.3 in the 

supporting information). The porous texture changes only slightly with increasing calcination 

temperature from 300 °C to 500 °C, corresponding to the stability range of NCC. However, 

calcination at 600 °C leads to significant crystal growth with the formation of wormlike 

disordered porous layers typically observed for different solution-processed hematite films 

(Figure 8.3d). 
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Figure 8.3  SEM top view images revealing the effect of the calcination temperature on the 

morphology of NCC-templated -Fe2O3 thin films. The films were coated on silicon wafers 

from solutions containing NCC and FeCl3·6H2O and calcined at (a) 300 ºC, (b) 400 ºC, (c) 

500 ºC, and (d) 600 ºC. The scale bars correspond to 100 nm. 

 

Analysis by transmission electron microscopy (TEM) confirms the increase of the feature 

sizes for the NCC-templated film calcined at 600 °C compared to the one heated at 500 °C. 

The samples exhibit a highly porous structure and a crystalline morphology, as can be seen in 

the high-resolution and selected-area electron diffraction (SAED) images (Figures 8.4 and 

S8.4 in the supporting information). The determined d-spacing values are typical of hematite 

and agree very well with previous studies.
39

  

 

Figure 8.4  TEM images (a1, a3, b1, b3) and SAED patterns (a2, b2) of NCC-templated iron 

oxide thin films prepared from FeCl2·4H2O precursor solutions and calcined at (a) 500 ºC and 

(b) 600 ºC.  
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Figure 8.5  XRD patterns of NCC templated iron oxide free-standing films cast from 

FeCl3·6H2O (a) and FeCl2·4H2O (b) precursor solutions. The composites were dried overnight 

(assigned as room temperature (RT)) and then either heated at 100 °C overnight or calcined at 

300 °C – 600 °C for 30 min. The assigned signals correspond to (□) native cellulose (ICDD 

pattern C00-003-0289), (●) iron(II) chloride tetrahydrate (ICDD pattern 00-016-0123) and 

(*) hematite (ICDD pattern 00-003-0289). 

 

In order to study the temperature-induced formation of crystalline iron oxide in the presence 

of nanocellulose, we performed XRD measurements on cast free-standing composites. 

Figures 8.5 and S8.5a in the supporting information reveal formation of the α-Fe2O3 phase for 

all precursors at temperatures higher than 300 °C. Surprisingly, heating of the iron(III) 

chloride-NCC composite at 300 °C initially leads to the formation of hematite and iron(II) 

chloride, which could be due to a reaction of iron(III) chloride with NCC degradation 

products.  

To modify the crystallization of hematite, the dried composite films were posttreated at 

100 ºC in high humidity, also known as delayed humidity treatment (DHT). This procedure 

can be considered as a hydrothermal treatment of the iron salts in the confined space of the 

prearranged NCC template rods. The XRD analysis reveals formation of a crystalline 

inorganic phase corresponding to crystalline iron oxyhydroxide (β-FeOOH, akaganeite) after 

DHT (Figure 8.6). 
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Figure 8.6  XRD patterns of NCC templated iron oxide free-standing films cast from 

FeCl3·6H2O (a) and FeCl2·4H2O (b) precursor solutions. The dried composites (assigned as 

RT) were postsynthetically treated overnight at 100 ºC in high humidity (set to 85 % relative 

humidity at RT) and then calcined at 300 °C – 600 °C for 30 min. The assigned signals 

correspond to (□) native cellulose (ICDD pattern 00-003-0289), (●) iron(II) chloride 

tetrahydrate (ICDD pattern 00-016-0123), (▼) akaganeite (ICDD pattern 00-034-1266) and 

(*) hematite (ICDD pattern 00-033-0664). 

 

We note that heating at 100 °C without hydrothermal treatment does not lead to formation of 

a crystalline phase (Figure 8.5). Our results imply that without the postsynthetic humidity 

treatment either amorphous iron oxide either directly transforms to the crystalline hematite or 

the intermediate phase is not stable and rapidly converts to the hematite. Moreover, we found 

that DHT facilitates crystallization of the oxyhydroxide species in the composite based on 

both iron(II) and iron(III) chlorides, although this is not the case for the nitrate hydrate 

precursor treated at the same conditions (Figure S8.5b in the supporting information). It has 

been previously shown that at certain conditions hydrolysis of iron chlorides proceeds through 

the formation of α and β-FeOOH oxyhydroxide phases prior to full conversion to 

α-Fe2O3.
40,41,42,43
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Figure 8.7  XPS spectra of O 1s (a1, b1) and Cl 2p (a2, b2) measured on iron chloride/NCC 

composite films coated on silicon wafers, resulting from FeCl3·6H2O (a1, a2) and 

FeCl2·4H2O (b1, b2) precursors and dried at different conditions: at RT, at 100 °C in humid 

air (assigned as 100 °C DHT) and at 100 °C and 300 °C in ambient humidity conditions.  

 

To elucidate the effect of the postsynthetic treatment, the iron chloride/NCC composites were 

dried at different conditions and studied by X-ray photoelectron spectroscopy (XPS). 

Figures 8.7 and S8.6 in the supporting information show evolution of the peaks arising from 

oxygen, chlorine, iron and carbon depending on the film drying conditions. The most 

significant changes were observed for the oxygen and chlorine peaks shown in Figure 8.7. 

The oxygen peak shifts toward lower binding energies (Figure 8.7a1) with increasing 

temperature from RT to 300 °C, indicating the release of H2O, degradation of cellulose and 

formation of iron species containing OH
–
 and O

2–
 (the fitting is shown in Figure S8.6a3 in the 

supporting information).
44,45

 In addition, chloride completely degrades at 300 °C 

(Figure 8.7a2). Interestingly, heating at 100 °C under hydrothermal conditions (DHT) leads to 

a significant decrease in the chloride contents, whereas after heating in air at the same 
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temperature the chloride is well-preserved (the black and red lines in Figure 8.7a2, 

respectively). This behavior indicates a higher degree of hydrolysis of iron chlorides because 

of the presence of water vapor, which is also consistent with the shape of the oxygen spectra 

recorded for the DHT samples. The black spectra in Figures 8.7a1, b1 demonstrate a doublet 

with a pronounced signal corresponding to water and cellulose at 532.5 eV, and a less intense 

peak at lower binding energies (530.1 eV) related to O
2–

 in iron oxide. The spectra point to 

hydration of cellulose and formation of oxygen bridges in the inorganic part of the 

composites. We found that the iron(II) chloride composite loses some chlorine already after 

ambient heating at 100 °C and contains iron oxide O
2–

 species, which was not the case for the 

iron(III) chloride sample (red spectra in Figures 8.7a2, b2 respectively). In conclusion, XPS 

analysis points to accelerated hydrolysis and nucleation of the crystalline phase due to DHT. 

Additionally, the increase of the signal at about 533 eV implies high contents of water in the 

samples, which may reduce shrinkage of the cellulose species due to swelling at high relative 

humidity.
46

 

 

Figure 8.8  SEM top view images revealing the effect of the calcination temperature on the 

morphology of the NCC-templated -Fe2O3 thin films postsynthetically treated in humid air 

at 100 °C prior to calcination at (a) 300 ºC, (b) 400 ºC, (c) 500 ºC, and (d) 600 ºC. The films 

were coated on silicon wafers from solutions containing NCC and FeCl2·6H2O. The scale bars 

correspond to 100 nm. 

 

Notably, we found that induced crystallization of iron oxyhydroxide during the postsynthetic 

treatment significantly affects the film morphologies after calcination as demonstrated in 

Figures 8.8 and S8.7 in the supporting information. DHT results in an anisotropic geometry of 

iron oxide species, which is especially pronounced for the films calcined at low temperatures 

of 300 – 400 ºC (Figures 8.8a, b). However, thermal treatment at higher temperatures leads to 
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recrystallization of the nanorods to form intergrown roundly shaped species (Figure 8.8d). A 

more detailed investigation of the DHT effect on crystal formation is shown in Figure 8.9. 

 

Figure 8.9  TEM images at low and high magnifications of iron oxide thin films prepared 

from iron chloride/NCC solutions coated on silicon wafer, obtained from FeCl3·6H2O (a) and 

FeCl2·4H2O (b) precursors. The composites were exposed to humidity treatment at 100 ºC 

and subsequently calcined at (a1, b1) 400 ºC, (a2, b2) 500 ºC, and (a3, b3) 600 ºC. 

 

TEM analysis in Figure 8.9 reveals a similar trend in the crystallization pathway for both 

FeCl3·6H2O and FeCl2·4H2O precursors. Calcination at the moderate temperature of 400 °C 

leads to the formation of crystalline species showing a pronounced anisotropic shape, with a 

length of around 55 nm and a width of around 5 nm (Figure 8.9a1-1). Additionally, the 

crystals obtained with FeCl2·4H2O (Figure 8.9b1-1) show a porous structure, which can be 

attributed to dehydration during the thermal conversion from -FeOOH to α-Fe2O3.
47

 At 

500 °C the elongated shape of the features is still present, although it is clearly visible that the 

particles start to recrystallize forming a polycrystalline network with the formation of 
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additional more spherically shaped species. The length of the rods is around 30 nm while the 

rod width remains approximately 5 nm. The lattice fringes of the elongated crystals 

correspond to (104) hematite planes, as can be seen in the high-resolution TEM images in 

Figure 8.9. At 600 °C the recrystallization step is more pronounced and the species have a 

nearly spherical geometry with a size of ca. 25 nm length and 20 nm width. Accordingly, the 

aspect ratio of the rods decreases from about 12.3 to 1.3 with increasing calcination 

temperature. 

Iron(III) nitrate does not undergo oxyhydroxide-to-hematite transformation, therefore DHT 

does not have a pronounced effect on the NCC-templated hematite morphology (Figure S8.7 

in the supporting information). We note that all obtained NCC-templated hematite scaffolds 

exhibit a rather similar specific surface area of about 65 m
2
 g

–1
 (Figure S8.8 in the supporting 

information). 

 

8.4 CONCLUSIONS 

We have established a facile method for the synthesis of crystalline and highly porous iron 

oxide thin films with various nanomorphologies by employing the biogenic template 

nanocellulose. Different iron salts, namely FeCl3·6H2O, FeCl2·4H2O and Fe(NO3)3·9H2O can 

be successfully employed for the NCC-assisted synthesis. The nature of the calcination 

procedure of the NCC/iron oxide precursor composites has a strong influence on the 

morphology of the porous hematite films. 

Furthermore, we show that a postsynthetic humidity treatment at elevated temperature 

drastically affects the morphology of the porous scaffolds prepared from FeCl3·6H2O and 

FeCl2·4H2O. Upon exposure to the humidity treatment at 100 °C, the crystallization of 

hematite proceeds through the formation of iron oxyhydroxide (-FeOOH) species of highly 

anisotropic shape. Because of the shape-persistence of cellulose nanocrystals, the film 

homogeneity and porosity are well preserved despite the complex behavior of hematite 

crystallization. We show that a great variety of iron oxide networks can be achieved and the 

morphology of the films can be tuned by facile nanocellulose templating. The above synthesis 

approach is particularly advantageous for the fabrication of homogeneous porous coatings of 

iron oxide on different types of substrates.  
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8.5 EXPERIMENTAL SECTION 

8.5.1 EXTRACTION OF CELLULOSE NANOCRYSTALS.  

Nanocrystalline cellulose (NCC) was extracted from cotton linters CP20 (Peter Temming 

AG) by hydrolysis in sulfuric acid.
48

 The cotton fibers were washed with water and dried at 

60 ºC. Then 64 % H2SO4 was added to the cotton fibers at a ratio of 1 mL of acid to 8.75 g of 

cellulose. The mixture was kept at RT for 25 min. Then it was heated at 55 ºC for 45 min 

under vigorous stirring until large cellulose aggregates dissolved. Afterwards the suspension 

was 10-fold diluted with deionized water and stored overnight. The upper liquid phase was 

decanted and the NCC-rich lower phase was washed three times with water via repeated 

centrifugation at 47808 g relative centrifugal force (RFC) for 15 min. The last centrifugation 

step was performed at 70 g RFC for 10 min in order to sediment cellulose aggregates and to 

collect the suspension of finely dispersed NCC. Finally, the suspension was concentrated in a 

rotary evaporator to 8.15 wt% at pH 2.55. 

8.5.2 PREPARATION OF PRECURSOR SOLUTIONS.  

A total of 1.229 g of the above 8.15 wt% dispersion of cellulose crystals was added to 

0.37 mmol of iron salt corresponding to 0.100, 0.0736 and 0.1495 g of FeCl3·6H2O, 

FeCl2·4H2O and Fe(NO3)3·9H2O salts, respectively. The viscous mixture was vigorously 

stirred for about 2 min. Then 3.6 g of water was added in order to dilute the cellulose 

suspension and to dissolve the iron precursor. The precursor solutions contained 

concentrations of 0.076 M iron and 2 wt% NCC. The solutions were stirred for 2 h prior to 

film coating. 

 

8.5.3 FILM PREPARATION 

Free-standing films were cast from precursor solutions on a Teflon surface (5 g of a precursor 

solution on a 6  6 cm
2 

area)
 
and dried at 35 °C overnight prior to calcination. After 

calcination, pulverized cast films were analyzed by using XRD, nitrogen sorption 

measurements and TGA.  
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Thin films were deposited on a 1.5  2.0 cm
2
 silicon wafer or on 1.5  2.5 cm

2
 FTO glass by 

spin-coating a 100 µL precursor solution at 1500 rpm for 25 s followed by drying for 10 s 

with a heat gun set at 100 °C. The spin-coating and drying cycles were repeated seven times 

to achieve ca. 1 μm film thickness of the composites for the XRD degradation experiments 

and for XPS analysis. For SEM imaging, two layers were coated on silicon wafers.  

For DHT, the free-standing films or films coated on substrates were placed into a 2 L 

desiccator containing 80 mL of KCl saturated aqueous solution resulting in 85 % relative 

humidity at RT and kept in an oven at 100 °C overnight prior to calcination.  

The free-standing films and thin films were heat-treated at 100 °C overnight, 300 °C for 

30 min, 400 °C for 30 min and 600 °C for 30 min with a heating ramp of 3°C min
–1

. 

Calcination at 500 ºC was performed by using a 2 ºC min
–1

 ramp with 2 h continuous heating 

steps at 100 ºC and 360 ºC and a final step at 500 °C for 30 min. 

 

8.5.4 CHARACTERIZATION  

TGA of the samples was performed on a Netzsch STA 440 C TG/DSC instrument (heating 

rate of 2 °C min
–1

 in a stream of synthetic air of about 25 mL min
–1

). 

XRD analysis of the free-standing films was performed on a STOE powder diffractometer in 

transmission geometry (Cu Kα1, λ = 1.5406 Å) equipped with a position-sensitive Mythen 1K 

detector. XRD patterns were collected in a 2θ range from 5° to 70° with a step of 1° and fixed 

counting time of 45 s/ step. In situ XRD heating measurements of the films on silicon 

substrates were carried out in reflection mode (Bragg-Brentano) using a Bruker D8 Discover 

with Ni-filtered Cu Kα radiation and a position-sensitive detector (LynxEye). The instrument 

was equipped with a heating stage operated by an Anton Paar TCU 200 temperature control 

unit. The films were heated with a ramp of 1 °C s
–1

 and 10 min of continuous heating at the 

set temperatures.  

SEM images were obtained with a Jeol JSM-6500F scanning electron microscope equipped 

with a field emission gun operated at 5 kV. The films were prepared on silicon substrates and 

glued onto a sample holder with silver lacquer. 
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TEM analysis was performed with thin films removed from the substrate and deposited on a 

carbon-coated copper grid. Analysis was carried out on a FEI Titan 80-300 (S)TEM equipped 

with a field emission gun operated at 300 kV. 

XPS analysis was performed with a VSW TA10 X-ray source, providing non-

monochromatized Mg Kα radiation, and a VSW HA100 hemispherical analyzer. The samples 

were cleaned before measurement by 15 min of Ar
+
 sputtering (1 kV and ~7 µA). Peak shifts 

due to charging of the sample were corrected by setting the Cl 2p3/2 peak to 198.4 eV. The 

recorded elemental peaks were fitted with a Doniach-Sunjic line shape convoluted with a 

Gaussian and linear background subtraction.
49

 

The nitrogen sorption isotherms were obtained at –196 °C using a Quantachrome Autosorb-1. 

The specific surface area was determined with the Brunauer-Emmett-Teller method at 

𝑃

𝑃𝑜
 = 0.05 – 0.2.  
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8.7 SUPPORTING INFORMATION 

 

Figure S8.1  XRD pattern of an NCC free-standing film. The assigned signals correspond to 

native cellulose (ICDD pattern 00-003-0289).  
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Figure S8.2  Photograoh of free-standing nanocellulose-precursor composites prepared with 

(a) FeCl3·6H2O, (b) FeCl2·4H2O, and (c) Fe(NO3)3·9H2O dried at 35 ºC. NCC/iron oxide 

precursor thin films coated on FTO glass from precursor solutions based on (d) FeCl3·6H2O 

and (e) Fe(NO3)3·9H2O and calcined at different temperatures. 

 

 

Figure S8.3  SEM top view images revealing the effect of the iron precursor and calcination 

temperature on the morphology of NCC-templated -Fe2O3 thin films. The films were 

prepared from precursor solutions containing FeCl2·4H2O (top row) or Fe(NO3)3·9H2O 

(bottom row) and calcined at (a1, a2) 300 ºC, (b1, b2) 400 ºC, (c1, c2) 500 ºC and 

(d1, d2) 600 ºC. The scale bars correspond to 100 nm. 
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Figure S8.4  (a1, b1) TEM images (scale bars correspond to 10 nm), (a3, b3) high-resolution 

TEM images and (a2, b2) SAED patterns (scale bars correspond to 2.5 nm
–1

) of NCC-

templated iron oxide thin films prepared from FeCl3·6H2O precursor solutions and calcined at 

(a) 500 ºC and (b) 600 ºC.  

 

 

 

Figure S8.5  XRD patterns revealing the temperature-dependent development of phase 

composition of NCC/Fe(NO3)3·9H2O composites calcined at different temperatures (a) after 

drying at 35 °C (assigned as RT) and (b) after DHT treatment. The assigned signals 

correspond to (□) native cellulose (ICDD pattern 00-003-0289) and (*) hematite (ICDD 

pattern 00-033-0664). 
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Figure S8.6  X-ray photoelectron spectra of iron chloride/NCC composite films coated from 

(a) FeCl3·6H2O and (b) FeCl2·4H2O precursors and dried at different conditions: at RT, 

100 °C at high humidity (100 °C DHT), 100 °C and 300 °C at ambient humidity conditions. 

The spectra reveal the development of (a1, b1) Fe 2p, (a2, b2) C 1s and (a3) O 1s peaks. The 

points in figure a3 show the recorded oxygen spectra fitted with a Doniach-Sunjic line shape 

convoluted with Gaussian and linear background subtraction. The three peaks with maxima at 

530.1 eV, 531.3 eV and 532.5 eV correspond to oxygen in iron oxide, iron hydroxide and 

water/cellulose, respectively. Spectra were taken using a Mg Kα source. 
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Figure S8.7  Top view SEM images of NCC-templated -Fe2O3 thin films calcined at (a1, 

a2) 300 ºC, (b1,b2) 400 ºC, (c1,c2) 500 ºC and (d1,d2) 600 ºC after humidity treatment at 

100 °C. The films were spin-coated on silicon wafers from aqueous precursor solutions 

containing NCC and FeCl3·6H2O (top row) or Fe(NO3)3·9H2O (bottom row). The scale bars 

correspond to 100 nm. 

 

 

Figure S8.8  Nitrogen sorption isotherms measured on NCC-templated -Fe2O3 powders 

after calcination at 500 °C. The samples were prepared from precursors containing NCC and 

(a) FeCl3·6H2O, (b) FeCl2·4H2O and (c) Fe(NO3)3·9H2O.  
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The main objective of this thesis was the development of nanostructuring concepts for 

efficient functional materials applied in electrochemical water splitting. Reducing the size of 

electrocatalysts to only a few nanometers provides an effective way to improve their 

electrochemical performance. The solvothermal reaction in tert-butanol developed in this 

project offers a great control over size and morphology of functional materials prepared as 

ultrasmall uniform nanoparticles. The nanoparticle synthesis allows for manipulating the 

defect chemistry and leads to an increased solubility of dopant atoms in the metal oxide 

crystal lattice resulting in unusual non-equilibrium compositions. The combination of 

crystallinity, dispersibility, unusual atomic compositions and presence of defects along with a 

greatly increased surface area due to the ultrasmall particle size are highly beneficial for 

electrocatalytic activity.  

Using the tert-butanol route, nickel oxide based nanocrystals with 2 – 4 nm in diameter, 

uniform spherical shape and narrow size distribution were obtained. Phase pure NiO shown in 

chapter 3 was applied as electrocatalyst for the oxidation of water and demonstrated very high 

turnover frequencies of 0.293 s
–1

 at the overpotential of 300 mV, even outperforming 

expensive iridium oxide catalysts. The exceptionally high electrocatalytic activity in the 

oxygen evolution reaction is attributed to the partially oxidized surface resulting from the 

diminishing crystal size.  

The catalytic performance in OER of the nickel oxide nanoparticles can be further enhanced 

by substitutional doping with Fe(III) ions, which is described in chapter 4. The doped particles 

reach a strikingly high maximum turnover frequency of 1.9 s
–1

 at 300 mV overpotential for 

10 % Fe content. In contrast, the substitutional incorporation of Co(II) leads to enhanced 

performance in the hydrogen evolution reaction with growing Co content (chapter 5). 

Furthermore, the formation of non-equilibrium phases with unusually high miscibility of the 

elements is demonstrated for NixFe1–xO and NixCo1–xO, which we attribute to the kinetic 

control of the phase formation and a stabilizing effect of the nanoscale. Fe(III) could be 

substitutionally incorporated into the NiO lattice with up to 20 at% without losing structural 

integrity, whereas Co and Ni showed exceptionally high solubility in the whole composition 

range up to phase pure cobalt(II) oxide CoO. Noticeably, Fe, Ni, Co mixed phases usually do 

not show this behavior in the bulk, being able to incorporate only a few percent of the dopant 

without phase separation. Substitutional incorporation in case of NixFe1–xO was confirmed by 

the analysis of the atom arrangement in EXAFS, and NixCo1–xO showed a distinct shift of the 
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electrode redox potential in CV curves with changing Co content, which was also supported 

by theoretical DFT calculations.  

Moreover, ultrasmall nanoparticles of another stable cobalt oxide phase with spinel structure 

(Co3O4) were successfully prepared using the tert-butanol route. Due to their favorable 

dispersibility, the crystalline particles were efficiently distributed as co-catalysts on 

nanostructured Sn-enriched hematite films applied as photoanodes in the OER. This treatment 

led to a significant increase in photoelectrochemical water oxidation rates by up to 450 % and 

is associated with a reduction in electron/hole recombination processes (chapter 6). 

Besides the compounds with cubic lattice symmetry described above, the tert-butanol reaction 

also allows for the fabrication of more complex monoclinic tunnel type structured metal 

oxides with an extremely small particle size (chapter 7). Thus, nanocrystals of akaganeite (-

FeOOH) were obtained in a microwave-assisted tert-butanol process. The particles can be 

doped by various metal ions in different oxidation states such as Co(II), V(III), Ti(IV), Sn(IV) 

and Nb(V). An extraordinary high doping level of up to 40 at% can be attributed to increased 

element solubility on the nanoscale. The dopants have a significant influence on the particle 

morphology ranging from 40 nm long nanorods with aspect ratios of around 9 to spherical 

nanoparticles with 4 nm in diameter. A remarkable feature of the nanosized akaganeite 

particles is their excellent dispersibility in water and ethanol without agglomeration. Colloidal 

nanoparticle dispersions can be coated on different substrates to give homogeneous thin films 

with tunable thickness. Furthermore, the nanostructured akaganeite films can also be prepared 

in situ during the solvothermal synthesis. The resulting films exhibit a unique morphology 

consisting of interconnected mesoporous spheres that are retained upon heating to 600 °C and 

phase transition to hematite (-Fe2O3).  

Another approach to produce a large variety of nanostructured iron oxides with tunable 

morphology was explored in a joint project with Alesja Ivanova (LMU) and is described in 

chapter 8. Crystalline and highly porous iron oxide films were prepared by employing 

different iron salts in combination with the biogenic template nanocrystalline cellulose 

(NCC). We could show the strong influence of the calcination procedure and additional post-

synthetic humidity treatment at elevated temperatures on the nano-morphology of the porous 

hematite scaffolds. Interestingly, -FeOOH with a highly anisotropic shape was found to be 
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one of the intermediate species during the calcination, confirming that preformed akaganeite 

nanoparticles are attractive candidates for the fabrication of hematite nanostructures. 

In conclusion, we have developed successful nanostructuring strategies to enhance the 

efficiency of metal oxide based energy conversion materials. Future research may deal with 

the synthesis of other materials classes of electrocatalysts and novel multiple-metal oxide 

phases that possibly only exist at the nanoscale. The investigation of the newly synthesized 

structures may lead to the discovery of an electrocatalyst with even better performance than 

that of Fe/NiO. Since not only the catalytic properties of the materials can be tuned by the 

tert-butanol method but possibly also their optical, magnetic and electronic properties, the 

nanoparticles may be also applied in different other fields such as biomedicine, imaging or 

memory storage devices. Furthermore, the reaction mechanism of the tert-butanol synthesis as 

well as the surface chemistry of the resulting nanoparticles should be investigated in detail, to 

enhance our understanding and to be able to control their crystalline structure including lattice 

and surface defects. 
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