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Chapter 2
Synthesis and Characterization

This chapter will cover all the experimental techniques used in this book. The
experimental techniques include the sample preparations as well as sample char-
acterization of the structural, chemical, and physical properties.

2.1 Sample Handling and Preparations

Handling of alkali or alkaline earth metals oxides should be carried out very care-
fully so that it avoids contamination by moisture in the air. Contact of these
materials with water (H2O) and carbon dioxide (CO2) can lead to decomposition
of these types of materials. In some rare cases, fast reaction of large amounts of
these materials with moisture in air can sometimes lead to explosion. Contact of
these materials with combustible materials (e.g. paper, clothes, wood) can produce
flame.

Due to the highly reactive behavior of these materials, all the alkali metal
and alkali metal oxide samples in this thesis were stored and handled in an inert
atmosphere glove box filled with dry N2. The N2 gas was first passed through a
gas purification system to remove any moisture or oxygen from coming into the
glove box. The water and oxygen levels in the glove box were always kept below
0.5 ppm. To avoid atmospheric air leaking into the glove box, the pressure inside
the glove box was kept at 3-4 mbar above the atmospheric pressure.

2.1.1 Oxidation of Alkali Metal-Liquid Ammonia Solution

Ammonia (NH3) in liquid form is of interest here. The properties of liquid am-
monia are closer to those of water than any other type of liquid solvent [1] in its
power to dissociate electrolytes. It has also been reported that some ionic salts
conduct better in liquid ammonia.
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2.1. Sample Handling and Preparations

Figure 2.1. Structure of ammonia molecule and a unit cell of solid ammonia.

Compared to other liquid solvents, the most unique property of liquid ammonia
is its ability to solve alkali and alkaline earth metals (and some transition metals).
The reaction of alkali metals with liquid ammonia gives rise to the formation of
amides (see Eq. 2.1). However, the rate of amide formation decreases as the
atomic weight of the alkali metal decreases [2], i.e., the formation of cesium amide
in a cesium - liquid ammonia solution is faster than the formation of rubidium
amide in a rubidium - liquid ammonia solution. Chemists normally use catalysts
in order to increase the rate of metal amide formation. On the other hand, the
rate of ammonolysis also increases with temperature.

M +NH3 −→ M+NH−
2 + 1/2H2 (2.1)

Ammonia is a colorless gas above -33◦C and has an intense odor. Ammonia is
a trigonal-pyramidal molecule with the nitrogen atom at the apex of the pyramid.
In the gas form, the N-H bond lengths are 1.01 Å, and the N-H bonds are at an
angle of 106.47◦ to each other (see Figure 2.1) [3]. Below -77◦C ammonia becomes
solid.

A dark blue solution containing solvated electrons and metal cations is formed
when the metal dissolves. At low metal concentrations, the solution is insulating
with solvated electrons surrounded by ammonia molecules [4]. The conductivity
of the solution is then increased at higher metal concentrations. Various studies
have been performed to investigate the physical properties of concentrated alkali
or alkaline earth - liquid ammonia solutions [4–6].

A vacuum line was specially designed in order to synthesize the materials in
this thesis, a picture of which is shown in Figure 2.2.

A schematic view of the system is given in Figure 2.3. Reactions were carried
out in a 250 ml two-necked round-bottomed flask (B1). The vacuum line was
connected to an oil pump (allowing evacuation down to 10−4 mbar) via valve 8
(V8). To make sure that gases fed into the vacuum line (typically oxygen) via
V10 were free of water, they were first passed through a drying column containing
activated alumina (Al2O3), sodium peroxide (Na2O2), and molecular sieves. Two
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Synthesis and Characterization

Figure 2.2. The vacuum line system used for the synthesis of alkali metal oxides in this
thesis.

pressure gauges were connected to the vacuum line. In order to control the flow
of ammonia (solvent), the first pressure gauge (G1) was placed near the ammonia
inlet (V1). Pressure gauge 2 (G2) was placed next to the oxygen inlet, which
allowed oxidation of the alkali metal to be controlled carefully. The sample flask
(B1) was connected to the vacuum line via V3 and V4.
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Figure 2.3. Schematic diagram of the vacuum line used for synthesizing alkali metal
oxides in this thesis.

For condensing liquid ammonia, a cylindrical 2 liter pyrex beaker (diameter
25 cm) was filled with ethanol (96%). The alcohol bath was then cooled down
using a closed-cycle Thermo Scientific Haake EK45/90 cryo-compressor (minimum
temperature -90◦C). In the first experiments described in this thesis, the alcohol
was cooled down by creating a mantle of dry ice (CO2). The temperature of the
cold bath was kept at around -65◦C.

High purity alkali metals (99.75%) were obtained from Alfa-Aesar in sealed
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2.1. Sample Handling and Preparations

argon-containing ampoules. The ampoules were broken inside a glove box (N2

atmosphere) and the metals were transferred to a 250 ml round bottomed flask
for further synthesis. The alkali metals were soft enough at room temperature
that they could be cut and handled using a small nickel-stainless steel laboratory
spatula. The flask was pre-dried in vacuum for 3 hours at 300◦C in order to remove
any water that was hydrogen bonded to the inner surface. The flask containing
the alkali metal was transferred carefully to the cold bath (-65◦C) and connected
to the vacuum line. The N2 gas was removed from the flask by opening the valves
connecting it to the vacuum line. High purity, water-free ammonia (Linde gas,
3.8) was condensed into the flask from a 10 liter cylinder. To obtain 100 ml liquid
ammonia, around 20 minutes of condensation was necessary. At the initial stage of
the solvent condensation, a solution with a bronze color was formed. Condensation
was stopped as soon as this bronze colored solution turned blue in color.

Figure 2.4. Setup for oxidation of metal-liquid ammonia solution.

Oxidation of the alkali metal was carried out under static conditions. Dry
oxygen up to a pressure of 600 mmHg was introduced to a 250 ml round bottomed
flask (B2 in Figure 2.3), connected via valves V4 and V5 to the reaction flask
containing the blue alkali metal-liquid ammonia solution. These valves were then
opened to allow oxygen to react with the solution, keeping all other valves closed.
Color changes were seen as time passed. Different alkali metals behave differently
during the oxidation process, as described later. The solution was continuously
stirred using a teflon magnetic stirrer. The pressure inside the reaction container
was monitored by gauge G2.

After oxidation was completed, ammonia was allowed to evaporate by taking
the solution to room temperature, maintaining stirring. Meanwhile, oxygen gas
was added to keep the pressure at around 600 mmHg. After all the ammonia
had evaporated, the resulting powder was annealed in oxygen at 75◦C for 2-3
hours. Although the process of ammonolysis can be slowed down by lowering the
temperature of the reaction solution, few of the alkali oxide samples synthesized
in this thesis showed any indications of the formation of alkali metal amides as a
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Synthesis and Characterization

side reaction. It is probable that the oxidation rate of the metals is much faster
than the formation of the alkali metal amides. As an illustration, the synthesis of
rubidium superoxide (RbO2) took 3-4 hours of oxidation.

2.1.2 Direct Oxidation of Alkali Metals

Direct oxidation was the first method of synthesis attempted during the work for
this thesis and was carried out in the same vacuum line system as for oxidation
in liquid ammonia solution (Figures 2.2 and 2.3). Approximately 0.5 g of alkali
metal was placed in a pre-dried 100 ml, 2-necked round-bottomed flask inside a
glove box. The flask was then taken out of the glove box and connected to the
vacuum line. Before oxygen was introduced to the metal, the metal was heated
to a temperature of approximately 2 K below its melting point using an electrical
heating mantle.

The oxidation procedure was similar to that employed for oxidation in liquid
ammonia solution. Oxygen was introduced slowly in order to avoid a vigorous
reaction. First, a low pressure of oxygen (∼100 mmHg) was accumulated inside a
250 ml round bottomed flask (B2), which was then connected to the flask contain-
ing the heated alkali metal. The oxidation process was very rapid; a color change
was observed at the surface of the metal as soon as O2 made contact with the
metal.

Sample homogeneity is the main challenge in synthesis using the direct oxi-
dation method. Oxidation only takes place at the surface of the metal, while
below the surface the material remains metallic or is oxidized to a lesser degree.
The sample had to be ground and the process repeated at least twice to improve
the homogeneity. In the end, samples of good purity proved difficult to obtain.
Oxidation of alkali metals by the ammonia solution method proved much better in
tackling the homogeneity problem; essentially pure alkali superoxide AO2 samples
can easily be synthesized by this method. However, attempts to synthesize any
intermediate phases between the metallic alkali metal and the fully oxidized AO2

using the solution method failed, even when oxidation of the solution was stopped
before the yellow color of AO2 was seen. The samples obtained from such at-
tempts had poor crystallinity and the phases were difficult to identify. In one
attempt to oxidize cesium metal in liquid ammonia, the product was suspected
to contain cesium amide. However, impure samples of intermediate alkali oxide
phases can be synthesized using the direct oxidation method. The formation of
such intermediate phases can be seen by the presence of different colors. For
example, the direct oxidation of potassium metal results first in reddish brown
potassium suboxide (K2O). Details of the synthesis and characterization of some
of these compounds will be discussed in Chapter 6.
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2.1. Sample Handling and Preparations

2.1.3 Thermal Decomposition

As described above, alkali metal superoxides with full oxygen content (AO2) can
best be obtained by oxidation of the alkali metal in liquid ammonia. Direct oxi-
dation of the metal allows intermediate phases to be isolated, but sample inhomo-
geneity is a problem.

turbo
pump

~10 mbar
-5

furnace

Figure 2.5. Schematic diagram of thermal decomposition system.

An alternative approach to the synthesis of alkali metal oxide phases with lower
oxygen content than AO2 is thermal decomposition of the superoxide. Thermal
decomposition was carried out in a home-made tube furnace connected to a tempe-
rature controller that allowed heating up to 400◦C. Inside a nitrogen-filled glove
box, AO2 powder was placed in a boat alumina crucible and put inside a cylindrical
glass tube with a valve at one end. This tube was removed from the glove box and
inserted into the tube furnace. The end with the valve was connected to a turbo
pump and evacuated to 10−6 mbar. Pumping was continued during heating. The
outer mantle of the tube furnace was connected to a water line for cooling. A
schematic diagram of the thermal decomposition system is shown in Figure 2.5.

Alkali metal superoxides decompose upon heating in vacuum, from the litera-
ture most likely in the following steps:

MO2 −→ M4O6 −→ M2O2 −→ M2O (2.2)

There is some controversy regarding the existence of the so-called alkali sesqui-
oxides (M4O6), compounds that nominally contain both superoxide and peroxide
molecules. Reports have claimed that such compounds exist for all members of the
alkali group except hydrogen (H) and possibly francium (Fr) [7, 8]. On the other
hand, some reports claim that potassium sesquioxide cannot be stabilized [9, 10].
Instead, peroxide and superoxide anions only coexist with potassium in a mix-
ture of potassium peroxide (K2O2) and potassium superoxide (KO2). So far, only
rubidium sesquioxide and cesium sesquioxide have been studied in any detail. It is
reported that they are possible to synthesize by the solid state reaction of AO2 and
A2O, and their magnetic properties have also been reported [11, 12]. However, the
preparation of such materials by thermal decomposition has been little studied.
In 1962 Kraus and Petrocelli suggested that thermal decomposition of RbO2 can
give other rubidium oxide phases [13]. Indeed, it will be shown in Chapters 3 and
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Synthesis and Characterization

4 that novel alkali oxides of lower oxygen content can be synthesized by thermal
decomposition of alkali superoxide. The occurrence of decomposition was signified
by an increase in pressure on heating due to the release of oxygen from the ma-
terial. Decomposition was assumed to be complete when the pressure decreased
again. Furthermore, a color change was observed during decomposition.

The decomposition temperature of AO2 was found to decrease from top to
bottom of the alkali metal group. As an illustration, the decomposition of KO2

required 340◦C whereas RbO2 began to decompose at 150◦C.

2.2 Phase Analysis and Structural Characteriza-
tion

2.2.1 X-Ray Powder Diffraction

X-ray powder diffraction (XRPD) was used for both simple phase analysis and to
obtain detailed information about the crystallographic properties of the samples.
In a sealed x-ray tube, the x-ray beam is produced by the collision of high energy
electrons with a metal target. A tungsten filament subjected to a high voltage (40
kV) acts as the electron source. The wavelength of the x-rays is a characteristic of
the metal target used. Our laboratory x-ray diffractometer (Huber G670) employs
either molybdenum (Mo) or copper (Cu) as the metal target. This corresponds to
a wavelength of 0.7093 Å (Kα1+α2 lines) for the former and 1.5406 Å (Kα1 line)
for the latter. The x-rays produced are passed through a primary germanium (Ge)
or quartz (SiO2) monochromator to select Kα radiation before being passed to the
sample (for the Cu source the Kα1 line can be selected). Some of the early x-ray
diffraction measurements presented in this thesis used Mo radiation, but this gave
problems with high sample absorption for rubidium oxides because the wavelength
lies close to the K-absorption edge of rubidium. As a result, the signal to noise
ratio of the diffraction patterns was rather poor, and Cu Kα radiation proved to
be a better choice.

The Huber G670 diffractometer is equipped with a sample chamber that can
be pumped down to 10−4 mbar and cooled down to 20 K using a closed-cycle
refrigerator. Measurement under inert atmosphere or vacuum conditions is ne-
cessary for highly hygroscopic samples such as the alkali metal oxides. Moreover,
to avoid direct contact with air during transfer to the diffractometer, the sample
was sandwiched between two mylar films that were sealed in place with a metal
ring. For high temperature measurements, the Huber G670 utilizes a U-shaped
aluminum oxide heater controlled by a HTC 9634 unit. A commercially available
Pt100 thermo-element was used as the temperature sensor. This system can be
heated up to 900◦C when the powder is contained in a glass/quartz capillary. In
order to avoid moisture contamination, one end of the capillary was sealed using
a flame or a quick-drying adhesive.

The Huber G670 diffractometer utilizes Guinier (transmission) geometry with
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2.2. Phase Analysis and Structural Characterization

an imaging plate for x-ray detection, which is scanned using a laser (see Figure 2.6).
The imaging plate detection offers refinable x-ray data within a much shorter time-
scale than a point detector. For typical phase analysis, x-ray diffraction patterns
were obtained in 30-60 minutes. The angular (2θ) scan range was 0◦ to 100◦ with
a step size of 0.005◦. Longer scans (2-3 hours) were usually sufficient to obtain
good enough data for detailed crystallographic refinement. Another advantage of
the Huber diffractometer is the easy change of sample environment and alignment
of the beam. However, a disadvantage is that the peak profiles obtained from the
Huber diffractometer can be tricky to refine. The peaks at lower 2θ angles are
highly asymmetric, although they can be reasonably well modeled by refining the
asymmetric peak shape parameters included in most analysis software.

Monochromator

Sample

Detecting film

Figure 2.6. Guinier configuration in Huber G670 diffractometer with imaging plate.
The figure is reproduced from [14].

Simple phase analysis and comparison of diffraction patterns were done using
the software PowderCell [15]. Rietveld refinements were performed using the GSAS
(General Structure Analysis System) software [16, 17].

2.2.2 Neutron Diffraction

Neutrons have no charge and can thus penetrate further into a material than x-
rays. One other advantage of neutrons compared to x-rays is that the scattering
factor of neutrons does not depend systematically on the atomic number of the
atoms in the material being examined, allowing the positions of many light ele-
ments to be probed. Moreover, the magnetic moment of neutrons makes it possible
to ”see” both the crystal structure and the magnetic structure if there is long-range
magnetic ordering.

Neutron diffraction experiments were carried out on the GEM (General Ma-
terials) diffractometer at ISIS, Rutherford Appleton Lab., United Kingdom. ISIS
produces a white beam of pulsed neutrons from a spallation source. The sample
(mass 0.5 g) was loaded into a cylindrical vanadium can in a N2 glove-box and
sealed using an indium (In) ring. The sample can thus contained an estimated
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Synthesis and Characterization

0.12 mL liquid N2 below 77 K, but this was not visible in the diffraction patterns.
The GEM detector arrays cover a total area of 7.270 m2 at scattering angles span-
ning from 1.2◦ to 171.4◦ and grouped in 6 different banks. The data were again
analyzed using the GSAS software.

2.3 Physical and Chemical Properties

2.3.1 Magnetization Measurements

The magnetic properties of all the samples in this thesis were measured using a
Quantum Design MPMS-XL7 SQUID magnetometer, operating between 2 and
350 K with a maximum magnetic field of ±7 T (Figure 2.7). The system contains
two main parts: a superconducting magnet for applying magnetic fields, and a
pick-up coil for detecting magnetic signals from the samples. The pick-up coil is
connected to a SQUID (Superconducting Quantum Interference Device), which
gives extremely high sensitivity in detecting magnetic signals. During measure-
ment the sample is moved up and down, giving an alternating magnetic flux in
the pickup coil. The alternating magnetic flux is output by the SQUID as an
alternating voltage, which is then amplified and read as the magnetic moment of
the sample. The SQUID can detect magnetic moments down to 10−7 emu.

Figure 2.7. Quantum Design MPMS-XL7 in Solid State Materials for Electronics group.

For magnetization measurements of the alkali metal oxide powders, the sample
was loaded into an NMR tube in a N2-filled glovebox. The tube was then sealed
using a small flame while pumping to evacuate it. The sealed NMR tube was
inserted into a plastic straw and attached to the end of the MPMS probe stick
using tape.

The magnetization as a function of temperature was measured using both the
zero-field-cooled (ZFC) and field-cooled (FC) methods. In the ZFC procedure,
the sample was cooled down in the residual field of the magnetometer to 2 K. A
measurement field was then applied and measurements were taken on warming.
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2.3. Physical and Chemical Properties

Field-cooled measurements were carried out in the same manner but after cooling
from room temperature to 2 K (5 K/min) in the measurement field. Typically,
at the start of the measurement, the sample was inserted from room temperature
into the cryostat at 25 K and equilibrated for about 5 minutes. Sample centering
was then carried out at 25 K by applying 100 Oe magnetic field. Magnetization
was also measured as a function of magnetic field applied to the sample in the ”no
overshoot” mode.

Spin dynamics were analyzed by alternating (AC) susceptibility and thermore-
manent magnetization (TRM) measurements. In the former, an AC magnetic field
with a maximum amplitude of 3.8 Oe was applied on top of a small DC field. The
frequency of the AC field was varied between 0.001 - 1000 Hz. The AC suscep-
tibility measurements were performed after a ZFC procedure. Thermoremanent
magnetization measurements were carried out using the following procedure. The
sample was cooled down to the measuring temperature by either the ZFC or FC
procedure. After waiting for some time (tw) in zero or applied magnetic field, the
magnetization was measured as a function of time.

2.3.2 Differential Scanning Calorimetry-Thermogravimetric
Analysis

To gain insight into phase transitions related to changes in material composition,
differential scanning calorimetry - thermogravimetric analysis (DSC-TGA) expe-
riments were carried out. The experiments were performed using a SDT 2960
(TA Instruments) machine. The highly air-sensitive nature of the materials syn-
thesized in this thesis made these measurements challenging. To remove as much
moisture as possible from the system, the measurement gas was passed through a
drying column prepared as in Figure 2.3, and the gas outlet at the other end of
the machine was connected to a paraffin bubbler.

1 cm

Figure 2.8. TGA pan with a lid on top of it.

The sample was placed in an alumina cup with a loosely fitting lid (see Figure
2.8). The sample holder was prepared inside a N2-filled glove-box and transferred
quickly to the DSC/TGA machine using a sealed pyrex tube. To probe phase
transitions occurring during thermal decomposition, the sample was measured in
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a reducing atmosphere, resulting in weight loss. In this case Ar gas was used. On
the other hand, O2 gas was used to analyze weight gain during oxidation. The gas
flow during the measurements was kept at 100 cm3/min.

2.3.3 Raman Spectroscopy

The different types of oxygen species were analyzed using Raman spectroscopy.
These measurements were done in the group of Optical Condensed Matter Phy-
sics, Zernike Institute for Advanced Materials. Sample preparation was carried
out inside a N2-filled glove box. In order to get good thermal contact in variable
temperature measurements, a pressed polycrystalline sample was prepared on top
of a copper (Cu) plate (shown in Figure 2.9), which was then put inside a cryostat
(Oxford Instruments) and tightly sealed inside the N2-filled glove-box. The cryo-
stat was fixed in place on the spectrometer, connected to a turbo pump, evacuated
to 10−5 mbar and cooled down to 4 K. The sample was excited with a 532 nm
laser, focused to an area of 50 µm2. Spectra with a reasonable resolution could
be obtained using a laser power density of 0.05 mW/µm2. Raman spectra were
measured in a backscattering configuration using a liquid nitrogen-cooled charged
coupled device (CCD) connected to a three-grating micro-Raman spectrometer
(T64000 Jobin Yvon).

2 cm

Figure 2.9. Modified copper (Cu) plate for temperature dependent Raman spectroscopy
measurements.

2.4 Thin Film Deposition

Thin films of rubidium oxide were prepared by the oxidation of evaporated rubi-
dium metal. An ultra-high vacuum (4×10−10 mbar) chamber was used to perform
deposition and x-ray photoemission spectroscopy (XPS) was used for chemical
analysis of the thin films. Due to the air sensitivity of the samples, spectra were
obtained directly after film deposition, requiring a collection time of 6 hours. The
XPS measurements made use of an Al Kα source (∼1468.6 eV) giving a resolution
of around 0.2 eV.
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Rubidium metal was evaporated by passing current through an alkali metal
dispenser (SAES Getter, S.p.A., Milan). The alkali metal dispenser stripe was
normally in the form of the alkali metal chromate (A2CrO4) mixed with a reducing
agent composed of 84% zirconium (Zr) and 16% aluminum (Al) [18]. The optimum
current was found to be between 4.5 and 7.4 A; for the experiments presented in
this thesis, 5.5 A was used. The flux rate of the rubidium evaporated under
these conditions was 0.1-0.2 Å/second. Figure 2.10 shows a schematic diagram of
the deposition system. Rubidium oxides were deposited on an (insulating) MgO
substrate. The conditions during deposition were varied. The oxygen partial
pressure was set at 10−7 or 10−6 mbar in each experiment. Substrate temperatures
were set at between 30◦C and 120◦C.

O2

MgO

Figure 2.10. Schematic diagram of thin film deposition system.
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