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Abstract

Alkali (A) and alkaline earth (AE) metals can form carbides and intercalated
graphites with carbon. The carbides mostly represent acetylides which are
salt-like compounds composed of C2−

2 dumbbell anions and metal cations.
Both the acetylide carbides and intercalated graphites are technologically
important. Superconductivity has been observed in several intercalated
graphites such as KC8 and CaC6. Li intercalated graphites are a major
ingredient in Li ion batteries. CaC2 is an important commodity for producing
acetylene and the fertilizer CaCN2.

In spite of the extensive research on A–C and AE–C compounds, phase
diagrams are largely unknown. The thermodynamic and kinetic properties of
both carbides and intercalalated graphites are discussed controversially.
Recent computational studies indicated that well-known carbides, like CaC2
and BaC2, are thermodynamically unstable. Additionally, computational
studies predicted that acetylide carbides will generally form novel polymeric
carbides (polycarbides) at high pressures. This thesis is intended to check the
validity of theoretical predictions and to shed light on the complicated phase
diagrams of the Li–C and the Ca–C systems.

The Li–C and the Ca–C systems were investigated using well-controllable
metal hydride–graphite reactions. Concerning the Li–C system, relative
stabilities of the metastable lithium graphite intercalation compounds
(Li-GICs) of stages I, IIa, IIb, III, IV and Id were studied close to the
competing formation of the thermodynamically stable Li2C2. The stage IIa

showed distinguished thermal stability. The phase Id showed thermodynamic
stability and hence, was included in the Li–C phase diagram. In the Ca–C
system, results from CaH2–graphite reactions indicate compositional
variations between polymorphs I, II and III. The formation of CaC2 I was
favored only at 1100 ◦C or higher temperature and with excess calcium,
which speculates phase I as carbon deficient CaC2−δ .

To explore the potential existence of polycarbides, the acetylide carbides
Li2C2 and CaC2 were investigated under various pressure and temperature
conditions, employing diamond anvil cells for in situ studies and multi anvil
techniques for large volume synthesis. The products were characterized by a
combination of diffraction and spectroscopy techniques. For both Li2C2 and
CaC2, a pressure induced structural transformation was observed at relatively



low pressures (10–15 GPa), which was followed by an irreversible
amorphization at higher pressures (25–30 GPa). For Li2C2 the structure of the
high pressure phase prior to amorphization could be elucidated. The ground
state with an antifluorite Immm structure (coordination number (CN) for C2−

2
dumbbells = 8) transforms to a phase with an anticotunnite Pnma structure
(CN for C2−

2 dumbbells = 9). Polycarbides, as predicted from theory, could
not be obtained.

Keywords: Acetylide carbides, high pressure, Raman spectroscopy, powder
X-ray diffraction, Rietveld refinement
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1. Introduction

Metal carbides constitute a rather large and diverse class of materials. The
various metal–C bonding patterns give rise to a broad spectrum of properties.
Metal carbides may be superconductors, semiconductors, ferromagnets, hard
materials, or sources for acetylene. Typically metal carbides are classified
into two major groups as shown in Figure 1.1. These are “salt-like” in
conjunction with reducing metals (i.e. alkali (A), alkaline earth (AE),
aluminum and rare earth (RE)) and “metallic” in conjunction with transition
metals. Transition metal carbides (TMCs) are regarded as close packings of
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Figure 1.1: The periodic table of carbides. Classification is mostly based on
electronegativity differences. Adapted from Ref. [1].

metal atoms (either cubic close packing (ccp) or hexagonal close packing
(hcp) in which carbon atoms are incorporated in the octahedral interstitial
sites. TMCs play an important technological role as refractory ceramic
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materials. The majority of salt-like carbides [2] correspond to acetylides,
which contain carbon as C2−

2 dumbbell units, isoelectronic to dinitrogen. In
rare cases methanides with completely reduced carbon, C4− (Al4C3, Be2C),
or allylenides with C4−

3 moieties (Mg2C3) [3], isoelectronic to CO2, are
found. CaC2 was used extensively in the production of acetylene and the
fertilizer CaCN2 [4]. A and AE are also capable of forming graphite
intercalation compounds (GICs) [5]. GICs are usually not considered as
carbides. Li-GICs play an important role as negative electrodes in Li ion
batteries [6]. Superconductivity is observed in most A- and AE-GICs, with
CaC6 being the record holder (Tc = 11.5 K) [7].

This thesis is concerned with main group metal A–C and AE–C systems,
in particular Li–C and Ca–C. Important questions addressed are the
thermodynamic relation between acetylide carbides and GICs, complex phase
relations between known polymorphs of acetylides, and the search for weakly
stable and metastable carbides with novel compositions and structures.

1.1 Group I and II carbides and GICs

1.1.1 Synthesis

Li2C2 is the only alkali metal carbide which can be synthesized directly from
the elements [8]. Carbides A2C2 of the heavier A (A = Na–Cs) are synthesized
according to the following reactions [2].

2A+2C2H2
NH3(l)−−−−→ 2AC2H +H2 (A = Li−Cs)

2NaC2H 180 ◦C−−−→ Na2C2 +C2H2

2AC2H +2A 200−250 ◦C−−−−−−→ 2A2C2 +H2 (A = K,Rb, and Cs)

AEC2 with AE = Ca–Ba can be prepared from the metal oxides or
carbonates in high temperature carbothermal reductions, or from direct
elemental reactions [2].

AEO+3C(gr) >2000 ◦C−−−−−→ AEC2 +CO

AECO3 +3C(gr) >2000 ◦C−−−−−→ AEC2 +CO+CO2

AE +2C(gr) ≈900 ◦C−−−−→ AEC2

MgC2 can only be synthesized by reacting magnesium powder and acetylene
at temperatures between 450–480 ◦C. MgC2 decomposes to the allylenide

2



(sesquicarbide) Mg2C3 at temperatures slightly higher than its formation
temperature. Beryllium forms the methanide Be2C.

GICs of the heavier alkali metals (A= K, Rb, and Cs) can be prepared by
the two zone vapor phase method [9]. In this method the alkali metal and
graphite are sealed in a glass tube and heated in a two zone furnace at two
different temperatures, TA and TG, respectively (where TG >TA). TA controls
the vapor pressure of the alkali metal and the temperature difference (TG-TA)
determines the composition of the GIC. Li-GICs are difficult to prepare by
this method as the low vapor pressure of Li makes the reaction kinetics
extremely slow. Li-GICs are more conveniently prepared by compressing Li
metal and graphite powder at 10–20 kbar with simultaneous heating [10], or
by immersing graphite crystal flakes in Li or Li-Na melts at temperatures
between 200 ◦C and 380 ◦C [11–13]. Ball milling of Li and graphite, either
employing a lubricant (dodecane)[14] or so-called “stabilized lithium metal
particles" [15], can be used to obtain Li-GICs. Na-GICs are not known. This
is usually explained with an unfavorable size and/or ionization potential of Na
for intercalation [9]. GICs of the alkali metals can occur in different
compositions (so-called stages, as discussed later). The formation of a
particular stage is controlled by the applied graphite/A ratio. AE-GICs are
difficult to make due to the very low vapor pressure of AE and their high
ionization energies. GICs of Be and Mg are not known. Recently bulk CaC6
was synthesized by reacting a liquid lithium-calcium melt with graphite at
350 ◦C for 10 days [16]. Both SrC6 and BaC6 can be synthesized by the vapor
phase reactions between the respective metals and highly oriented pyrolytic
graphite (HOPG) using a very long reaction time (from two weeks to more
than a month) [17; 18].

1.1.2 Structures

Crystalline alkali metal carbides represent acetylides A2C2 which are all
structurally characterized [2]. A2C2 (A = Li, Na, and K) has a distorted
antifluorite structure in which alkali metals are coordinated by four C2

2−

dumbbells, and the dumbbells are, in turn, coordinated by eight metal atoms.
A first order phase transition to the cubic antifluorite structure with
rotationally disordered dumbbell units occurs at temperatures 420 ◦C, 300 ◦C,
and 150 ◦C for Li2C2, Na2C2, and K2C2, respectively. The Li2C2-room
temperature (RT) phase is isotypic to Rb2O2 (space group (SG) Immm) with
dumbbells aligned parallel to one of the orthorhombic axes. In the Na2C2 and
the K2C2-RT phase (SG I41/acd), dumbbells align perpendicularly to the
tetragonal c axis. Rb2C2 and Cs2C2 are polymorphic and exist in two forms.
The first modification crystallizes in the hexagonal Na2O2 structure type (SG

3
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Rb2C2 Pnma

ab
c

No HT phase 
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a)
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a c

Figure 1.2: (a) From left to right: crystal structure of LT Li2C2 (SG Immm),
coordination of C2 dumbbells by eight Li atoms and crystal structure of HT Li2C2
(SG Fm3̄m). (b) left: crystal structure of orthorhombic Rb2C2 (SG Pnma), right:
coordination of C2 dumbbells by nine Rb atoms (A: gray circles, C: red circles).

P6̄2m), and the second one with an orthorhombic structure closely related to
anti-PbCl2 (SG Pnma). No high temperature (HT) phase transition is reported
for Rb2C2 and Cs2C2. In Figure 1.2 the crystal structures of Li2C2 and low
temperature (LT)-orthorhombic Rb2C2 are shown.

The crystal structures of AEC2 (AE = Mg–Ba) are related to the rock salt
NaCl structure, with metal and C2

2− dumbbell ions being octahedrally
coordinated (Figure 1.3). CaC2 is polymorphic: at room temperature it exists
in three modifications – CaC2 I, CaC2 II, and CaC2 III. In the CaC2 I structure
(SG I4/mmm), C2 dumbbells lie parallel to the tetragonal axis. This contrasts
the structure of MgC2 (SG P42/mnm) in which the dumbbells are oriented
perpendicular to the tetragonal axis. The possibility of different orientations
of the dumbbells within AE6 octahedra provides a rich playground for
polymorphism. CaC2 II (SG C2/c) is isotypic to ThC2, and CaC2 III (SG
C2/m) is a unique structure type on its own. SrC2 and BaC2 also exist in two
modifications I and II, which are isostructural with CaC2 I and II,
respectively. At high temperatures, the carbides AEC2 (AE = Ca, Sr, and Ba)
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CaC2 IV CaC2 I MgC2

ab

c

Figure 1.3: Crystal structures of CaC2 IV (HT-phase, SG Fm3̄m), CaC2 I (SG
I4/mmm) and MgC2 (SG P42/mnm). For CaC2 I, a pseudocubic unit cell is
drawn.(AE: gray circles, C: red circles).

undergo a phase transition to the cubic NaCl-type phase, with orientationally
disordered dumbbell units (the phase transition temperatures for CaC2, SrC2,
and BaC2 are around 490, 427, and 250 ◦C, respectively). Be does not form
an acetylide carbide BeC2, but the methanide Be2C which crystallizes in an
anti-CaF2 structure. In addition to MgC2, Mg also forms the allylenide
Mg2C3 which contains [C=C=C]4− units as was confirmed by neutron
diffraction [3].

The structures of A- and AE-GICs are closely related to graphite (Figure
1.4). Graphite (P63/mmc, a = 2.47 Å and c = 6.70 Å) has a layered structure,
in which carbon honeycomb nets are stacked with an interplanar distance of
3.35 Å [19]. The mechanism of insertion is known as ‘intercalation’, the
guest is termed as ‘intercalate’ and the compound formed is an ‘intercalation
compound’. The separation of the adjacent nets increases when guest atoms
are inserted. The thickness of the intercalated slabs and the thickness of
empty slabs (void of guest) are different, so typically an ‘average distance’ is
considered. GICs display the ‘staging’ phenomenon, which means that
intercalated layers are periodically arranged within graphite layers. The stage
index ‘n’ denotes the number of graphite layers between adjacent intercalated
layers. Examples of stage I GICs are LiC6, AC8 (A= K, Rb, and Cs) and
AEC6 (AE = Ca, Sr, and Ba). Here, the metal atoms are situated between all
the consecutive graphite layers. In stage II, III, etc GIC metal atoms are
inserted in every other, third, etc graphite layer. Additionally, metal atoms
within intercalated layers may give rise to superstructures with respect to the
ab plane of graphite (Figure 1.5). This is known for LiC6 (

√
3×
√

3
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superstructure) and KC8 (2× 2 superstructure). Note, because of the smaller
size of Li, an intercalated layer can host a larger concentration of Li. The
stacking sequence of nets in hexagonal graphite is AB, that is, every alternate
layer of graphite is repetitive. Upon intercalation, the AB sequence between
two adjacent nets becomes AA because the metal prefers to be sandwiched
between two hexagon rings of carbon atoms. Layers void of intercalate
(obviously for stages higher than I) would maintain the graphite AB stacking
of the consecutive net. This is the simple rule of intercalation. Stage IIa

(found for LiC12) is the only exception where both the empty and intercalated
layers maintain AA stacking between the nets. By this simple intercalation
rule stacking sequences for all stages may be derived. A last point to
remember is that ‘A’ and ‘B’ refer to stacking of graphite layers whereas α

and β indicate the stacking of metal atoms; for example stage IIb will be
represented as AαABβB.

1.2 Group I/II–C phase relations

Surprisingly, only for a few systems A–C and AE–C phase diagrams are
reported. In Figure 1.6 two phase diagrams of Li–C are shown [20; 21]. It

Okamoto 1989 Kozlov et al. 2013
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Figure 1.6: Li–C phase diagrams at ambient pressure. Adapted from Ref. [20]
(left) and Ref. [21] (right).

contains both the carbide Li2C2 and the Li-GICs. However, Li-GICs have
been reported to be (a) metastable with respect to decomposition into Li2C2
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and graphite (i.e. 2 LiC6 = Li2C2 + 10 C) and (b) metastable/weakly stable
with respect to Li and graphite. Li-GICs have been investigated extensively
using electrochemical cells. Their interplay/relation with Li2C2 is not clear.
Recently the enthalpy of formations of Li2C2 and LiC6 has been recalculated
using the CALPHAD method and found to be –16.3 and –2.2 kJ mol-atm−1,
respectively [21]. Li2C2 is the most stable compound in the Li–C system,
contrary to the heavier A–C system where A-GICs (A = K, Rb, and Cs) are the
stable species. Heats of formation for AC8 (A = K, Rb, and Cs) are reported to
be negative [22]. However, the enthalpy of formations of Na2C2 is reported to
be positive [23]. Both MgC2 and Mg2C3 are metastable with respect to their
formation from the elements (enthalpy of formations of Mg2C3 and MgC2 are
+79.5 kJ/mol and +87.86 kJ/mol, respectively) [24]. Ca, Ba, and Sr can form
both acetylides and GICs from direct elemental reactions. However, the
formation of GICs for these metals appears to be more difficult than the
carbide formation. At this point the thermodynamic relations between
AE-GICs and AEC2 are largely unknown (but see next section). Additionally,
it is puzzling that the synthesis of AEC2 always yields a blend of polymorphs
[2]. Polymorphism is most pronounced with CaC2 [25–27]. Reaction
temperature, stoichiometry, and the presence of impurities (which can
dissolve in CaC2 such as CaS and CaCN2) can affect the phase fractions of
different polymorphs. Interestingly, mechanical deformations (grinding) can
induce a phase transition at room temperature and Bredig proposed a
one-component phase diagram of CaC2 already in 1942 which is still
accepted today and shown in Figure 1.7(a) [27]. Figure 1.7(b) shows a
sketch of relations between the CaC2 polymorphs based on Bredig’s and more
recent findings [27–29]. These relations are, however, still not completely
understood.

1.3 New findings from computations

Until about 5 years ago, the crystal structures and properties of metal carbides
seemed well established and plain text book knowledge. The situation
changed when computational studies, using recently developed
parameter-free crystal structure search methodologies, predicted novel forms
of salt-like carbides containing polymeric structures of carbon [30–33].
Negatively charged carbon polymers (i.e. polyanions stabilized by
electrostatic interactions with surrounding cations) were unprecedented and
raised expectations into interesting optical and electrical properties. In
particular, both Li2C2 and CaC2 were predicted to undergo transformations
(polymerization) at very moderate pressures (below 6 GPa) into enthalpically
more favorable structures containing carbon chains which resemble

8
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adapted from Ref. [27] and (b) summary of relations according to Ref. [27–29].
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Figure 1.8: Predicted polycarbides Cmcm-Li2C2, Cmcm CaC2 and Immm CaC2.
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Figure 1.9: Phonon dispersion curve for CaC2 I. Adapted figure from paper II.

polyacetylene. Importantly, it was also suggested that these new carbides,
once formed at higher pressures, can be retained at ambient pressure where
they represent superconductors with critical temperatures exceeding 10 K.
Predicted polymorphs of both of these carbides (Cmcm Li2C2 with CrB-type
structure, Cmcm CaC2, and Immm CaC2) are shown in Figure 1.8. Cmcm
CaC2 is energetically closely competing with the ground state structure C2/c
CaC2 .

Moreover, computational studies questioned the thermodynamic stability
of CaC2 in favor of a not yet known allylenide Ca2C3 [34]. Similarly, for
the Ba–C system it was predicted that instead of BaC2, rather the intercalated
graphite BaC6 represents the thermodynamically most stable compound [35].
These findings are supported by phonon dispersion calculations showing that
CaC2 I is not dynamically stable (Figure 1.9).

The recent computational findings are remarkable as they challenge
almost century-old text book knowledge. At the same time, they point to the
fact that the chemical versatility of salt-like metal carbides has been gravely
underestimated. Will the new findings for old carbides uncover yet another
interesting facet of carbon chemistry, opening up for novel chemical
compounds and materials? The answer to this question would require
experimental verification of the computational predictions.
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1.4 Aim of the thesis

This thesis is concerned with (a) the investigation of the computationally
challenged phase diagram of the Ca–C, (b) the relative stability of Li-GICs
with respect to thermodynamically stable Li2C2, and (c) finally investigations
of the validity of computationally predicted carbides with polyanionic carbon
structures at high pressure. For the experimental verifications, two approaches
have been used— (i) a reaction procedure where carbides can be formed at
comparably low temperatures (around 500 ◦C). This may allow to access
metastable and/or thermodynamically weakly stable carbides and (ii) the
application of high pressures for investigating and synthesizing carbides.

1.4.1 Metal hydride–graphite reactions

Conventional bulk synthesis of metal carbides employs elemental metals or
metal oxides, as already outlined in chapter 1.1.1. In both the cases, but
especially for the carbothermal oxide reduction, high temperatures (ranging
from ≈1200 to 2500 ◦C) are needed. Using metal hydride–graphite reactions,
carbide formation can be formulated as follows.

MHn + xC(gr)→MCx +
n
2

H2

In thermally activated reactions the metal hydride decomposes at elevated
temperatures, typically far below 1000 ◦C, cleanly to M with a high surface
area. This greatly improves kinetics, and carbide formation may be achieved
at temperatures as low as 500 ◦C. Furthermore, in hydride–graphite reactions
both reactants represent powders that can be intimately mixed and
homogeneously processed. This allows for a reliable stoichiometric control of
the metal–C ratios and, importantly, will also facilitate carbide formation.

LiH and graphite were reacted in the temperature interval 400–550 ◦C to
probe the formation and thermal stability of metastable ‘staged’ Li-graphite
intercalation compounds (Li-GICs), close to the competing formation of
thermodynamically stable Li2C2.

xLiH +6C(gr) = LixC6 +(x/2)H2 (intercalation)

2LiH +2C(gr) = Li2C2 +H2 (carbide f ormation)

CaH2 graphite reactions were performed in the temperature interval
700–1400 ◦C. The intention was to shed light into the complex interplay
between the three different CaC2 phases, tetragonal I and monoclinic II and
III, which coexist at standard pressure and temperature. The CaH2–graphite
reaction is expected to happen according to the following equation

CaH2 +2C(gr) =CaC2 +H2
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1.4.2 High pressure experiments

In this thesis, in situ high pressure investigations of Li2C2 and CaC2 were
performed in a diamond anvil cell (DAC) using Raman spectroscopy and
synchrotron powder X-ray diffraction (PXRD). Ex situ investigations
targeting the synthesis of new carbides were performed in a multi anvil (MA)
cell. Here either the carbides Li2C2 and CaC2 or mixtures of metal hydrides
and graphite (i.e. targeting hydride–graphite reactions) were simultaneously
compressed and heated. After this treatment the samples were quenched to
ambient temperature and decompressed.

Prior to this thesis/during this thesis, other research groups reported high
pressure investigations for BaC2 and LaC2. Both BaC2 and LaC2 are
structurally isotypic to CaC2 I. For BaC2 at pressures around 4 GPa a phase
transition to a CsCl-type related structure occurs with an increase of
coordination number from 6 to 8 [36]. At 30 GPa BaC2 undergoes an
irreversible amorphization. LaC2 on the other hand undergoes a
pressure-induced reversible amorphization at around 13 GPa [37]. Therefore,
at least these systems do not show any (clear) indication for pressure-induced
polycarbide formation.
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2. Materials and Methods

2.1 Starting materials

All starting materials were stored in an argon filled glovebox (O2 and moisture
< 0.1 ppm). The shape and purity of the starting materials are listed in Table
2.1. Graphite powder was always degassed at 900 ◦C under dynamic vacuum
for several hours prior to use. In case of metal hydride–graphite reactions,
the powders were mixed homogeneously in an agate mortar and pressed into
pellets. Li and Ca metal were always cut into small pieces. In case of Li,
surface layer was removed prior to the reaction.

Table 2.1: Materials specifications.

Starting material Shape /
Purity Supplier

(CAS) morphology

Lithium hydride
powder

99.4%
Alfa Aesar

(7580-67-8) (metals basis)

Graphite
powder

99.9995%
ABCR

(7782-42-5) (metals basis)

Lithium
rod

99.9%
Aldrich

(7439-93-2) (trace metals basis)

Calcium Dendritic 99.99%
Aldrich

(7440-70-2) (purified by (trace metals basis)

distillation)

2.2 Reaction containers for the ambient pressure synthesis

Depending on the reaction conditions either stainless steel or tantalum (Ta)
ampoules were used. Typical dimensions of the metal ampoules were 50 mm
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in length and 10 mm outer diameter. Prior to use, the ampoules were cleaned
with a soap solution, acetone, ethanol and distilled water and then dried in an
oven. Clean and dry ampoules were always stored in an Ar filled glovebox.
Depending on the reaction criteria, the ampoules were either crimped shut or
hermetically sealed by welding inside the glovebox. Ampoules were then
transferred to a fused silica jacket (length = 400 mm and outer diameter = 26
mm) and closed under an argon atmosphere before being taken out from the
glovebox. For the synthesis of calcium hydride, a corundum (Al2O3) crucible
was used. The crucible was placed in a custom built stainless steel autoclave.

2.3 Experimental setup for ambient pressure synthesis

Most of the metal hydride–graphite reactions were performed inside a vertical
tube furnace. Silica jackets were connected to a Schlenk line with a rubber
tube. A dynamic vacuum (p < 10−3 mbar) was created by combining a rotary

Vertical tube furnace
connected to schlenk line RF furnace sealed

Ta ampoule

a) b) c)

Figure 2.1: Experimental setup for metal hydride–graphite reactions under
dynamic vacuum: (a) conventional furnace, (b) radio inhibition frequency
furnace, and (c) a hermetically sealed Ta ampoule.

pump and a diffusion oil pump. A cold trap of dry ice and acetone was placed
between the oil pump and the silica jacket to ensure no oil vapor could pass
into the sample. The gap between the silica jacket and the furnace was filled
with quartz insulation wool. A K-type thermocouple was placed close to the
sample. The application of a dynamic vacuum is beneficial for the release
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and removal of hydrogen during the hydride–graphite reactions. Reactions
at temperatures below 550 ◦C were performed in crimped-shut stainless steel
ampoules. Reactions at higher temperatures were performed in hermetically
sealed Ta ampoules. Ta is known to be permeable to hydrogen above 600 ◦C
[38]. Reactions at > 1000 ◦C could not be performed in a tube furnace and
were instead performed in a radio frequency (RF) induction furnace (Huttinger,
TIG 5/300). In this case, the temperature was monitored by a pyrometer. A
typical reaction setup and metal ampoule are shown in Figure 2.1.

2.4 Synthesis of Li2C2 and CaC2 from the elements

Li2C2 and CaC2 were prepared by heating stoichiometric mixtures of metal
and graphite inside a welded Ta ampoule at 800 ◦C for 1 h and 1200 ◦C for
3h, respectively. The synthesis was carried out in the RF furnace. The
samples were allowed to cool by turning off the furnace and were
subsequently recovered inside the glove box. The phase purity of the samples
was checked by PXRD and Raman spectroscopy. The samples were used for
DAC Raman experiments at room temperature and also for multi anvil cell
experiments.

2.5 Metal hydride–graphite reaction conditions

The starting material LiH (specification in Table 2.1) was purchased and used
as supplied. CaH2 was prepared by reacting elemental calcium at 300 ◦C under
20 bar hydrogen for 10 h.

LiH–C reactions: For studying the interplay between Li-GIC and Li2C2
formation, LiH/graphite mixtures were reacted at temperatures between 400
and 550 ◦C. At temperature below 400 ◦C reaction rates were negligible
whereas at temperatures above 550 ◦C Li2C2 formed rapidly. Three different
LiH/C molar ratios (4:1, 1:1, and 1:6) were chosen in order to study the
influence of LiH activity. The dwelling period was varied between 1–72 h.

CaH2–C reactions: A mixture of CaH2 and graphite powder were reacted
at 700, 900, 1100, and 1400 ◦C, respectively. CaH2/C molar ratios were chosen
to be 1.8 (i.e. carbon deficient), 2.0, and 2.2 (carbon excess). Reactions at
700–1100 ◦C were performed using two different dwelling times (6 and 24 h).
Reactions at 1400 ◦C were carried out in a radio frequency induction furnace
using a short dwelling time of 15 min. The reaction conditions are summarized
in Table 2.2.
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Table 2.2: Metal hydride–graphite reaction conditions.

Reaction Stoichiometry
Temperature Dwelling time

container
(◦C) (h)

LiH + C
4:1, 1:1, 1:6

400–500 1–72
Stainless steel

550
1–12

72
Ta

1:2, 1:4 550, 675, 800 168

CaH2 + C 1:1.8, 1:2, 1:2.2
700, 900, 1100 6, 24

Ta
1400 1/4

2.6 High pressure experiments using a diamond anvil cell
(DAC)

The basic principle of a DAC experiment [39–41] is to squeeze a sample
between two opposing diamonds. Diamond is not only the hardest material
known, but it is also transparent to electromagnetic radiation. These unique
properties enable the DAC to be used as a tool for in situ optical and
diffraction studies of materials at high pressures.

The diamonds in a DAC are selected from brilliant-cut gem stones (1/8
to 1/3 carat in size) with typically 16 facets. For optical spectroscopy studies
(e.g. Raman spectroscopy) diamonds of low luminescence (type-II with low
nitrogen content) are preferred. The tip of the diamond close to the sample side
is called a culet. Culets are typically≈ 0.2–0.5 mm in diameter. The octagonal
surface opposite to the culet is called a table and it is ≈ 3–6 mm in diameter.
The diamonds are mounted on a support plate (seat) made from hard materials
like tungsten carbide. The seat can be tilted and moved horizontally that allows
parallel alignment of the diamonds. A sketch and a model of a typical DAC
are shown in Figure 2.2.

A metallic gasket (stainless steel for normal use, rhenium for high
temperature experiments) of ≈ 0.2–0.4 mm thickness is placed between two
diamonds. The gasket is then pre-indented by compressing it between the two
anvils. Subsequently a hole (≈ 0.1 mm), which will serve as the sample
chamber, is drilled in the middle of the indented part. Finally, the sample is
loaded together with a ruby chip in the sample chamber, followed by a
pressure transmitting medium (PTM). The ruby serves as a pressure marker.
Its luminescence R lines are quite intense and the wavelength of the doublet
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Upper anvil

metal gasket

ruby

sample chamber

Lower anvil
parts from 

DXR-6 model

Figure 2.2: (a) A sketch of DAC, showing all the important parts such as upper
and lower anvil (diamond), metal gasket, ruby and sample chamber. (b) parts of
diacell DXR-6.

(R1 and R2) red shifts linearly with pressure with a linear coefficient of 2.75
GPa/nm [42]. This linear relation is reported to underestimate pressure at
very high pressure conditions but is considered to be very good at pressures
below 30 GPa and under hydrostatic pressure conditions. Frequently used
PTMs are (a) 4:1 mixture of methanol and ethanol (not suitable if the sample
reacts with alcohol) for lower pressures and (b) inert gases (such as nitrogen,
argon, and helium), which solidify at high pressures but remain soft and can
maintain a high degree of hydrostaticity.

2.6.1 Setup of DAC for Raman experiments with Li2C2 and CaC2

In situ Raman spectroscopy experiments were performed with a gas-membrane
driven DAC (Diacell DXR-7M) and also a screw driven DAC (DiaCell DXR-
6). The culet size of the diamond used in both DACs was 300 µm. A stainless
steel gasket with a 100–150 µm hole was packed with the powder sample and
ruby chips. No PTM was used to avoid potential reactivity with the sample.
Both Li2C2 and CaC2 were considered to be soft for reasonable hydrostatic
conditions. The spectra were measured close to the ruby chips. The pressures
were calculated from the Ruby fluorescence R line shift [43]. The pressure was
increased in steps of about 0.5–1 GPa and the Raman spectra were measured
after an equilibration time of 15 min.
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2.6.2 DAC diffraction experiments with CaC2

High pressure diffraction experiments for CaC2 were performed twice at the
beam line P02.2 at PETRA III with both the DAC models described above.
Sample was loaded inside an argon filled glove box. The choice of the DAC
and radiation used were arbitrary and determined by availability. Experiments
targeting the 0–30 GPa pressure region were performed using a wavelength of
0.48245 Å. Another DAC experiment for low pressure range study (0-5 GPa)
was carried out using a wavelength of 0.28995 Å with a detector distance of
599.84 mm. The detector distance and other instrumental parameters were
refined with a CeO2 standard. The pressure was increased stepwise with 15
min equilibration time and monitored by the ruby line shift measured by an
inline laser. During the experiment the cell was rotated ±5 degrees Ω during
exposure. The obtained 2D diffraction patterns were integrated using the
software Fit2D [44]. Because of the rather poor data quality, the powder
diffraction patterns were only qualitatively compared.

2.6.3 DAC diffraction experiments with Li2C2

This part of the work was carried out with collaborations at the ID09
beamline of the ESRF using a MAR555 flat panel detector. In situ high
pressure PXRD experiments were performed using monochromatic (λ =
0.41558 Å) radiation, beam diameter on the sample was set to 30 µm. A
membrane-driven DAC with a culet size of 400 µm and a stainless steel
gasket with a hole diameter of 150 µm were used. Powdered samples were
loaded under inert gas atmosphere with helium as a PTM and ruby as a
pressure calibrant. The DAC was rocked by ±3 degrees in order to improve
the powder averaging. The Fit2D software was used to integrate 2D
diffraction pattern. For indexing, DICVOL [45] within WINXPOW [46] was
used and for the ab initio structural solution using a direct space approach
ENDEAVOUR [47] was used. Rietveld refinements were performed with
GSAS [48].

2.6.4 Equation of state

An equation of state (EoS) is the relation between the state functions such as
temperature (T), pressure (p), volume (V), internal energy and specific heat
capacity. The simplest EoS is that for an ideal gas: pV = nRT (where R is the
gas constant). For most solids an isothermal EoS is considered. All EoS are
based on assumptions, and the validity of a certain EoS is tested by reproducing
experimental data [49; 50].
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The simplest EoS for a solid is the incompressibility or bulk modulus, K:

K =−V
(

∂ p
∂V

)
The bulk modulus measures the ability of a solid to withstand volume changes
when compressed uniformly. The above equation is valid when K is constant
or p < K. Assuming K increases linearly with pressure a new formulation can
be obtained.

K = K0 +K′0P, K′0 =
(

∂K
∂ p

)
p=0

Integrating the above equation leads to the eq Murnaghan EoS.

V =V0

(
1+K′

P
P0

)
For a compression up to 10% the Murnaghan EoS is widely used. It is not
suitable for large relative volume changes because the extrapolated pressures
tend to be significantly overestimated. Another popular EoS is the
Birch-Murnaghan EoS (BMEoS) which is based on the expansion of the
Helmholtz free energy as a power series of the isotropic Eulerian strain ε .

F = α0 +α1ε +α2ε
2 +α3ε

3 + ..., ε =−1
2

[(
V
V0

)2/3

−1

]

Considering p =−
(

∂F
∂V

)
T

the third order BMEoS looks like the following.

p(V ) = 3
2 B0

[(
V
V0

)−7/3
−
(

V
V0

)−5/3
][

1+ 3
4(B

′
0−4)

][( V
V0

)−2/3
−1
]

BMEoS is much better suited than Murnaghan EoS over a large volume
range. If B′0 < 4, it yields unphysical results when extrapolated to small
volumes. Rydverg-vinet EoS overcomes the unphysical result when B′0 < 4
and is often used in experiments at the megabar pressure range. The
Rydberg–Vinet relation is based on interatomic pair interactions and can be
derived from the Rydberg interatomic potential. The final expression is as
follows.

P(V ) = B0

(
V
V0

)−2/3
[

1−
(

V
V0

)1/3
]

exp
{

η

[
1−
(

V
V0

)1/3
]}

, η = 3
2(B

′
0−1)
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2.7 High pressure experiments using a multi-anvil (MA)
device

A multi-anvil (MA) device is a large volume apparatus for high pressure
experiments. Figure 2.3 shows the procedure of sample loading inside the
MA apparatus. This device has been used extensively by geologists to study
phase equilibria, diffusion and elastic properties of rocks, transformation
kinetics and so forth at high pressure and temperature. In recent years the MA
device also attracted solid state chemists to synthesize quenchable high
pressure phase of novel materials [51].

press

6 short (s) and 
6 long (l) gaskets

are glued on 4
WC cubes in

this order:
sss, ssl, sll, lll

process of
assembling

ready to
load in press

a)
b)

c)

d)

Figure 2.3: Procedure of sample loading in MA: (a) Papers and gaskets are
glued on 4 WC tubes, (b) process of placing the octahedra inside the cavity of
eight WC cubes, (c) six G-10 paper covering six sides, with Cu plate on the two
specific sides opposite to each other, and (d) Multi-anvil press (Big blue in ASU).

The 6/8 type MA device (developed by Kawai and Endo in 1970s) went
through several modifications [52] but the basic principle remains the same.
In this thesis a Walker-type device [53] was employed. Eight corner truncated
tungsten carbide cubes (inner anvils) are assembled together and nested in a
module containing six wedge shaped steel (outer anvils) in a pressure
confinement cylinder. The module is compressed in a hydraulic press. The
truncation of the inner anvils creates an octahedral cavity where the high
pressure assembly is placed. The octahedral edge length (OEL) and the
truncation edge length (TEL) are stated to refer to a particular assembly (as
for example, 18/12 assembly meaning OEL = 18 mm and TEL = 12 mm). To
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support the inner anvil truncations, gaskets (made of pyrophyllite) are placed
between the octahedra and the inner anvils.

In this thesis the 18/12 assembly (according to [54]) allows a sample
volume up to 150 mm3 for pressures up to 10 GPa. The assembly consists of
an octahedraon shaped ceramic pressure transmitting medium (a mixture of
55 wt % MgO and 45 wt % spinel with a porosity of 20 wt %) , thermal
insulating sleeves (ZrO2), heating element (graphite), and a sample capsule.
In the MgO-spinel composite, presence of spinel and MgO contribute to a
better insulation and better softness, respectively than either of the pure
material used. An octahedral assembly is shown in Figure 2.4. ZrO2 has a

i)

ii)

iii)

iv)

v)

vi)

vii)

viii)

ix)

x)

xi)

xii)

xiii)

xiii)

xiv) xv)

alumina (i, xii)

MgO & spinel (xv)

molybdenum (xiii)

sample 

capsule (h-BN) (iii, iv)

graphite (vi, vii, viii)

MgO (ii, v)

ZrO2 (ix, x, xi)

TC mullite 
(xiv)

a)

b)

Figure 2.4: Schematic cross section of octahedra which mainly consists of
thermal insulating sleeve, two end-sleeves, a heating element and a sample
capsule. (a) original parts, (b) schematic representation.

lower thermal conductivity than MgO, therefore, a zirconia sleeve is placed
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around the graphite heater to prevent heat transport from the heater to the WC
anvils. The top and bottom of the sample capsule are separated from graphite
discs by MgO sleeves. The temperature is measured by placing a pair of
thermocouple wires (type C, W5%Re/W26%Re) on top of the sample
capsule. A four hole alumina tubing holds the thermocouple wires. A thin
disc made of alumina protects the thermocouple junction from the sample
capsule. Molybdenum electric leads are placed on the top and the bottom.
Sample capsules used in this work were made from hexagonal BN, NaCl and
Ta.

Experimental conditions: Sample capsules were compressed to a target
pressure with a compression rate of 0.5 GPa/h and heated subsequently at a
heating rate of 5 ◦C/min to a target temperature. Samples were allowed to

Table 2.3: MA reaction conditions for Li–C system.

Sample Pressure (GPa) Temperature (◦C) Capsule Dwelling time (min)

Li2C2 10

300

h-BN

60

600 60

900 60

1100 10

1100 NaCl 15

1500 Ta 60

LiH + C

8 900

Ta
720

5 900

10 900

10 1500

8 1100

8 900 NaCl

4 LiH + C 8 900 Ta 720

equilibrate at high pressure and temperature for a certain dwelling time. The
reaction was quenched to room temperature, and pressure was released at the
decompression rate (1 GPa/h) to ambient pressure. The sample preparation
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and recovery were performed inside an Ar-filled glove box. Specific conditions
(pressure, temperature, dwelling time, and sample capsules) for the Li2C2 and
CaC2 experiments are summarized in Table 2.3 and Table 2.4, respectively.

Table 2.4: MA reaction conditions for Ca-C.

Sample
Pressure Temperature

Capsule
Dwelling time

(GPa) (◦C) (min)

CaC2 10

300

h-BN
60

600

900

1500 Ta

CaH2 + C2

2 900

Ta

720

4 900 720

4 1500 60

8 900 720

2 1200 180

2 1500 300

2 1700 720

2.8 Computations

The experimental research in this thesis was frequently accompanied and
supported by theoretical calculations. Those calculations were performed in
collaborations and employed the density functional code VASP [55; 56].
Exchange-correlation effects were treated within the generalized gradient
approximation (GGA) using the Perdew-Burke-Ernzerhof (PBE)
parameterization [57].

(i) Enthalpy vs pressure phase diagrams of Li2C2 and CaC2 were mapped.
The crystal structures were relaxed with respect to pressure, lattice
parameters, and atomic positions. Once a structure was relaxed at a
target pressure, zone centered phonon calculations were executed using
VASP’s density functional perturbation theory approach. Extended
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phonon calculations were carried out using the Quantum Espresso
package.

(ii) The structure search of unknown high pressure phases were carried out
using the genetic evolutionary algorithm USPEX [58–61].
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3. Characterization Tools

The structural investigations of the products were primarily performed by
powder X-ray diffraction (PXRD) and Raman spectroscopy. In this chapter
the basic principles of these characterization methods are presented.

3.1 Powder X-ray diffraction: principles

X-ray diffraction (XRD) is the result of coherent scattering of X-ray radiation
with the electron cloud of atoms that are periodically arranged in the crystal.
XRD is the most widely used technique for crystal structure characterization
because the wavelength of X-ray radiation is in the same order (0.2–3 Å) of
magnitude as the interplanar distances in a crystal. The scattered wave from

(hkl)

(hkl)
dhkl

dhklsinθ

θ θ

2θ

Bragg’s law     nλ = 2dhkl sinθ

Figure 3.1: Two parallel beams are scattered by equivalent atomic planes.
They will interfere constructively when the path difference equals to an integer
multiple of the wavelength.

one lattice plane interferes with the wave from another plane. When the
difference in ray path equals an integer of the wavelength, the interference is
constructive and the Bragg condition is fulfilled (Figure 3.1). From the
position of the reflections an interplanar spacing d, which is directly related to
the translational symmetry of a crystal, can be derived using Bragg’s law. The
intensity of each reflection can be used to determine the atomic coordinates if
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the structure factor (which is proportional to atomic number) of the atom is
known.

XRD is primarily divided into two categories, single crystal X-ray
diffraction (SXRD) and powder X-ray diffraction (PXRD). For
polycrystalline material and for crystallites with smaller size (< 50 µm)
PXRD is employed. In PXRD, randomly oriented crystallites give a one
dimensional snapshot of three dimensional reciprocal lattice of a crystal. Due
to the loss of directional character and the peak overlap, PXRD is challenging
to solve unknown crystal structures. The principle of powder diffraction is
shown in Figure 3.2.
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|K0| = 1/λ

K 1
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diffra
cted beam

K1 = K0 + d*hkl

Figure 3.2: The origin of the powder diffraction cone. Radius of the Ewald’s
sphere is inverse to wavelength of radiation (λ ). Adapted from Ref. [62].

A powder diffraction pattern is dependent on several parameters which
are summarized in Table 3.1. As a first step, one needs to make sure that the
diffractometer is properly calibrated and aligned. Powder diffraction patterns
are obtained as several Debye rings on an area detector. A powder diffraction
panel of the calibrant LaB6 measured at synchrotron facility with an area
detector is shown in Figure 3.3. In case of our in-house experiments, line

26



detectors are used. All the instrumental parameters (for example, detector to
sample distance, detector tilt angle, and wavelength of radiation) can be
refined.
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Figure 3.3: (a) PXRD pattern of calibrant LaB6, measured with a PerkinElmer
amorphous silicon area detector at PETRA III, DESY. (b) The 2D diffraction
images were integrated into a linear scattering signal with the software Fit2D.

Rietveld refinement: Prerequisite for Rietveld refinements is the
knowledge of a structure model for which the initial structure parameters with
reasonable estimates are known. Rietveld refinement takes care of the whole
pattern, and refines both structural and non structural parameters at the same
time. Structural parameters include unit cell, atomic coordinates,
displacement parameters, and occupancy. Examples of nonstructural
parameters are half width, background, zero shift and so forth. A fragment of
Rietveld refinement pattern is shown in Figure 3.4. The purpose of a Rietveld
refinement is to match the calculated intensities as close as possible to the
observed one. To do so a function φ is minimised.

φ =
n
∑

i=1
Wi(Y obs

i −Y calc
i )2

Figure of Merit: Quality of refinement is judged by a set of parameters.
A major portion of this thesis will deal with Rietveld refinement, so a list of
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Table 3.1: Powder diffraction pattern as a function of various parameters:
Adapted from the powder diffraction book, Ref. [62].

Pattern
Crystal structure Specimen property Instrumental parameter

component

Peak position

Unit cell (a) Absorption (a) Radiation

parameters (b) Porosity (wavelength)

(a,b,c,α ,β ,γ) (b) Sample alignment

(c) Axial divergence

of the beam

Peak intensity

(a) Preferred (a) Geometry and

Atomic orientation configuration

parameters (b) Absorption (b) Radiation (Lorentz,

(x,y,z,B etc.) (c) Porosity polarization)

Peak shape

(a) Crystallinity (a) Grain size (a) Radiation

(b) Disorder (b) Strain (spectral purity)

(c) Defects (c) Stress (b) Geometry

(c) Beam conditioning

figure of merit parameters are summarized here.

pro f ile residual Rp = ∑ |yi− yc,i|/∑yi

weighted pro f ile residual Rwp = [∑wi|yi− yc,i|2/∑wiyi
2]1/2

expected pro f ile residual Rexp = [(n− p)/∑wiyi
2]1/2

goodness o f f it χ
2 = [Rwp/Rexp]

2

Bragg residual RB = ∑ |Iobs− Ical|/∑ Iobs

single crystal R f actor RF = ∑ |Fobs−Fcal|/∑Fobs

Here yi and yc,i are the observed and the calculated intensity, respectively of
the ith data point. wi is weight of the ith data point, n is total number of points
measured in PXRD pattern, p is the number of free least square parameters,
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Figure 3.4: A fragment of PXRD pattern showing Rietveld refinement.

Iobs and Ical are the observed and calculated integrated intensity, Fobs and Fcal
are the observed and calculated structure factors, respectively.

3.1.1 Phase fraction analysis from Rietveld refinements

The Rietveld refinement is probably the fastest and most reliable method
known today for quantitative phase analysis. The Rietveld refinement does
not need any internal or external standard, and thus, this method is superior to
full pattern decomposition methods (Le Bail or Pawley). Calculated
intensities of the unit cell of a particular phase are scaled to match the
observed intensities of the diffraction pattern via a scale factor K. Therefore, a
scale factor of a particular phase is representative of the number of unit cells
present of that phase in the irradiated volume of the sample. Now for a
multi-phase sample each phase will contain individual scale factor (K) and it
can be converted to weight, volume or mole fraction of that phase. Individual
weight fraction can be calculated from the following equation W = KZMV ,
where Z = number of formula unit in the unit cell
M = molecular mass/unit cell volume
V = volume/formula unit
Finally, the individual weight fraction should be summed up to unity.
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3.1.2 Experimental details

Figure 3.5 shows the important characterization tools (PXRD, Raman
spectrometer, and synchrotron beamline) used for the thesis. Powder X-ray
diffraction (PXRD) patterns were collected on both Panalytical X’Pert alpha1
diffractometer (Cu Kα1 radiation, λ = 1.540598 Å) and Panalytical X’Pert
PRO (Kα radiation, λ = 1.541874 Å) diffractometer at room temperature.
Moisture sensitive powder samples were sealed in 0.5 mm diameter glass
capillaries and measured on the X’Pert PRO diffractometer. To get a better

a)

c)

b)

Figure 3.5: (a) PXRD measurement of the sample enclosed inside a capillary
(b) Raman spectrometer, (c) synchrotron beamline.

resolution, samples were also mounted on a Si wafer zero background holder
and covered with a Kapton foil inside the glove box. In both cases the
diffraction patterns were measured in a 2θ range of 20–90 ◦ with a step size
of ≈ 0.02 ◦.

3.1.3 Structure models and their refinements

For Li2C2 and CaC2 the known structures from the literature were employed
as starting models. For Li-GIC simplified structure models were constructed.
Stage I and IIa with pure AA stacking are reported to have

√
3×
√

3 Li
ordering. For higher stages this Li ordering is not present and the occupancy
of Li atom is random. In our work Li ordering has been ignored for all stages.
Hence, the ‘a’ lattice parameter is related to that of graphite for all the stages.
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For the models of I and IIa space group P6/mmm (space group number 191)
was used and Li located at the 1a (0, 0, 0) position. The carbon position was
2d (0.333, 0.666, 0.5) for I and at 4h (0.333, 0.666, 0.25) for IIa. This model
gives a composition of LiC2 for stage I and LiC4 for stage IIa and to account
for the actual compound compositions (LiC6 and LiC12, respectively) the
occupancy of the Li sites was reduced to 1/3. For stages IIb, III, and IV, AA
stacking is present in the intercalated layers whereas, AB stacking is present
in the empty layers. P3m1 space group (space group number 156) was chosen
to build the structure models for those stages. In this space group the three
atomic positions 1a (0, 0, z), 1b (1/3, 2/3, z)and 1c (2/3, 1/3, z) can account
for the occurring stacking sequences. The combination of positions (1a, 1b)
and (1a, 1c) provides A and B layers of carbon nets, respectively. Li takes the
1c and 1b position when it is sandwiched between A layers and B layers,
respectively. For stage Id pure AB stacking was considered and the structure
model corresponds to graphite (P63/mmc, space group number 194). During
the Rietveld refinement, no atomic coordinates were refined. Occupancy
numbers for carbon were chosen to be fixed during refinement. For stages I
and IIa the Li occupancy can be refined and for other stages they have been
constrained according to Table 4.1.

The Rietveld analysis of the PXRD data was carried out using the
program package FULLPROF [63]. The strategy of the Rietveld refinement
proceeded according to the following steps: (1) The background was fitted
using linear interpolation between a set of background points. (2) The peak
shape was fitted mostly with a pseudo-Voigt peak function and individual
shape function for different phases were refined. The
Thompson-Cox-Hastings pseudo-Voigt convoluted with axial divergence
asymmetry function for individual phases was only used in special cases
when spherical harmonics functions were introduced. (3) For multiphase
refinement unit cell and half width parameters of the major phase were
refined first followed by successive refinement of minor phases. (4) To reduce
preferred orientation effects in a flat plate geometry, spherical harmonics
expansion of the crystallites shape function (size model = 15, for the
monoclinic phase and size model = 21, for the tetragonal phase) was
employed (for the major phase in a multiphase refinement). (5) To obtain a
reliable phase fraction analysis, same common isotropic thermal parameters
have been assumed for a particular atom species and refined.

3.2 Raman spectroscopy

When a matter is exposed to electromagnetic radiation, transitions can happen
that affect rotational, vibrational or electronic states. The kind of transition
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depends on the wavelength of the irradiated light and selection rules that
govern a particular transition. In vibrational spectroscopy transitions
(102 − 104 cm−1) happen due to nuclear movement and this led to the
development of two popular spectroscopic techniques – Infra-red (IR) and
Raman spectroscopy. Interestingly, although both IR and Raman
spectroscopy share the same regions in the elctromagnetic spectrum, the
origin of these two complementary spectroscopic techniques is markedly
different. IR is an absorption technique, the energy of the irradiated light
matches the energy gap between two vibrational labels. Figure 3.6 shows
regions of electromagnetic spectrum. In contrast, Raman spectroscopy is a
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Figure 3.6: Regions of the electromagnetic spectrum.

scattering technique in which the sample is irradiated with a laser beam of
fixed frequency ν0 (typically this wavelength lies in the UV-vis region). In
Figure 3.7 the two types of Raman scattering processes–Stokes and
anti–Stokes are shown. As most of the molecules are in the ground state, the
intensity of Stokes lines will be much higher than those of the anti–Stokes
lines. The population of a state can be calculated from the Boltzman equation.

Nn

Nm
=

gn

gm
exp
−(En−Em)

KT

When a molecule is placed in an electric field, the positively charged nuclei
are attracted toward the negative pole, and electrons toward the positive pole.
This charge separation produces an induced dipole moment (P) given by the
following equation.
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Stokes Rayleigh anti-Stokes

Virtual
states

Vibrational
statesm

n

Figure 3.7: Diagram of the Rayleigh and Raman scattering processes.

P = αE

Since both P and E are vectors (consisting of three components in the x, y
and z directions), in actual molecule the equation should look like as follows.

Px = αxxEx +αxyEy +αxzEz

Py = αyxEx +αyyEy +αyzEz

Pz = αzxEx +αzyEy +αzzEz

In matrix form it can be written as follows:Px

Py

Pz

=

αxx αxy αxz

αyx αyy αyz

αzx αzy αzz

Ex

Ey

Ez


On the right-hand side, the first matrix is called the polarizability tensor. The
vibration is Raman-active if one of these components of the polarizability
tensor is changed during the vibration.

3.2.1 Raman scattering of compressed materials

With the increase of pressure, the interatomic distances are decreased, which
in turn leads to an increase of the force constants and therefore, typically
frequencies of vibrations are blue shifted.
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Pressure-induced structural phase transitions can be visualized by Raman
spectroscopy. Changes in symmetry can alter the selection rules which
determine Raman active modes, and thus, new bands can appear or old ones
can disappear.

Raman spectroscopy helps to study the change in electronic properties of
a material. Insulator to metal transitions can be probed because in the metallic
state the Raman signal weakens due to a low penetration depth of the signal.

3.2.2 Raman experimental details

Raman facility at MMK, Stockholm University: All ambient pressure
Raman spectra were measured using a Labram HR 800 spectrometer. In situ
DAC experiments for CaC2 (low pressure study) were also done using this
instrument. The instrument is equipped with a 800 mm focal length
spectrograph and an air cooled (-70 ◦C) charge-coupled device (CCD)
detector. The samples were typically enclosed in a glass capillary and were
excited with a double frequency Nd:YAG laser (532 nm). The Raman spectra
were collected at room temperature with an exposure time of 60–300 sec and
an accumulation number of 1–3 (exposure and accumulation largely depend
on the signal to noise ratio of the spectra and the laser sensitivity of the
sample). Using a 1800 lines/mm grating and a 50X Mitutoyo objective (NA =
0.42, WD = 20.5 mm), a high spatial resolution (≈ 1 µm) can be obtained
which allows the analysis of single phase spectra from a multiphase sample.

Raman facility at Uppsala: The in situ DAC Raman experiments of Li2C2
and CaC2 were done at the Department of Earth Sciences at Uppsala
University. The system has a high-throughput, single stage imaging
spectrometer. The spectrometer is equipped with a holographic transmission
grating and a thermoelectrically cooled 2D multichannel CCD detector. The
scattered light was collected in backscattering geometry. Both the employed
lasers were linearly polarized, one is an argon-ion laser and another is a
diode-pumped solid-state laser with excitation wavelengths of 514.5 nm and
532 nm, respectively.

3.3 Scanning electron microscopy

Principles: The scanning electron microscope (SEM) utilizes the electron
beam as a probe to scan the surface of an object. The electrons are accelerated
with a voltage (typically 5–20 kV). Some electrons hit the surface and
generate secondary electrons from a depth of 5–50 nm. These electrons are
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detected and used to create an image which shows the sample morphology
and surface structure. Some electrons elastically scatter back and are called
backscattered electrons (BSE). The BSEs are used for energy dispersive
X-ray spectroscopy (EDX).
Experimental: In this work SEM images were obtained using a JEOL
JSM-7000F electron microscope at an acceleration voltage of 5 kV. The
powder samples were deposited on a holey carbon film on a Cu grid and
transferred to the sample holder inside a glovebox. The sample holder was
then placed in a closed container and taken out from the glove box. The
sample holder was transferred to the microscope with air exposure less than 5
sec.
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4. Metal Hydride–Graphite
Reactions

The results from metal hydride–graphite reactions are discussed in this chapter.
The phase diagrams of the Li–C and the Ca–C systems have been revisited. In
the Li–C system, the relative stability of metastable Li-GICs with respect to
the thermodynamically stable Li2C2 is addressed. In the Ca–C system the
puzzling polymorphism of CaC2 is explored.

4.1 The Li–C system

Approximately sixty experiments were performed to investigate the relative
stability of metastable Li-GICs. These experiments were chosen with three
experimental variables: molar ratios (LiH/C = 4:1, 1:1, and 1:6), temperature
(400, 450, 500, and 550 ◦C, respectively) and time (between 1 and 72 h). All
these experiments produced a mixture of several staged Li-GIC compounds.
Stage I, IIa, and IIb can be visually distinguished from their color as shown in
Figure 4.1.

Figure 4.1: The samples enclosed in 0.3 mm capillary: from left to right, stage
I (LiC6), stage IIa (LiC12) and stage IIb (LiC18). Adapted with permission from
paper I, Ref.[64]. Copyright (2015) American Chemical Society.
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4.1.1 Phase identification by PXRD and Raman spectroscopy

Li-GICs can be identified qualitatively by powder X-ray diffraction by their
characteristic 00l peak in the 2θ region 24–26.6 degree (due to a repetitive
average layer distance along the c axis). The fingerprints of stacking sequences
are located between 40 and 55 degree 2θ . These two regions are shown in
Figure 4.2 together with relevant sections of Rietveld plots.
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Figure 4.2: Fragment of Rietveld refinement of PXRD patterns obtained from
different experimental conditions: (a) 2θ = 23–30◦ showing strongest the 00l
peak and (b) 2θ = 40–55◦ showing the fingerprint region caused by stacking
sequences. Adapted with permission from paper I, Ref.[64]. Copyright (2015)
American Chemical Society.

Raman spectra of Li-GICs are compiled in Figure 4.3. The results from
the Raman analysis are in good agreement with previous studies [5; 65; 66].
The E2g mode of graphite appears at 1582 cm−1. This mode comes from the
stretching vibration of carbon atoms in the graphene nets. For Li-GICs this
E2g mode is shifted towards higher wavenumber and this blue shift is due to
intercalation of Li. For stages I and II, the band appears at around 1600 cm−1

whereas for stage IV and Id this band is located at 1590 cm−1. The location
of the band is related to Li concentration. The bands for phases I and II are
broader than the bands for phases IV and Id . The broadening of the band for
I and II can be explained as a coupling of the E2g mode with a continuum of
graphite phonon modes and is also related to Li concentrations. The stage III
spectrum is unique and is split into two components: a higher one at 1600
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cm−1 and a lower one at 1575 cm−1. This distinct spectrum of stage III comes
from the difference in the stacking sequence in the boundary of intercalated
and empty layers. The stacking sequence of stage III is AαAB, so intercalated
and empty slabs are different and are stacked in A and B nets, respectively.
This feature is not observed for stage IV due to stacking disorder.
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Figure 4.3: Raman spectra for various stages of Li-GICs showing E2g mode.
Adapted with permission from paper I, Ref.[64]. Copyright (2015) American
Chemical Society.

4.1.2 Rietveld refinement of PXRD patterns and quantitative phase
fraction analysis

This section deals with the results from Rietveld refinements. The changes of
the relative wt % of the carbonaceous products are shown as pie charts in
Figure 4.4 and 4.5. The product mixture sometimes contains an appreciable
amount of unreacted starting materials (lithium hydride and graphite) and
lithium oxide as an impurity. The detailed phase fraction values for all the
phases are given in the supporting information of paper I [64].
Reactions at 400–450 ◦C: The results from the reactions at 400–450 ◦C are
summarized in Figure 4.4. Formation of Li2C2 was not observed in this
temperature range. Stage IIb was found to be the highest intercalated stage
obtained at 400 ◦C for 4:1 and 1:1 reaction compositions after 2 h and 24 h
dwelling time, respectively. Higher activity of LiH seemed to reduce the
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reaction time. Stage IIb deintercalated into thermodynamically stable stage IV
and dilute stage Id (Id refers to stages higher than IV where solid solution like
behavior is observed). For the 1:6 composition, the highest intercalated stage
achieved was only a mixture of IV and Id .

At 450 ◦C, stage IIb was obtained after a shorter reaction (1 h) for both
4:1 and 1:1 reaction compositions. Higher temperature (450 ◦C as compared
to 400 ◦C) favored the formation of IIb and the reaction time was reduced.
For the 1:6 composition a mixture of IIb and III was obtained after 24 h.
Similar to 400 ◦C, IIb deintercalated to IV and Id for 1:1 and 1:6
compositions, respectively. For the 4:1 composition an interesting
phenomenon was observed— IIb after initial deintercalation, reintercalated to
IIa after 24 h. Due to this unexpected observation, the experiment was
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Figure 4.4: Summary of the results from Rietveld refinements of PXRD patterns:
compilation of phase fractions for reactions at 400 and 450 ◦C, respectively, are
shown in (a) and (b); a sketch showing the activation energy for intercalation is
shown in (c). Adapted with permission from paper I, Ref.[64]. Copyright (2015)
American Chemical Society.

repeated twice and the initial result was reproduced. Phase IIa, once formed,
appeared to be stable upon prolonged heating at 450 ◦C at least for 72 h. To
illustrate the results of the low temperature experiments a sketch is shown in
Figure 4.4 (c). The formation of IIa needs higher activation energy than IIb.
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IIa has an overall AαA stacking, and upon deintercalation this stacking is not
preserved. A similar high barrier may be envisioned for deintercalation at low
temperature. To conclude the results for the temperature range 400–450 ◦C,
kinetically controlled intercalation is favored over thermodynamically stable
Li2C2 and metastable Li-GICs deintercalate to higher stages with the
exception of the stage IIa.

Reactions at 500–550 ◦C: Results obtained from reactions at 500–550 ◦C
are summarized in Figure 4.5. At 500 ◦C a mixture of phases IIb and IIa was
obtained for the 1:1 composition after 1 h. The formation of IIa was favored
over IIb for longer dwelling time. Stage IIa intercalated to stage I. Stage I then
decomposed to Li2C2 and IIa upon prolonged heating. The formation of Li2C2
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Figure 4.5: Result summary from Rietveld refinement of PXRD patterns:
compilation of phase fractions for reactions at 500 and 550 ◦C, respectively are
shown in (a) and (b); a sketch showing energy of activation of intercalation is
shown in (c). Adapted with permission from paper I, Ref.[64]. Copyright (2015)
American Chemical Society.

at 500 ◦C was slow and the influence of LiH activity was pronounced. For
the 1:1 composition, the phase fraction of Li2C2 did not change much after
12 h, but for the 4:1 composition a steady increase of the Li2C2 fraction was
observed from 24 h to 72 h.
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The formation of Li2C2 was considerably faster at 550 ◦C compared to
500 ◦C. Approximately 75% of the phase mixture contained Li2C2 after 6 h
for both 4:1 and 1:1 compositions. At 550 ◦C the sublimation of LiH was
noticeable after 6 h. For a reaction time of 72 h a sealed Ta ampoule was used.
For the 4:1 and 1:6 compositions, Li2C2 was obtained with phase fractions
of 100% and 27% of the total cabonaceous product, respectively, which were
close to the expected values. For the 1:1 composition, the product contained
an appreciable amount of LiH indicating that equilibrium was not reached. To
explain the result at 500–550 ◦C a sketch is shown in Figure 4.5(c). Li2C2 is
probably formed after the decomposition of LiC6 according to the following
equation.

11LiC6 = 10Li0.5C6 +3Li2C2

The decomposition of LiC6 to LiC12 was reported recently by two different
research groups. In the first investigation the decomposition of LiC6 was
observed in an in situ XRD experiment at 60 ◦C [67]. In the second study, an
annealing experiment of LiC6 at 330 ◦C was performed and the product
showed presence of an appreciable amount of LiC12 in the PXRD pattern
[68]. Stage IIa can participate in further intercalation forming stage I if
sufficient LiH is available and the cycle is continued. IIa deintercalates to IV
and Id if LiH is insufficient. To conclude the results from temperature range
500–550 ◦C, metastable Li-GICs decompose to thermodynamically stable
Li2C2 and Id .

In Table 4.1 Rietveld refinements are summarized and compared with
literature values. The structural parameters obtained from Rietveld
refinements for stage I, IIa, IIb, and III are in good agreement with previously
reported values. No structural parameters are reported for stage IV and Id .
For stage III and IV a large homogeneity range was observed. The lowest
average distance for III and the highest value for IV adjoin. This finding
supports the previous report by Dahn [69].

4.1.3 Thermodynamic stability of dilute stage Id and revised Li–C
phase diagram

Surprisingly, the final deintercalated stage was always Id . This observation
contradicts the concept that all stages are metastable and decompose according
to the following equation.

LiH + xCgr = 0.5Li2C2 +(x−1)Cgr +0.5H2

To investigate the thermodynamic stability of Id , several reactions were
performed for dwelling time one week in a sealed Ta container at 550, 675,
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Table 4.1: Structural details of Li-GICs. Adapted with permission from paper I,
Ref.[64]. Copyright (2015) American Chemical Society.

Stage Stacking Composition Lattice (Å) Average Ref

I Aα x = 1

a = 2.4769*
3.73 [70]

c = 3.73
a = 2.4856 *

3.706 [10]
c = 3.706

a = 2.4916(3)
3.702 [64]

c = 3.7016(3)

IIa AαA x = 0.5

3.512 [71]
a = 2.475*

3.5125 [72]
c = 7.025

a = 2.4768(4)
3.51 [64]

c = 7.0337(3)

IIb x = 0.33-0.25

3.5275 [71]
AαAB a = 2.4705

3.5325 [72]
βB c = 7.065

a = 2.4706(3)
3.53 [64]

c = 14.1235(2)

III AαAB x = 0.22-0.20

3.467 [73]
3.45-3.48 [69]

a = 2.4684
3.469 [74]

c = 10.408
a = 2.4664(3)

3.45-3.48 [64]
c = 10.3863(2)

IV

AαAB

x = 0.167

3.45 [73]
ABβB 3.43-3.45 [69]

AB a = 2.4664(3)
3.43-3.44 [64]

c = 27.5043(2)

Id AB x = 0.0833
3.4 [73]

a = 2.4637(3)
3.37-3.40 [64]

c = 6.7967(2)

* actual parameter is
√

3a due to Li superstructure
Ref [39] represents this work.
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Society.
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and 800 ◦C, respectively. LiH and C at a stoichiometry 1:2 and 1:4 were
chosen. The products at a temperature of 550 ◦C turned out to be a mixture of
Id and Li2C2. The reactions at 675 ◦C and 800 ◦C produced a mixture of IV,
Id and Li2C2. The amount of stage IV increased from 675 ◦C to 800 ◦C as
shown in Figure 4.6. The coexistence of Id with Li2C2 indicates that Id is the
thermodynamically stable phase and it should be included in the Li–C phase
diagram. Id has a homogeneity range and solubility of Li in Id is higher at
higher temperature (at least till 800 ◦C). A revised Li–C phase diagram is
shown in Figure 4.7.
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4.2 The Ca–C system

This section deals with the polymorphism of calcium carbide. At ambient
pressure and at RT CaC2 is known to exist in three phases– CaC2 I, II, and III
[25–29]. Calcium hydride–graphite reactions were performed between 700
◦C and 1400 ◦C with variable compositions (detailed experimental conditions
can be found in chapter 2) to systematically investigate the nature of the
polymorphism.

4.2.1 Results summary from PXRD

CaH2–graphite reactions afforded crystalline powders of CaC2 almost free of
any impurities. The color of the obtained products appeared to be either black
or gray to almost white; the color largely depended on the the relative
amounts of the different phases present in the sample. In Figure 4.8 both
optical and SEM micrograph of polymorphs are shown. The PXRD patterns

CaC  II/III2 CaC  I2

1 m

1 m

10 m

1 m

x3,700

x15,000

x1,500

x3,700

µ µ

µ µ

SEM Micrograph Optical Micrograph

III>II>>I

II>III>>I

I>II, III

Figure 4.8: SEM and optical micrograph of multi phase CaC2 sample. Adapted
from paper II.

obtained from different reaction conditions showed a mixture of polymorphs
with different relative amounts. Quantitative phase fractions were obtained
from Rietveld refinements of multiphase PXRD patterns. The distribution of
polymorphs in the products turned out to be depending not only on the initial
CaH2/C ratios but also on the dwelling time and temperature. The
compilations of Rietveld refinements of PXRD patterns at 900 ◦C-24 h and
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Figure 4.9: Multiphase Rietveld refinements of PXRD patterns (Cu Kα1
radiation) of products obtained from reactions at 900 ◦C and 1400 ◦C with
compositions of C/CaH2 = 2.2, 2.0 and 1.8. Dwelling times for reactions at
900 and at 1400 ◦C were 24 h and 15 min, respectively. The locations of Bragg
peaks are marked by vertical bars. Phase fractions are shown as pie charts: red =
I, blue = II, green = III. Adapted from paper II.

1400 ◦C-15 min are presented in Figure 4.9. Phase fractions obtained from
Rietveld refinements are shown as pie charts. Figure 4.10 summarizes
refinement results for all reactions studied.

From Figure 4.10 few interpretations can be drawn.
a) The dependency on the dwelling time was found to be pronounced at lower
temperatures (particularly at 700 ◦C). The amount of CaC2 I present after 6 h
dwelling time was reduced after a dwelling time of 24 h. Hence, at low
temperatures the thermodynamic equilibrium was not reached and the
non-equilibrium condition seemed to favor the formation of I.
b) The initial CaH2/C stoichiometry played an important role for the reactions
at higher temperatures (temperatures of 1100 and 1400 ◦C, respectively). An
excess calcium hydride (C/CaH2 = 1.8) favored the formation of phase I,
which became the major phase at 1400 ◦C.
c) With a sufficient equilibration time and a temperature below 1100 ◦C,

CaC2 I could be suppressed completely and the product mostly consisted of
phases II and III. The formation of phase III in general was found to be
favored with excess carbon that is C/CaH2 = 2.2 stoichiometry.
d) The results were only slightly influenced by cooling rate (shown in the
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Figure 4.10: Result summary of experimental synthesis. Relative phase fractions
are shown as pie charts: red = I, blue = II, and green = III. Adapted from paper
II.

supporting information of Paper II). A set of experiments was performed at
900 ◦C for 24 h dwelling time and was quenched with liquid nitrogen.
Afterwards, the results were compared with another set (with the same
dwelling time and reaction temperature) where experiments were cooled with
a rate of 1 ◦C/min. L-N2 quenching and slow cooling slightly favor the
formation of phases I and III, respectively.

The atomic parameters and interatomic distances resulting from the
refinement of representative phases I, II, and III are compiled in Table 4.2. A
detailed comparison of the structural parameters with previously reported
values is provided in paper II. The values for the structural parameters for II
and III obtained from this work are in good agreement with earlier literature
values [28; 29; 75].

4.2.2 Proposing a two component phase diagram

The crystal structures of the three polymorphs of CaC2 are closely related.
Therefore, there should not be any apparent kinetic barrier for the transitions
between the polymorphs. Assuming CaC2 as one component system Bredig
proposed a phase diagram (shown in chapter 1). However, Bredig’s one
component phase diagram fails to explain several observations:
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Table 4.2: Compilation of structure parameters and interatomic distances of
CaC2 from Rietveld refinements. Adapted from paper II.

Phase Structure parameter Atom types Distance (Å)

CaC2 I

a (Å) 3.8845(1)
Ca–C

2.610(6)×2

c (Å) 6.3969(2) 2.809(1)×8

V/Z (Å3) 48.26
CC–Ca

2.7468(0)×4

C 4e 0.408(1) 3.1985(1)×2
(0 0 z) C–C 1.177(9)

CaC2 II

a (Å) 6.6479(1)

Ca–C

2.58(2)×2

b (Å) 4.2007(3) 2.67(2)×2

c (Å) 7.3335(5) 2.76(2)×2

β (◦) 107.259(3) 2.90(1)×2

V/Z (Å3) 48.89 3.10(2)×2
Ca (0 x 1/4)
x = 0.185(1)

CC–Ca

2.767(3)×2

C (x y z) 2.8295(4)×2

x = 0.276(3) 3.154(3)×2
y = 0.135(3)
z = 0.051(3) C–C 1.21(2)

CaC2 III

a (Å) 7.233(1)
Ca–C1

2.56(4)

b (Å) 3.8553(5) 2.79(2)×2

c (Å) 7.380(1) 2.90(3)×2

β (◦) 107.37(1)

V/Z (Å3) 49.1

Ca–C2

2.62(2)×2
Ca (x 0 z) 2.65(5)

x = 0.202(1) 2.83(4)
z = 0.250(2)
C1 (x 0 z)

CC1–Ca
2.67(1)×4

x = 0.440(4) 3.06(7)×2

z = 0.053(6)
CC2–Ca

2.765(8)×4

C2 (x 0 z) 3.23(1)×2
x = 0.083(4) C1–C1 1.33(6)
z = 0.557(6) C2-C2 1.24(4)
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a) The coexistence of phases over large temperature regions.
b) A temperature-induced III→ II transition is not observed.
c) The decomposition of phase II into a mixture of phases I and III is
observed at 370 ◦C.
d) The I→ II transition is sluggish and only a partial transformation occurs at
low temperatures (83 K).
All these observations indicate compositional differences between the
polymorphs. A two-component phase diagram is proposed in Figure 4.11. In

T ( o C )

statically disordered

dynamically disordered

IV

liquid

I
III

II

1.8 1.9 2.0 2.11.7

480
460

200

0

C/Ca

2200

Figure 4.11: A sketch of two-component phase diagram of CaC2. Phase I is
envisioned as carbon-deficient and separated from II and III. Both phases II and
III have a homogeneity range, which is larger for II. Adapted from paper II.

this phase diagram CaC2 I represents a carbon-deficient phase CaC≈2−δ .
Phase II and III are assumed to have an appreciable homogeneity range.
Phase III represents the high temperature form. The III→ II transformation is
not observed due to kinetic hindrance. The decomposition of II into a mixture
of I and III at higher temperature indicates that there should be small
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compositional differences between II and III. Phase II should have a wider
homogeneity range than III. This fact is also supported from the observation
that no temperature-induced transition is observed between I and III. Phases I
and III should have the maximum compositional separation.
From conventional PXRD analysis a carbon deficiency of phase I can not be
directly proven. For phases II and III sizeable homogeneity ranges are
envisioned. The revised phase diagram (as shown in Figure 4.11) may
explain the phenomena (a)–(d) mentioned in the earlier paragraph.
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5. High Pressure Experiments
with Li2C2 and CaC2 using a DAC

This chapter deals with DAC experiments with Li2C2 and CaC2 at room
temperature. Both in situ Raman spectroscopy and diffraction experiments
were performed to investigate the pressure stabilities of these two acetylides.

5.1 CaC2

5.1.1 Raman spectra at ambient pressure

The Raman spectra of CaC2 polymorphs can be divided into two parts: a)
C–C stretches at higher frequencies (1850–1900 cm−1) and b) librational and
translational modes at lower frequencies (below 400 cm−1). For CaC2 I with
two formula units/unit cell (space group = I4/mmm, point group = D4h) two
first-order Raman modes are expected, having Eg and A1g symmetry. The low-
frequency Eg mode is twofold degenerate and corresponds to the displacement
of the Ca atoms. The high-frequency A1g mode is due to the C–C stretching
motion. These two modes are observed in the ambient-pressure Raman spectra
at 305 and 1859 cm−1 , respectively. The A1g mode dominates the spectrum, in
contrast to the Eg mode which is much weaker. The crystal structures of II and
III belong to the C2h point group with four formula units/unit cell. Due to the
lower symmetry and the larger unit cell both II and III have nine Raman active
modes. The C–C stretch is split due to the vibrational coupling between two
dumbbell units in the crystal and this correlation splitting is clearly resolved
in the spectra. The remaining seven Raman active modes for II and III fall
in the low frequency range: four librations around 200–350 cm−1 and three
translations below 200 cm−1 where they are weak, broad and overlapped. The
Raman spectra of CaC2 at ambient pressure are shown in Figure 5.1. In Table
5.1 both the calculated and the observed Raman frequencies with the respective
mode assignments are compiled. The Raman spectra of I and II agree well with
the previous results [2; 75]. For CaC2 III no earlier Raman study was reported.
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Figure 5.1: Raman spectra of CaC2 polymorphs: calculated modes are marked
by vertical color bars (red = I, blue = II, and green = III). Ag, A1g = single bar,
E2g = double bar, Bg = dashed bar. Adapted figure from paper II.

Table 5.1: Compilation of Raman active modes (in cm−1) for CaC2 I, CaC2
II and CaC2 III: lib = librational mode, trans = translational mode, exp. =
experimental, and calc. = calculated. Adapted from paper II.

CaC2 I CaC2 II CaC2 III

exp. calc. mode exp. calc. mode exp. calc. mode

1859 1859 A1g 1874 1877 Bg 1876 1879 Ag

305 297 Eg (lib) 1871 1874 Ag 1869 1869 Ag

346 339 Bg (lib) 337 Ag (lib)

306 304 Ag (lib) 298 Ag (lib)

244 244 Bg (lib) 260 255 Bg (lib)

233 Ag (lib) 232 228 Bg (lib)

193 Bg (trans) 192 Ag (trans)

169 165 Ag (trans) 165 163 Ag (trans)

79 73 Bg (trans) 90 90 Bg (trans)

54



5.1.2 Raman spectroscopy and PXRD at high pressure

A multi phase sample consisting CaC2 I as the major phase has been used for
the DAC experiment at room temperature [76]. The Raman spectra at selected
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Figure 5.2: Compilation of Raman spectra of CaC2 at selected pressures. Red
asterisks mark the two strongest peaks of CaC2 II. Adapted with permission from
paper III, Ref. [76]. Copyright [2012], AIP Publishing LLC.

pressures are plotted in Figure 5.2. Upon pressure increase, a clear change
of the Raman spectra is observed. At about 2 GPa, CaC2 II disappears which
can be seen by the disappearance of the two peaks (marked by red asterisks):
the first one is the strong C–C stretch around 1875 cm−1 and the second one is
the libration (Bg) around 250 cm−1. Around 10–12 GPa, a small discontinuity
has been observed which is attributed to small structural changes in CaC2 I.
This discontinuity is clearly evident when the frequencies are plotted against
the pressure as shown in Figure 5.3. CaC2 I is stable upto 18 GPa, beyond this
pressure the Raman spectrum becomes featureless indicating amorphization.
Upon pressure decrease, the amorphous phase does not transform back to the
ambient-pressure phase.

Because of the initial presence of CaC2 I in this experiment it is not
possible to tell whether phase II transforms to phase I near 2 GPa, or
amorphizes. To elucidate this phenomenon, a CaC2 sample virtually free of
CaC2 I (prepared from reactions of CaH2 and graphite with a molar ratio
1:2.2 at 900 ◦C for 24 h) has been chosen for this study. A compilation of
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Figure 5.4: Compilation of Raman spectra showing C–C stretch of CaC2 at
selected pressures: a) compression and b) decompression. Red, blue, and green
lines mark C–C stretching frequencies of phases I, II, and III, respectively.
Adapted figure from paper II.
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Raman spectra at selected pressures is shown in Figure 5.4(a). At ambient
pressure the two stretches of II and III are resolved. The C–C stretching
region contains four peaks (two from II and another two from III); one
additional weak peak can be seen at 1859 cm−1 (attributed to phase I). Both
phases II and III transform to phase I independently. The transition III → I
starts at a pressure of 0.9 GPa and is completed at 2.9 GPa. At 3.6 GPa, phase
II starts to transform to phase I and this transformation is completed at 5.5
GPa. The phase transition from monoclinic CaC2 to the tetragonal I phase can
be explained by considering the molar volumes (note that phase I has the
lowest molar volume among the polymorphs[28]). The sample was
decompressed and several spectra were measured at different pressures
(Figure 5.4(b)). At a pressure of 0.1 GPa the sample partially retransformed
into monoclinic CaC2 (phases II and/or III).

Two independent in situ DAC diffraction experiments were performed
similar to the Raman investigation. A compilation of PXRD patterns at
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Figure 5.5: Compilation of PXRD patterns of CaC2 for two different
experiments (λ = 0.28995 Å for a) and λ = 0.48245 Å for b)) : a) Phase
transition II/III → I can be seen at lower pressures: red, blue, and green lines
mark phases I, II, and III, respectively, b) Phase transition I → amorphous is
observed at 30 GPa, two vertical dotted lines guide two strongest peaks of phase
I. Adapted figure from paper II.

selected pressures from these two experiments is shown in Figure 5.5. The
results of the diffraction study agree with the observations of the Raman
study: the phase transformation from III to I is completed at 1.54 GPa. The
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transformation II → I at higher pressures is not yet completed at 4.24 GPa,
which is the highest pressure applied in this study. Figure 5.5(b) shows the
result of the DAC experiment up to 30 GPa. The discontinuity observed in the
Raman study (≈10–12 GPa) cannot be unambiguously discerned in the
diffraction patterns. Phase I is stable up to 25 GPa and above that pressure it
turns amorphous. Amorphization is observed at higher pressure in the
diffraction experiments compared to the Raman observations (25 vs 18 GPa).
The pressure effect on CaC2 is similar to previously reported LaC2 and BaC2
where both of them undergo structural transitions followed by
amorphizations. LaC2 shows reversible pressure-induced amorphization at 13
GPa [37]. BaC2 transforms reversibly from a NaCl-type related structure (the
CaC2 I type) to a CsCl-type related one at 4 GPa and amorphizes irreversibly
above 30 GPa [36]. Computationally CaC2 is also predicted to transform into
a CsCl-type related structure [77] with eight-coordinated C2−

2 and AE2+, like
BaC2. Experimentally, however, CaC2 turns amorphous before this transition.

The pressure stability of phase I contradicts with the phonon dispersion
calculation results (mentioned in chapter 1) that shows an increased dynamic
instability of phase I with increasing pressure. This fact may be explained
by the phase I being a carbon deficient phase, then the high pressure phase
transitions II/III→ I would be accompanied by small compositional changes
and excess carbon should appear in the grain boundaries. However, this could
not be detected in the PXRD and Raman spectroscopy analysis.

5.2 Li2C2

Recently the high pressure behavior of Li2C2 has been studied theoretically.
According to the theory Li2C2 should transform to a polymeric carbide at about
5 GPa [30; 31].

5.2.1 PXRD and Raman spectroscopy of Li2C2 at ambient pressure

In Figure 5.6 the Raman spectrum and PXRD patterns of Li2C2 at ambient
pressure are shown. The Raman spectrum is in good agreement with a previous
study [8]. Orthorhombic Li2C2, with four atoms in the primitive unit cell,
is expected to have six Raman active modes: a C–C stretch, two librations
and three translations. The C–C stretch appears at 1872 cm−1 with a strong
intensity; the two librations are medium strong and appear at 318 cm−1 and
284 cm−1; only one out of the three translations can be possibly seen at 385
cm−1. In the Figure 5.6(a) the calculated Raman active modes are shown as
vertical bars. A typical PXRD pattern of Li2C2 measured with Cu Kα radiation
is shown in Figure 5.6(b).
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Figure 5.6: (a) Ambient pressure Raman spectra of Li2C2. Calculated Raman
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for comparison. Adapted with permission from paper III, Ref. [76]. Copyright
[2012], AIP Publishing LLC. (b) PXRD pattern of Li2C2 at ambient pressure and
room temperature. hkl indices are provided for strong peaks.

59



5.2.2 Raman spectroscopy and PXRD at high pressure

Room temperature Raman experiments were performed in a DAC without any
pressure medium. A compilation of the Raman spectra at selected pressures is
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Figure 5.7: (a) Raman spectra of Li2C2 at selected pressures. Different colored
lines represent different phase(s). Adapted with permission from paper III,
Ref. [76]. Copyright [2012], AIP Publishing LLC. (b) Pressure dependence of
the Raman modes of Li2C2–solid and open circles represent two independent
experiments. Adapted figure with permission from paper IV, Ref. [78].
Copyright (2015) by the American Physical Society.

shown in Figure 5.7(a). With the increasing pressure, both the stretching and
libraitonal modes are blue shifted. At a pressure of 15 GPa additional peaks
appear in both the low and high frequency regions: this can be interpreted as
the onset of a phase transition. The new phase coexists with Immm Li2C2
until 20 GPa. Above 20 GPa the peaks are broadened and at 25 GPa the
Raman signal becomes featureless, and remains the same after
decompression. A group in Germany independently also performed the same
experiment and our data match nicely with their result as shown in Figure
5.7(b).

Raman investigation using the DAC was followed by a diffraction
experiment. This part of the work was done in collaboration with the German
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Figure 5.8: Evolution of PXRD patterns (λ = 0.41558 Å) of Li2C2 with
pressure. Blue patterns represent the pure Immm and red patterns correspond
to mixed Immm and Pnma phases. The appearance of Pnma has been indicated
by arrows. Asterisks, triangles and bars mark reflections from graphite impurity,
ruby, and the PTM He, respectively. Adapted figure with permission from paper
IV, Ref. [78]. Copyright (2015) by the American Physical Society.

group. A compilation of the synchrotron X-ray powder diffraction patterns up
to 24.7 GPa is shown in Figure 5.8. Immm Li2C2 can be seen as a single
phase (ignoring the small graphite impurity) in the diffraction patterns below
16 GPa. The two strongest peaks 101 and 011 of Li2C2 are used as a
guideline for our eye to realize the presence of these phases even at higher
pressures. At 16.5 GPa new reflections appear, indicating the onset of the
phase transition. The PXRD pattern obtained at 18.7 GPa was considered the
best with respect to the resolution of the Bragg peaks, and hence, it was
chosen for an ab initio structure solution. The set of new diffraction peaks
could be indexed within a primitive orthorhombic unit cell (a = 5.1 Å, b = 4.5
Å, and c = 5.9 Å). An unambiguous space group determination was not
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possible due to severe peak overlap. The whole pattern decomposition
suggested the Pnma space group (Z = 4). To aid the structure solution,
computational structure searches were performed with a unit cell having four
formula units (i.e. 16 atoms per unit cell) as suggested by the initial results
obtained from the diffraction experiments. This search indeed yielded a
structure with Pnma space group which was subsequently refined using the
18.7 GPa pattern.

diff
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R He

Pnma
graphite

Immm

6 8 10 12 14 16 18 20 22 24

2Θ (°) [ λ = 0.41558Å]

Figure 5.9: Rietveld refinement of the synchrotron PXRD pattern of Li2C2 at
18.7 GPa (λ = 0.41558 Å). Bragg reflections of graphite (black), Pnma (light
blue), and Immm Li2C2 (magenta) are marked by vertical bars. Sharp extra
reflections from ruby (R) and the PTM He are indicated. Adapted figure with
permission from paper IV, Ref. [78]. Copyright (2015) by the American Physical
Society.

The Rietveld fit is shown in Figure 5.9. Above 25 GPa Li2C2 amorphizes.
However, Pnma Li2C2 can be further compressed computationally. This yields
at around 32 GPa a topologically similar structure with Cmcm space group
symmetry. In Figure 5.10 the volume-pressure relations are shown for both
the Immm→ Pnma and the Pnma→ Cmcm phase transitions and additionally,
enthalpy-pressure relations are shown for the Pnma→ Cmcm phase transition.
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5.2.3 High pressure structural behavior of Li2C2

The structure of the ground state (GS) Immm phase and the high pressure
(HP) Pnma phase can be nicely correlated with the antifluorite and
anticotunnite structures (mentioned in Chapter 1), respectively. The structure
of Immm Li2C2 is shown in Figure 1.2. The ones for Pnma and Cmcm Li2C2
are shown in Figure 5.11. In the crystal structure of Immm Li2C2, C2
dumbbells (coordinated by eight Li atoms) are aligned along the b direction.
Li atoms in the ac plane form planar rectangular net. In the high pressure
Pnma Li2C2, Li atoms are organized into planar triangle ribbons (in the ac
plane) running along the a direction. In both of these structures C2 dumbbells
are interspersed between the top and the bottom planar Li nets. Rectangular
planar net arrangement in the Li2C2 structure yields C2 dumbbell with a
coordination number (CN) of 8 (2+4+2). The triangle ribbon in Pnma, on the
other hand, yields a CN of 9 (3+3+3). The HP-Pnma Li2C2 structure reminds
the GS Pnma Rb2C2 structure [79] where C2 dumbbells are also similarly
coordinated but tilted. Finally, the structural relationship will be concluded by
considering the second HP phase with the Cmcm structure which is
topologically similar to the Pnma structure. In Cmcm Li2C2 triangle ribbons
are straightened into a distinct zigzag chain. Now C2 dumbbells sit inside
planar pentagons of Li atoms yielding the dumbbells with a CN of 11
(3+5+3). The structure of Cmcm Li2C2 is related to the Ni2In structure
[80–82]. Consequently, the high pressure behavior of Li2C2 follows the
general trend of high pressure transitions of ionic A2X compounds (with X =

63



b

c

a

b

c

a

c

Pnma

Cmcm

Figure 5.11: Structure of Pnma and Cmcm Li2C2. Red and grey circles represent
C and Li atoms, respectively. Triangle ribbons and zigzag chains can be seen in
the plane perpendicular to the dumbbell orientation in the respective structure.
For simplicity, the structures consisting of dumbbells along the paper plane are
only shown for the Pnma modification, and a similar picture can be envisioned
for the Cmcm structure. Adapted figure with permission from paper IV, Ref. [78].
Copyright (2015) by the American Physical Society.
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O, S) for which typically the sequence antifluorite → anticotunnite → Ni2In
is observed with increase of coordination number.

5.3 Polymeric carbides

The high pressure in situ DAC studies on both Li2C2 and CaC2 did not
provide any evidence of carbides with polymeric carbon structures. For
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Figure 5.12: Enthalpy vs pressure plot of theoretically predicted polymeric CrB-
type Li2C2 and experimentally observed Pnma Li2C2 with respect to GS-Immm
Li2C2. The polymeric carbide is enthalpically favored over the Pnma structure
by about 0.1 eV/f.u. Adapted figure from supplementary material of paper IV,
Ref. [78]. Copyright (2015) by the American Physical Society.

Li2C2, the enthalpy–pressure relations of a predicted polycarbide with the
CrB-type structure are compared with the observed Pnma dumbbell structure
(Figure 5.12). The polycarbide is clearly enthalpically favorable over the
experimentally observed Pnma HP phase. For CaC2, the enthalpy–pressure
relation of the two predicted polycarbides (Immm and Cmcm) are shown
(Figure 5.13). Cmcm CaC2 is stable over the ground state above 2 GPa and
becomes only unstable around 16 GPa with respect to Immm CaC2.

Compared to the acteylides, the polymeric carbides have considerably
smaller molar volumes and become enthalpically favored with increasing
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Figure 5.13: Predicted polymeric carbide with respect to the GS structure
(broken line/open symbol and solid line/solid symbol respresent results with and
without considering zero point energy, respectively (Adapted from Ref. [83]).

pressure. Failure to obtain predicted polymeric carbide may be explained by a
high kinetic stability (inertness) of the C2 dumbbell unit. In the next chapter
of the thesis it is attempted to circumvent kinetic problems by the
simultaneous application of high pressures and temperatures.
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6. High Pressure Experiments
with Li2C2 and CaC2 using a MA
Device

In this chapter, the results from the experiments using a multi anvil (MA)
device are discussed. The aim of these experiments was to overcome the
potential hindrance of the high pressure transitions of actelylides to
polycarbides by a simulteaneous application of high temperatures (HPHT
experiments). The samples were first compressed at a target pressure
(typically 10 GPa) and then heated and dwelled for certain times. The
experiment was then quenched and decompressed to ambient pressure.
Details to the experimental conditions can be found in Chapter 2. All samples
were recovered inside a glovebox and characterized at room temperature and
at ambient pressure conditions. Note, in the previous chapter sample
characterization was performed in situ using a DAC. Few preliminary
experiments using a MA device with both Li2C2 and CaC2 were previously
reported [84]. This chapter is an extension of the previous work.

This chapter is divided into three sections. In the first two sections HPHT
experiments performed with Li2C2 and CaC2 are described. In the last section
the LiH–graphite HPHT reactions are addressed.

6.1 HPHT experiments with Li2C2

Figure 6.1 shows the evolution of the PXRD patterns of the the products
from the experiments at 10 GPa with temperature. The pattern of the 300 ◦C
product corresponds essentially to that of starting material. The broader
reflections indicate that the sample became less crystalline after HPHT
experiment.The PXRD pattern of the 600 ◦C product revealed some weak
additional reflections. These weak reflections become more noticeable in the
pattern of the 900 ◦C product. At 900 ◦C a large fraction of the product still
corresponds to starting material, Immm Li2C2. The products at 1100 ◦C were
found to be free from any starting material. The high pressure experiments at
1100 ◦C were very difficult to control inside a h-BN capsule and only short
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Figure 6.1: Evolution of PXRD patterns of Li2C2 samples obtained from
experiments performed at 10 GPa and at different temperatures. At temperatures
between 900–1100 ◦C new reflections appear which are shown with blue lines.

reaction times (about 10–15 min) could be applied before the sample
environment in the pressure cell turned unstable. The PXRD patterns of the
product obtained at 1100 ◦C display three broad reflections with d spacings of
6.7, 3.4, and 2.3 Å, respectively; which could not be matched to any known
carbons or carbides. This experiment was repeated in a salt capsule to ensure
acetylides did not react with sample container at this temperature. The same
result was reproduced using the salt capsule. To achieve a better sample
environment and to maintain the reaction temperature for longer time, Ta
capsules were employed. The MA experiments were then performed at 10
GPa and at 1500 ◦C. Surprisingly, the obtained product corresponded then to
the acetylide starting material. Hence, at this moment it is assumed that the
new phase obtained at 900–1100 ◦C region decomposed at 1500 ◦C to Immm
Li2C2.

The corresponding Raman spectra of the HPHT products are shown in
Figure 6.2. Two different types of Raman spectra were obtained for the
300–900 ◦C products which indicate that the products were a mixture of
several phases. The first type of spectra showed the acetylide C–C stretch.
However, this C–C stretch appears at lower wavenumbers. This red shift may
be attributed to a less rigid environment of dumbbells after HPHT
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Figure 6.3: HRTEM image of the Li2C2 sample obtained from the experiment
at 10 GPa and at 1100 ◦C.
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experiments, because of the reduced crystallinity of Immm Li2C2. The second
type of spectra consists of two broad humps. The location of these humps
varied for products obtained from different temperatures. The spectra may
show humps close to the D and G band of graphite indicating amorphous
carbon. Spectra for which the humps are located at 1100 and 1500 cm1,
respectively could not be explained. The Raman spectrum of the 1100 ◦C
product is unique, showing only one broad hump centered at 1430 cm1. The
origin of this band could not be explained. The Raman spectrum of the
product obtained at 1500 ◦C showed two acetylide stretches. This can be
attributed to a nonuniform crystallinity of the sample.

The MA experiments with Li2C2 are not conclusive. The 1100 ◦C sample
is interesting and can be left for future investigations using electron
microscopy. Preliminary results on this sample showed lattice fringes of d
spacings of 13.4 Å, which is twice bigger than the largest d spacing obtained
in the PXRD pattern. A HRTEM image of this sample is shown in Figure 6.3.

6.2 HPHT experiments with CaC2

The PXRD patterns of the products obtained from HPHT treatment of CaC2
are shown in Figure 6.4. The starting material was a mixture of the
monoclinic and tetragonal phases. With the application of pressure and
temperature, CaC2 becomes partly amorphous (as can be seen from the
considerably broadened reflections) and CaC2 I becomes the major phase.
Similar to the Li2C2 experimets, new reflections appear in the PXRD pattern
at higher temperatures. These new peaks are weak and broad, and therefore,
no conclusion could be drawn. The experiments performed at 1500 ◦C also
show clearly the presence of starting acetylide carbides and no evidence of
polymeric carbide formation was observed.

The Raman spectra are shown in Figure 6.5. These spectra support the
PXRD observations. The C–C stretch of the monoclinic CaC2 is absent in the
HPHT treated products (300–900 ◦C). The C–C stretch of CaC2 I was shifted
to lower wavenumbers and consisted of broad humps in HPHT samples (as
was also observed for Li2C2).

6.3 LiH–graphite reactions at HPHT conditions

At this point it was concluded that the computationally predicted polycarbides
cannot be obtained by using acetylide carbides as precursors. The
polymerization of the C2−

2 dumbbells may not be achievable in a solid state
transition. Therefore, the carbide formation reactions, in particular the
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Figure 6.4: Compilation of PXRD patterns of CaC2 samples obtained from
experiments performed at 10 GPa and at different temperatures. HPHT treatment
favors the formation of CaC2 I. Arrows indicate the strongest peaks from CaO
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LiH–graphite reactions, at HPHT conditions were initiated. PXRD patterns of
the products from such reactions are compiled in Figure 6.6. The results are
described as follows:
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Figure 6.6: Compilation of PXRD patterns from LiH–graphite reactions
performed at different pressure temperature conditions. Blue patterns represent
mostly mixture of starting material, red patterns indicate Li-GIC phases and the
green pattern corresponds to a new phase, which can be obtained with a 4LiH–C
starting composition.

(a) When the pressure is too high (10 GPa) no reaction occurred. The
corresponding PXRD patterns are shown as blue lines in Figure 6.6.
(b) The reactions were observed at lower pressures or/and higher temperature
conditions. The products obtained here are golden brown in color and the
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PXRD patterns resemble those of Li-GICs (highlighted with a rectangular
box in the Figure 6.6). Interestingly, when using a salt capsule as reaction
container no reaction was observed at 8 GPa. It has to be assumed that Ta has
some unknown special role. The pattern of the reaction in a salt capsule is
shown with blue line.
(c) When the reaction temperature is 1100 ◦C or higher tantalum hydride can
be seen in the product as impurity.
(d) Finally, one reaction was performed with a composition LiH:graphite =
4:1. The PXRD pattern obtained is interesting. Several reflections can not be
matched with any known phases. Due to the lack of big size single crystal
SXRD could not be performed. Rotational electron diffraction (RED) was
thought to be suitable for structure solution. But the sample did not show any
crystalline spot in electron diffraction, probably because of beam-induced
amorphization. Raman spectra of the sample and optical micrograph are
shown in Figure 6.7. Two different types of spectrum were observed from
two different parts of the sample.
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Figure 6.7: Raman spectra of the sample obtained from the 4LiH–C experiments
at 8 GPa and at 900 ◦C. Blue and green spectra can be obtained from two different
parts of the sample—which indicates a phase mixture.
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7. Conclusions

The solid state chemistry of the metal carbides Li2C2 and CaC2 has been
revisited by exploring metal hydride–graphite reactions for their synthesis and
performing investigations at high pressure conditions. The obtained products
from the reactions were qualitatively distinguished by color, powder X-ray
diffraction (PXRD), and Raman spectroscopy. Rietveld refinements of the
PXRD patterns obtained from several product mixtures enabled to
characterize the samples unambiguously and also allowed to determine the
weight fractions of the phases in multicomponent product mixtures.

In the Li–C system, the thermodynamic relation between Li2C2 and
Li-GICs has been addressed in this thesis. All the known stages of Li-GICs (I,
IIa, IIb, III, IV, and Id) were successfully synthesized by reacting lithium
hydride (LiH) and graphite under dynamic vacuum conditions. The results
can be interpreted as follows: (1) Below 500 ◦C the kinetically driven
intercalation is favored over the carbide formation. (2) Increasing both the
LiH activity and the temperature in the interval of 400–500 ◦C promote the
rate and degree of intercalation. The highest intercalated stages achieved at
400, 450, and 500 ◦C are IIb, IIa, and I, respectively. (3) Lower staged
Li-GICs are metastable with respect to deintercalation into higher stages. (4)
Stage IIa is distinguished by its exceptional thermal stability which can be
attributed to a kinetic barrier for altering the AA- into the AB-type layer
stacking. (5) At temperatures above 500 ◦C lower-staged GICs decompose
into Li2C2 and Id . Phase Id is found to coexist with Li2C2 with a
temperature-dependent homogeneity range. Therefore, it was concluded to
include Id as a stable phase in the Li–C phase diagram.

In the Ca–C system, the puzzling polymorphism of CaC2 has been
addressed in this thesis. CaH2–graphite reactions were performed between
700–1400 ◦C. At temperatures between 700–900 ◦C, CaC2 II and III exist
predominantly (> 90%). Moreover, the phase fraction of II and III is found to
be dependent on graphite/CaH2 molar ratio. Phase II can be considered as the
ground state of CaC2 and phase III is a metastable, quenchable, and high
temperature phase. CaC2 I was only obtained at temperatures of 1100 ◦C or
higher and for C/Ca ratios less than 2.0. This fact raised the suspicion that
tetragonal CaC2 may represent a C- deficient phase, CaC2−δ .

When compressing the acetylide carbides Li2C2 and CaC2 at room
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temperature, an irreversible amorphization is observed in the pressure range
20–25 GPa. Prior to the amorphization, Li2C2 undergoes a reversible
structural transition to a phase with denser packings of C2 dumbbell units and
Li atoms. The simultaneous application of high pressures and high
temperatures to Li2C2 leads to the formation of carbon nanotubes/scrolls
which have to be assumed super-intercalated.

This thesis could not give any conclusive experimental evidence of
carbides with polymeric carbon structures. What however became clear is
that the seemingly elegant idea of C2 polymerization, mimicking the pressure
induced polymerization of molecular acetylene C2H2 to polyacetylene, is not
a pathway to polymeric carbides. In other words, polyanionic carbides will
not form from a pressure induced transformation of acetylide carbides.
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8. Future Perspectives

Metal hydride–graphite reactions represent a powerful route for generally
accessing metal carbides under a wide range of conditions. These reactions
can be flexibly adapted to various environments, which provide unique
opportunities to expand an important family of inorganic compounds towards
new compositions and structures.

Recent computational studies suggest that CaC2 is not stable against
decomposition into Ca2C3 and C, and therefore, a reinvestigation of the Ca–C
system at temperatures below 700 ◦C using CaH2–graphite reactions should
be interesting.

The formation of CaC2 I, II, III and their thermodynamic relations are
connected to phase IV. Hence, systematic in situ high temperature
experiments (with different C/CaH2 molar ratios) at both synchrotron and
neutron facilities should be very useful for obtaining fundamental
understanding of the phase relations between the polymorphs. Structural
disorder of polymorphs and carbon deficiency in CaC2 I can be elucidated by
a pair distribution function analysis of total scattering data.

In the Li–C system, LiH–graphite reactions at high pressure, high
temperature conditions are a promising route towards new lithium carbides,
perhaps also including the sought after polymeric forms. Consequently, a
systematic study of LiH–graphite reactions at p, T conditions 5–8 GPa and
900–1100 ◦C and using variable LiH–C ratios are left to a future study. The
search for polyanionic carbides from hydride–graphite reactions under high
pressure conditions can then be extended to AE–C, and possibly also selected
RE–C systems.

Lastly, acetylide carbides have not been systematically investigated with
electron energy loss spectroscopy (EELS) studies. Acetylide carbides built
up from formally sp-hybridized carbon actually represent interesting systems
for fundamental EELS studies in their own right. Apart from establishing the
general EELS characteristics of the C2−

2 unit, consequences of the different
cation environments to the electronic structure of C2−

2 may be obtained.
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9. Populärvetenskaplig
Sammanfattning

Alkalimetaller (A) och alkaliska jordartsmetaller (AE) kan bilda karbider och
även interkalerad grafit med kol. Karbiderna är huvudsakligen acetylider som
är saltartade föreningar med C2−

2 anjoner och metallkatjoner. Både acetylid
karbider och interkalerade grafiter är tekniskt viktiga. Supraledning har
observerats hos interkalationsföreningar som KC8 och CaC6. Li interkalerade
grafit är en viktig komponent i Li jon-batterier medan CaC2 är viktigt för
industriell produktion av bland annat acetylen (C2H2) och gödsel (CaCN2).

Trots omfattande studier på A-C och AE-C föreningar är deras fas
diagram till stor del okända. De termodynamiska och kinetiska egenskaperna
hos såväl karbider som interkalerade grafiter diskuteras fortfarande i den
vetenskapliga litteraturen. Till exempel visar nyligen presenterade
modellberäkningar att de sedan länge kända karbiderna, CaC2 och BaC2, inte
är termodynamiskt stabila. Modellberäkningarna förutspådde dessutom att
acetylid karbider i allmänhet kommer att polymerisera (polykarbider) under
höga tryck. Denna avhandling syftar till att utvärdera giltigheten av teoretiska
modeller med hjälp experimentella studier i de komplicerade fasdiagrammen
för Li–C och Ca–C systemen.

Vilka föreningar som bildas i Li-C och Ca-C systemen studerades med
hjälp av reaktioner mellan LiH/CaH2 och grafit som är enklare än att
kontrollera reaktioner där andra startmaterial används. För Li-C-systemet
undersöktes den relativa stabiliteten hos metastabila litium
interkalationsföreningar med grafit (Li-GICs), här I, IIa , IIb, III, IV och Id
(minskande Li-halt) jämfört med den termodynamiskt stabila fasen Li2C2. Av
de olika interkalationsföreningar visade interkalationssteget IIa störst termiskt
stabilitet medan fasen Id med lägst Li-halt visade sig vara termodynamiskt
stabilitet och ingår därför i fasdiagrammet för Li–C systemet. För
Ca–C-systemet, visar resultaten för reaktioner mellan CaH2–grafit att de
rapporterade polymorferna I, II och III för CaC2 egentligen varierar i kolhalt.
De facto gynnas bildandet av polymorf I för CaC2 bara vid T > 1000 ◦C eller
vid kalciumöverskott vilket indikerar att den verkliga sammansättningen för I
är CaC2−δ .

För att undersöka förekomsten av de modellberäkningar förutsagda
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polykarbiderna av Li2C2 och CaC2 studerades dessa under olika tryck- och
temperaturförhållanden i såväl diamantstädstryckceller som med in situ
syntes i multistädstryckceller som har större provvolym. Produkterna har
karaktäriserats med diffraktion och spektroskopi tekniker. För både Li2C2 och
CaC2 observeras en tryckinducerad strukturomvandling vid relativt låga tryck
(10–15 GPa) som följs av en irreversibel amorfisering vid högre tryck (25–30
GPa). För Li2C2 skedde en rad fasomvandlingar med ökande tryck där
antifluorittypstruktur (Immm) med koordinationstal (KT) för C2 hantlarna = 8
vid normaltryck, övergår till en fas med en anti-cotunnite typstruktur (Pnma)
med KT för C2 = 9. De polykarbider som förutspåtts med modellberäkningar
observerades inte i något av systemen.
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