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 Novel donor-type graphite intercalation compounds (GICs) containing tetra-n-

alkylammonium (TAA) cations have been synthesized by using both ion-exchange and 

electrochemical methods. Structural and compositional data of the resulting TAA-GICs 

are investigated by using powder X-ray diffraction (PXRD), one-dimensional electron 

density calculations, thermogravimetric and elemental analyses, and capillary zone 

electrophoresis (CZE).  

A new GIC with composition of [(C4H9)4N]C44 is prepared by intercalation of 

tetra-n-butylammonium cation, (C4H9)4N
+
, via ion exchange from a [Na(en)1.0]C15 GIC 

(en = ethylenediamine). The synthesis reaction proceeds at 60°C for 90 min in a N,N-

dimethylformamide (DMF) solvent. A dull-black stage-1 [(C4H9)4N]C44 provides the 



 
 

gallery height of di = 0.802 nm, indicating a presence of flattened cation conformation. 

CZE data reveal that the Na(en)
+
 cationic complex is quantitatively displaced by 

(C4H9)4N
+
 cations.  

 A homologous series of TAA-GICs; i.e. TAA = symmetric (CnH2n+1)4N
+
 (n = 3-8) 

and asymmetric (CH3)3(C12H25)N
+
, (CH3)3(C18H37)N

+
 and (CH3)2(C18H37)2N

+
, are 

prepared using the similar ion-exchange procedure, albeit with shorter reaction time (10 

min), in dimethylsulfoxide (DMSO). The obtained TAA-GICs contain either monolayer 

or bilayer arrangement of flattened TAA intercalates with significant co-intercalation of 

DMSO molecules in a bilayer arrangement. PXRD data suggest that the monolayer is 

also observed with small TAA intercalates such as (C3H7)4N
+
 and (C4H9)4N

+
 with di ~ 

0.80 nm. On the other hand, larger symmetric TAA cations, (CnH2n+1)4N
+
 (n = 5-8), and 

asymmetric TAA cations all form only the bilayer arrangement with di ~ 1.10 nm. 

Thermogravimetric analyses combined with mass spectrometry and elemental analyses 

show a presence of ~1-2 DMSO co-intercalates per bilayer cation. The generated electron 

density map is sufficient to confirm the existence of bilayer structures, including DMSO 

co-intercalates. These GICs have very low charge density on graphene sheets for stage-1 

GICs, namely C63

-
 for [(C7H15)4N]C63

.
1.4DMSO, as confirmed by Raman peak shifts.  

 In addition, TAA-GICs are also synthesized using the electrochemical reduction 

on a graphite electrode in TAABr/DMSO-based electrolytes. Similar to GIC products 

obtained from a chemical ion-exchange method, large TAA cations, (CnH2n+1)4N
+
 (n = 5-

8), form the bilayer arrangement with 0.7-1.2 DMSO co-intercalates per TAA cation and 



 
 

di ~ 0.11 nm. A mixed phase product, including a stable (C4H9)4N
+ 

monolayer 

arrangement (di = 0.815 nm), is observed in (C4H9)4N
+
 intercalation with a little amount 

of DMSO. No stable and isolable GIC products are obtained in case of TAA cations 

smaller than (C4H9)4N
+
 even though cyclic voltammograms show the characteristic 

features of reversible intercalation/de-intercalation for these cations. Therefore, a surface 

passivation model is proposed to describe the relative stabilities of GICs containing large 

TAA intercalates.  

 The effect of surface passivation is further studied on the preparation of 

(C2H5)4N-GIC. Large TAA cation such as (C6H13)4N
+
, (C7H15)4N

+
 or (C8H17)4N

+
, is used 

to passivate the graphite surface of [Na(en)1.0]C15, followed by ion exchange with 

(C2H5)4N
+
 to obtain a (C2H5)4N-GIC product. PXRD data suggest the formation of a 

stage-1 compound with di ~ 0.81 nm, indicating monolayer arrangement of intercalate. 

The GIC composition is found to be [(C2H5)4N]C57
.
0.5DMSO. Additionally, the 

hydrophobic nature of passivated GIC surfaces enhances the chemical stabilities in 

aqueous media and other protic solvents. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 INTERCALATION CHEMISTRY 

The chemical process in which a guest ion and/or molecule is inserted into a host 

lattice to form a new compound with kinetic stability is termed ‘intercalation’. The 

general reaction involves a mobile guest species (G) and either a solid host lattice (H) 

that contains accessible unoccupied lattice sites (□) or exchangeable mobile guest (G´) in 

the interconnected framework as represented by equations (1.1) and (1.2).  

     xG  +  □x[H]           Gx[H]      (1.1) 

   xG  +  G´x[H]         Gx[H]  +  xG´   (1.2) 

Unlike conventional solid state processes, intercalation reactions do not require 

major rearrangement and bond breaking of a host lattice and therefore often occur at 

moderate temperatures. The host lattice may exhibit anisotropy in chemical bonding with 

directional dependence that allows a guest species to diffuse through vacant sites or 

displace a mobile species.
1–4

  

The difference in structural dimensionality (0D to 3D) of the host lattice can result 

in selective intercalation behavior. A host lattice with 3D frameworks presents rigid pores 

that constrain guest access.
5
 For example, zeolite 3A that has a pore diameter of 0.3 nm 

can adsorb water (with an effective molecular diameter of 0.28 nm) but not adsorb larger 

molecules such as alkanes; i.e. CH4 (0.39 nm diameter).
6
 For lower dimensional host
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(1D chains or 2D layers), the structure cohesive interactions within the host include either 

van der Waals forces for neutral units and electrostatic forces for charged units. These 

chain- or layer-type hosts are expandable and can therefore often accommodate guest 

species with different sizes.
7,8

 Three major driving forces for intercalation processes are 

ion/molecular exchange, acid-base and redox reactions. 

Zeolites, a three dimensional framework structure with rigid pores, are typical 

insulating hosts. Their general composition is Mx/n
n+

[AlxSi1-xO2]
.
nH2O where M

n+
 is a 

charge-compensating cation for the AlO4 and SiO4 tetrahedral frameworks. Both M
n+

 and 

water molecules can be selectively displaced by other cationic or neutral guests via an 

ion/molecular exchange reaction. As with zeolites most clay minerals are 

aluminosilicates.
9
 Clays have layered structures and most exhibit negative host charges, 

except for the neutral clays such as kaolinite (Al2Si2O5(OH)4) and pyrophyllite 

(Al2(Si4O10)(OH)2). The net negative charge derives from chemical substitution in the 

host and is balanced by interlayer cations such as Na
+
 or K

+
, leading to a large range of 

clay compositions, as indicated in Table 1.1. A wide variety of new intercalation 

compounds can be obtained via ion-exchange of these interlayer cations with new 

inorganic/organic cations, and the solvation chemistry of these ions. This is in part 

facilitated by the adjustable interlayer separation for the uptake of variable guest species 

to accommodate guests with different dimensions.
6,10

  

On the other hand, layered double hydroxides (LDHs) have a positive charge on 

their metal hydroxide layers and show anion exchange behavior. The general composition 
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of LDH is given as M1-xM´x(OH)2
.
Ax/n

.
mH2O (M = divalent cation, M´ = trivalent cation, 

A = exchangeable anion).
11

                 

Intercalation chemistry with acid-base reactions is clearly observed in 

M
IV

(HPO4)2
.
nH2O where acidic protons are found in P-OH groups that are oriented 

perpendicularly to the metal phosphate layers and point toward the interlayer region. 

These protic groups readily react with bases to form new intercalation compounds with 

the expansion of the host lattice. In addition, these protons can be partially or completely 

exchanged by other atomic/molecular cations depending on synthetic conditions.
12,13

  

Host lattices with electronically conducting structures (see Table 1.2) can undergo 

redox reactions by electron/ion transfer to form new intercalation compounds. The host 

contains reducible or oxidizable species, and ionic intercalating species compensate the 

charge change resulting from the redox reaction. Electrochemical methods are often 

employed to study redox reactions because they can provide quantitative information 

about the extent of charge transfer and phase equilibrium with the variation of cell 

potential. Intercalation via redox chemistry can often be accomplished by use of either 

electrochemistry or with chemical reducing or oxidizing reagents. 

Metal dichalcogenides, MX2 (M = transition metals group 14, 15 and 16, X = S, 

Se), are an extensively studied host lattices; these have layered structures where metals 

occupy either octahedral or trigonal prismatic sites between two chalcogen layers. The 

interaction between two adjacent MX2 layers is via weak van der Waals forces. 

Intercalation reactions occur when the host lattice is reduced by electron transfer, and a 
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cationic guest diffuses into the interlayer space to form AMX2 compounds (A = mobile 

guest). With subsequent reactions, these mobile guests can undergo ion exchange by 

another atomic/molecular cation, yielding products that cannot be obtained by direct 

insertion chemistry.
14
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Table 1.1 Non redox-active host lattices for intercalation.
6
 

Three-dimensional structures 

Zeolites Mx/n

n+
(AlxSi1-xO2)

.
nH2O 

AlPO4-n, SAPO-n 

Zeotypes: phosphates and silicates containing transition metal ions 

Pyrochlores: Ca2Nb2O7, KNbWO6, W2O6 

KSbO3 related phase, LiNbO3 

β-Alumina 

Two-dimeinsional structures 

Clays and layered silicates 

Kaolinite Al2Si2O5(OH)4 

Hectorite Nax(Mg3-xLix)Si4O10(OH)2
.
mH2O 

Montmorillonite Nax(Al2-xMgx)Si4O10(OH)2
.
mH2O 

Vermiculite (Na,Ca)Mg3(AlxSi4-xO10)(OH)2
.
mH2O 

Niobates, tantalates, titanates and molybdates 

     K[Ca2Nan-3NbnO3n+1], 3 ≤ n ≤ 7; K2Ti4O9, KTiNbO3 

Acid phosphates M(HPO4)2
.
H2O; M = Ti, Zr, Hf, Ce, Sn 

Hydrous oxides AxUO2XO4
.
mH2O 

Layered double hydroxides 

     [Mg2Al(OH)6]NO3
.
1.2H2O, [Zn2Cr(OH)6]Cl

.
2H2O 

Ni(CN)2 
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Table 1.2 Redox-active host lattices for intercalation.
6
 

Three-dimensional structures 

Intersecting channels 

     Chevrel phases MxMo6X8 (X = S, Se) 

     Perovskite related oxides WO3, ReO3, V6O13 

Tunnel structures 

     Nb3X4 (X = S, Se); Ti3S4, TlxV6S8 

     Rutile oxides MO2 (M = Ti, Mn, Cr, Mo, W, Ru, Os, Ir) 

     h-WO3 

Two-dimeinsional structures 

Graphite 

Dichacogenides  

     MX2 (M = Ti, Zr, Hf, V, Nb, Ta, Mo, W; X = S, Se, Te) 

Metal phosphorous trichalcogenides 

     MPX3 (M = Mg, V, Mn, Fe, Co, Ni, Zn, Cd, In; X = S, Se) 

Metal oxyhalides MOX (M = Ti, V, Cr, Fe; X = Cl, Br) 

Metal nitride halides MNX (M = Zr, Hf; X = Cl, Br, I) 

Ternary chalcogenides  

     AMX2 (A = group 1; M = Ti, V, Cr, Mn, Fe, Co, Ni; X = O, S) 

MOXO4 (M = Ti, Zr, Hf, Nb, Ta; X = S, Se) 

MoO3; V2O5 

One-dimensional structures 

Carbon nanotubes 

MX3 (M = Ti, Zr, Hf, Nb, Ta; X = S, Se) 

AFeS2 (A = Na, K, Rb, Cs) 

AMo3X3 (A = group 1; X = S, Se) 
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1.2 GRAPHITE STRUCTURE 

Graphite, an allotrope of carbon, is a two dimensional layered structure. In each 

layer, sp
2
-carbon atoms are bonded together with a regular hexagonal network, this unit is 

called a graphene sheet. The C-C bond length in a planar sheet is 0.142 nm (vs 0.135 nm 

in benzene) because each pz orbital interacts with three rather than two neighbors. 

Graphene sheets are 0.335 nm thick and are the layers stack with van der Waals 

interactions to form graphite.
15

 Two known stacking sequences known in graphite are AB 

(hexagonal) and ABC (rhombohedral) arrangements. The latter is a metastable phase and 

transforms into the hexagonal (more stable) structure at high temperature. The graphite 

structure is shown in Figure 1.1. 

 

 

Figure 1.1 The layered structure of graphite formed by AB stacking of graphene.
15
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1.3 GRAPHITE INTERCALATION COMPOUNDS (GICs) 

Graphite has a near-zero band gap where the top of a filled valence band (VB, π-

bonding) is very close to the bottom of an empty conduction band (CB, π*-antibonding), 

resulting from the overlapping of pz orbitals perpendicular to graphene sheets. This 

electronic structure enables graphite to undergo intercalation by either a reduction or an 

oxidation reaction. For reduction, the electron transfers from a donor species to the empty 

CB. On the other hand, the electron is partially removed from the VB when graphite is 

oxidized by an acceptor species.
16

 Two examples of intercalation reactions via redox 

chemistry are indicated in equations (1.3) and (1.4). For the first reaction, nitric acid 

(HNO3) oxidizes graphite and then both ionized and neutral forms of HNO3 are 

intercalated into the graphite gallery. Under a reductive environment, graphite is readily 

reduced by potassium metal at a high temperature to form an intercalation product.    

xC (s) + 5HNO3 (aq)  Cx

+
NO3

-.
3HNO3 (s) + NO2 (g) + H2O (g) (1.3)  

xC (s)   +   K (m)                K
+
Cx

-
 (s)   (1.4) 

Graphite also exhibits a unique staging phenomenon in intercalation. Staging refers 

to an ordered sequence of graphene sheets sandwiching intercalate galleries. For 

example, stage-1 means a single layer of graphene alternates regularly with a single layer 

of intercalate. Stage-2 means two graphene layers remain adjacent, and etc.
17

 Stage 

transition can be more accurately described using the Daumas-Hérold (DH) model where 

an intercalate forms an island within the graphitic lattice, as shown in Figure 1.2. An 

intercalate island can migrate through the graphite gallery to convert the product from 
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one stage to another. Importantly, the propagation of intercalate islands requires 

deformable boundaries of graphene sheets, which is not observed and probably too 

energetically demanding with more rigid hosts.
18

 This model has been directly supported 

by high-resolution transmission electron microscopic studies on FeCl3-GIC.
19

    

 

 

Figure 1.2 Schematic representations of staging in GICs with DH domains. The 

continuous lines and circle balls represent graphene layers and intercalate species, 

respectively. 

 

 When an intercalation compound is formed, graphene layers facing an intercalate 

layer may be staggered (as in graphite), eclipsed, or randomly displaced but graphene 

layers that remain adjacent are stacked in a similar fashion to pristine graphite.
20

 

Additionally, the relationship of the gallery height (di), repeated distance along c-axis (Ic), 

and stage number (n) is given as follows: 

Ic   =   di – 0.355 nm (n-1)     (1.5) 
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and      Ic   =   l*dobs     (1.6) 

where 0.335 nm is the thickness of single graphene sheet, 

 l is index of (00l) planes that are oriented in the c-direction,  

dobs is the observed value of the spacing between two adjacent planes.  

Both l and dobs can be obtained directly from X-ray diffraction data. In addition, a gallery 

expansion (Δd) is calculated by subtracting the GIC gallery height (di) from single 

graphene sheet thickness (0.335 nm); Δd = di – 0.335nm. The Δd value is related to the 

lattice enthalpy for GICs. In general, the lattice enthalpy is more favorable with a smaller 

expansion, with implications on the orientation and arrangement of intercalate species 

inside the graphite gallery (to be discussed in subsequent chapters). The relationships 

described above are schematically depicted in Figure 1.3.  
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Figure 1.3 Schematic representations of the gallery height (di), repeat distance along 

c-axis (Ic), stage number (n), gallery expansion (Δd) and single graphene sheet thickness. 
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1.4 TYPES OF GICs 

1.4.1 Acceptor-type GICs 

Many different guest species, including conjugate base anions of strong acids, 

halogens and halides, and oxides, can be intercalated into graphite to form GICs via the 

oxidation of the graphite host. Graphite sulfate is a typical acid GIC first reported by 

Schauffaütl in 1841. Due to a non-oxidizing nature of sulfuric acid (H2SO4), the 

intercalation occurs only with the assistance of an oxidizing agent such as HNO3, HIO4, 

(NH4)2S2O8, MnO2, CrO3 or KMnO4, or under anodic oxidation. A stage-1 H2SO4-GIC 

has di of 0.8 nm and a composition close to C24HSO4
.
2H2SO4. This composition indicates 

that both HSO4

-
 ions and additional molecular H2SO4 coexist in the graphite galleries.

21,22
 

Unlike H2SO4, nitric acid (HNO3) itself can act as an oxidant to form stage-1 

C24NO3
.
3HNO3 (di = 0.78 nm) where the N atoms form a tetrahedral coordination. After 

evacuation to remove intercalated HNO3, this GIC converts to a phase with di of 0.66 nm 

where the intercalate planar nitrate anions must be oriented parallel to graphene 

sheets.
23,24

 Many examples of other stage-1 GICs containing small anions, such as ClO4

-
, 

CF3SO3

-
 or CF3COO

-
 , all with di ~ 0.8 nm, have been reported.

22,25,26
 

When exposed to a bromine vapor at a low temperature, graphite undergoes the 

oxidation reaction to form CxBr3
.
δBr2 with di of 0.70 nm.

27
 For fluorine gas, intercalation 

at ambient temperature has been shown in the presence of liquid anhydrous HF to 

produce CxHF2
.
δHF (di = 0.60 nm). At higher temperatures (300-600°C), the reaction 
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with elemental fluorine can destroy delocalized-π system by forming covalent C-F bonds, 

resulting in the formation of fluorinated carbon compounds: (CF)n and (C2F)n.
28,29

    

With the oxidizing class of metal/non-metal halides, graphite can react directly 

via the disproportionation of metal halides (e.g. SbCl5, SbF5 and AsF5) as shown below. 

3/2MX5 (g)   +   xC (s)        CxMX6 (s)   +   1/2MX3 (s)      (1.7) 

For a CxAsF6
.
δAsF5 GIC, neutral species (AsF5) will cointercalate but can be removed by 

pumping under vacuum, which eventually yields a CxAsF6 compound.
30

 The gallery 

dimension is associated with the size of the MX6

-
 octahedral intercalate, e.g. 0.95 nm for 

CxSbCl6, 0.85 nm for CxSbF6 and 0.76 nm for CxAsF6.
31–35

 Additionally, the intercalation 

of non-oxidizing metal halides can be accomplished by adding an oxidant as illustrated in 

equation (1.8):        

xC (s)   +   MCln (g)   +   1/2Cl2 (g)          CxMCln+1 (s)  (1.8) 

where MCln is a non-oxidizing metal chloride (e.g. AlCl3, BiCl3 or NiCl2).
36–38

 Similar 

reactions can also proceed with transition-metal fluorides (e.g. VF5, TaF5 and NbF5), or 

main-group fluorides (e.g. BF3 and PF5) with a presence of oxidant gas (Cl2 or F2) to 

produce CxMFn+1.
39–42

 Some oxidizing metal fluorides (e.g. OsF6, PtF6 and IrF6) directly 

react with graphite to form CxMF6 GICs (see equation 1.9).
43

 

xC (s)   +   MF6 (g)          CxMF6 (s)   (1.9) 

The gallery height of these latter GICs is about 0.8 nm, and the ‘x’ value varies 

depending on the stage number and the nature of the intercalate guest.  
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Another example is an acceptor-type GIC containing CrO3. Refluxing the mixtures 

of graphite, CrO3 and glacial acetic yielded a stage-3 C13.6CrO3 GIC (di = 0.79 nm).
44

 

 

1.4.2 Donor-type GICs 

In a reducing environment, donor-type intercalation compounds can be produced 

with several types of guests, including alkali metals, alkali earth metals, rare earth metals, 

and organic species. Both chemical and electrochemical methods have been employed in 

these syntheses.  

1.4.2.1 Binary M-GICs 

Alkali metal GICs have been widely studied since many are readily 

prepared by a vapor-phase reaction of alkali metal and graphite in a sealed tube at 

moderate temperatures (200-400°C). This direct method can give GIC products with 

well-defined single stage phases. The general formula of K-, Rb- and Cs-GICs is MC8 for 

stage-1 and MC12n for a higher stage when n is the stage number.
45,46

 These gallery 

heights range from 0.535 to 0.594 nm depending upon the ionic diameter of intercalate 

cations (K
+
 = 0.304 nm, Rb

+
 = 0.332 nm, Cs

+
 = 0.362 nm).

47
 Lithium forms LiC6n (n ≥ 1) 

with di of 0.371 nm.
48

 It is interesting that a low-stage Na-GIC has not been synthesized, 

but only high-stage phases are known with the composition NaC8n (n = 4-8).
49

 As 

described by Asher et al., a stage-8 NaC64 GIC was prepared by heating graphite powder 

with purified sodium at 400°C for 10 hours in a stainless steel crucible. The as-prepared 
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product showed a di value of 0.455 nm with a monolayer of Na intercalates.
50

 At very 

low temperature (150°C) and long reaction time, Metrot et al. obtained a stage-4 

compound mixed with unreacted graphite due to a low vapor pressure of metal. Pure 

binary phases of stage-6 and 7 NaC8n were also observed at temperatures of 175°C and 

235°C, respectively.
49

 When compared with the other alkali metals, sodium intercalation 

into the graphite has proven elusive.  

There are several previous papers discussing the relative stabilities of MCx 

compounds. Boersma reported the relationship between the ionization energy of alkali 

metals and the molar free energy of formation of MCx (M = K, Rb, Cs).
51

 A linear 

correlation was observed for these with KCx, RbCx and CsCx (stage 1-3, 5), all of which 

are energetically stable. Using the known ionization energies of Na and Li, they could 

predict molar free energies of NaCx and LiCx that indicated the instability of these 

compounds (stage 1-3). This conclusion may be valid for NaCx, but in the case of LiCx 

both LiC6 (stage-1) and LiC12 (stage-2) are well known. A separate calculation on LiC6 

stability was reported by Kganyago et al. using a local-density functional theory (LDA-

DFT) method.
52

 The enthalpy of formation was determined to be -14.0 kJ/mol of Li, as 

compared with the experimental value of ΔHrxn,455 K -13.9±1.2 kJ/mol of Li, indicating a 

good agreement and confirming that the formation of LiC6 is energetically favorable. 

Recently, Nobuhara et al. performed theoretical calculations on the stability of MCx 

compounds (M = Li, Na, K; x = 6, 8, 12, 16, 36) using a first-principles method.
53

 The 

formation energy (ΔE) was then used to estimate stabilities using: 
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       ΔE     =     EMCx
  -  [Egraphite  +  EM]   (1.10) 

where EMCx
, Egraphite and EM are total energies of the MCx, graphite and alkali metal, 

respectively. The calculated results indicated that KCx and LiCx GICs are energetically 

stable for a whole range of ‘x’ while NaCx is only stable at low Na content (x = 36). NaCx 

with high concentrations of Na, specifically NaC8 and NaC6, were found to be unstable, 

in good agreement with experimental observations. 

Under high pressure conditions, new phases of MCx compounds, including 

NaCx, are observed with a highly-dense alkali metal layer incorporated between graphene 

sheets. The limiting compositions of such superdense phases are MC2 (M = Li, Na) and 

MC4 (M = K, Rb, Cs). Several MCx compounds were reported to form monolayer 

intercalates in the graphite galleries under high pressure. When the pressure decreases, 

these compounds are not stable and decompose by evolving an excess amount of alkali 

metal without significantly changing the gallery dimension, except for sodium which 

forms a bilayer structure.
54–56

  

Additionally, alkali earth (Ca, Sr, Ba) and rare earth (Eu, Sm, Yb) elements 

can undergo a similar solid-vapor phase reaction, but at higher temperatures (400-500°C). 

Stage-1 compounds of these elements have compositions of MC6 and the gallery 

dimensions are proportional to their ionic sizes (CaC6; di = 0.460 nm, SrC6; di = 0.494 

nm, BaC6; di = 0.525 nm, EuC6; di = 0.486 nm, SmC6; di = 0.503 nm and YbC6; di = 

0.457 nm).
57–59

 Metal carbides, as well as unreacted graphite and metal, are always 

observed as impurities. Recently, a new flux-method was reported that avoids the 
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formation of carbide byproducts. Herold et al. reported the synthesis of pure and bulk 

MC6 GICs (M = Ca, Ba, Eu) in molten Li-M based alloys with an appropriate atomic 

ratio of Li/M.
60–63

 Reaction temperatures in a range of 350-450°C do not produce metal 

carbides. Two-step mechanisms are involved. Lithium intercalates first to pre-open the 

galleries, then the alloyed metal (M) progressively exchanges for lithium in a slow 

process, leading to a pure binary MC6 compound. This mechanism is illustrated in Figure 

1.4.   

 

 

Figure 1.4 Two-step mechanism for the formation of MC6 by a Li-M alloy reaction. 

This figure shows different phases during an intercalation process where graphite is 

placed in liquid Li-M alloys. The continuous lines and yellow and white balls represent 

graphene layers, lithium and alloyed metals, respectively.
61

     

       

1.4.2.2 Ternary MM´-GICs or MY-GICs 

Ternary GICs containing two metals can also be prepared. For example, 

Na2BaC7.5 was prepared by the reaction of a molten Na-Ba alloy and graphite. The 

observed di ~ 0.74 nm (Δd = 0.40 nm) is interpreted in terms of triple metallic intercalate 
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layers with two sodium planes encasing a barium plane.
64

 Other ternary GICs with 

similar complex intercalate galleries, including more electronegative heteroatoms such as 

H, Cl, O, S, Se, Te, Hg, Bi and As, have been prepared in the presence of alkali metals 

(e.g. Na, K, Rb and Cs).
16,65,66

 The structures are stabilized by heteroatom layers inserted 

between two positively charged alkali metal layers. In general, these structures show the 

layer stacking C - alkali metal - Y - alkali metal - C where Y is the heteroatom layer. For 

example, stage-1 KH0.8C4 was synthesized by reaction of H2 gas with stage-1 KC8. The 

structure contained K-H-K triple layers between graphene sheets with di of 0.85 nm as 

shown in Figure 1.5.
67

 

 

 

Figure 1.5 The multilayer structure of KH0.8C4. 

 

1.4.2.3 Ternary solvated-M-GICs 

Donor-type GICs with solvated cations have been well investigated and can 

be prepared via either chemical or electrochemical methods. GIC products may contain a 
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range of cations (e.g. alkali metals, alkali earth metals and rare earth metals) and 

solvating molecules as a co-intercalate species (e.g. amines, ethers, hydrocarbons and 

others). A wide variety of ternary M(NH3)yCx GICs have been prepared by interaction of 

graphite with metals dissolved in liquid ammonia:
68

 

M (s)   +   yNH3 (l)   +   xC (s)          M(NH3)yCx (s)  (1.11) 

Interestingly, the observed gallery dimensions (di ~ 0.66 nm) are relatively independent 

of the radius of M cations. This suggests that gallery dimension is mainly related to the 

size of NH3, with the three-fold axis of NH3 is slightly tilted from the graphene sheet to 

the stacking direction. These GICs are blue for stage-1 and grayish-blue for stage-2. 

Alternately, M(NH3)yCx GICs with well-defined stages can be electrochemically 

synthesized in a liquid ammonia solution of the corresponding metal.
69,70

  

Besides NH3, alkylamines have also been used to prepare solvated-cation 

ternary GICs. As recently reported by our group, a series of alkylamines with alkali 

metals can form ternary GICs by the one-pot solution method.
71–74

 Different gallery 

arrangements and intercalate orientations were observed, including amine orientations 

parallel or perpendicular to graphene sheets, and monolayer or bilayers of intercalates. 

Similarly to NH3, the alkylamines mainly determine the gallery dimensions. Monolayers 

of alkylamines show di of ~0.7 nm for parallel and 0.8-0.9 nm for perpendicular 

orientation. For bilayer intercalates, only a parallel orientation was observed with di about 

1.1-1.3 nm. Results for selected M-alkylamine-GICs are summarized in Table 1.3 and 

their structural arrangements are illustrated in Figure 1.6.      
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Table 1.3 Summary of selected stage-1 ternay M-alkylamine-GICs 

Intercalate arrangement GICs di (nm) 

Parallel monolayer Li(n-C3H7NH2)0.8C16 0.70 

 Li(i-C3H7NH2)0.4C18 0.76 

 Na(n-C4H9NH2)yCx 0.70 

 Li(en)0.8C15 0.68 

 Na(en)1.0C15 0.69 

Perpendicular monolayer Li(DAP)0.95C14 0.81 

 Li(DMEDA)yCx 0.91 

Parallel bilayer Na(n-C6H13NH2)yCx 1.09 

 Na(n-C8H17NH2)1.6C40 1.09 

 Na(s-C4H9NH2)1.6C18 1.34 

 Na(i-C4H9NH2)2.0C28 1.28 

en = ethylenediamine; DMEDA = N,N-dimethylethylenediamine; DAP = 1,2-

diaminopropane 



21 
 

 

Figure 1.6 Structural arrangements of alkylamine in graphene sheets: (a) parallel 

monolayer, (b) perpendicular monolayer and (c) parallel bilayer.   

 

Other polar organic molecules such as THF (tetrahydrofuran), furan, DMSO 

(dimethylsulfoxide) and DME (dimethoxyethane) are also known to form ternary GICs 

with alkali metals.
75–78

 In some of these syntheses, polycyclic aromatic hydrocarbons 

such as naphthalene, phenanthracene, anthracene and biphenyl were added to assist in 

electron-transfer from metal to graphite.
79

 The chemical and structural properties of 

M(THF)yCx GICs have been investigated. They were prepared from the reaction of 

binary MCx GICs either in liquid THF or under THF vapor. For example, K(THF)yC24 
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may show different orientations of [K(THF)y]
+
 intercalate complexes depending on the 

ratio of THF/K (y). THF molecules lie parallel to graphene sheets when the THF/K ratio 

was 1, yielding K(THF)1C24 with di of 0.716 nm. In K(THF)2-3C24, a perpendicular 

arrangement of THF was observed with a larger gallery height (di ~ 0.88 nm).
80

 On the 

other hand, lithium formed a tetrahedral complex, [Li(THF)4]
+
, and required a larger 

gallery dimension (di ~ 1.24 nm).
81

  

Ternary GICs that contains hydrocarbon molecules with a presence of alkali 

metal have also been described. These non-polar co-intercalates are incorporated via a 

reversible gas-solid physisorption reaction on binary MCx GICs (M = alkali metal). For 

polar molecules, the driving force for intercalation is ion-dipole interactions that 

compensate for the electrostatic energy change due to gallery expansion. For non-polar 

cointercalates, weaker interactions between these cointercalates and ionic guests recur 

that driving force and lead to less expansion or stable ternary products. As a result, the 

intercalation process causes small increase of the gallery height compared to a starting 

binary MCx GIC; i.e. Cs(n-pentane)1.0C24 with di = 0.678 nm and Cs(n-hexane)0.9C24 with 

di = 0.694 nm, (vs. stage-2 CsC24 with di = 0.594 nm).
82,83

 Apparently, alkane 

cointercalates are only accommodated within confined galleries in a parallel orientation. 

A similar result was observed in the formation of stage-2 Cs(ethylene)1.2C24 with di of 

0.675 nm.
84

 However, in case of ternary GICs containing [M(aromatic)y]
+
 cations, the 

orientation of aromatic molecules was approximately perpendicular to the graphene 

sheets, which requires a large expansion. It was proposed that this structure is stabilized 

by ion-dipole interactions between negatively-charged graphene sheets and the aromatic 
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hydrocarbons. The compositions and gallery heights (in parentheses) of these stage-1 

GICs are as follows; K(benzene)2C24 (0.931 nm), K(toluene)3C24 (0.908 nm) and K(o-

xylene)2C24 (1.060 nm).
85–87

 

1.4.2.4 Tetra-n-alkylammonium (NR4
+ 

or TAA cations) GICs 

This thesis primarily describes the intercalation of NR4
+
 cations into 

graphite. There are reports of this chemistry prior to the work described in this thesis. 

Those GICs were obtained by either electrochemical or chemical ion-exchange method. 

Following early work by Besenhard et al., the electrochemical reduction of graphite in 

DMSO-based electrolytes containing tetramethylammonium, N(CH3)4
+
, salts was 

studied.
88–90

 Cyclic voltammogram showed the reversible intercalation of solvated-

N(CH3)4
+
. The on-set potential of intercalation reduction is about -1.8 V (vs SCE). From 

a quantitative galvanostatic plot, the stoichiometric ratio of graphitic carbon (Cx) to 

N(CH3)4
+
 intercalate was determined to follow a series of C24n

-
, where n is the stage 

number; C24

-
 for stage-1, C48

-
 for stage-2 and so on. The obtained GIC products were 

physically dull-black in color and extremely air-sensitive. Due to this instability, a phase 

mixture was usually obtained. The gallery dimension of N(CH3)4C24n
.
δDMSO was 

reported to be 1.25 nm, which could accommodate 6 DMSO-molecules per formula unit 

as estimated from the estimated area required per N(CH3)4
+
, the observed gallery 

dimensions and the radius of N(CH3)4
+
. Therefore, they authors proposed that the 

intercalate species was a regular octahedral complex of DMSO-solvated N(CH3)4
+
.  
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Simonet et al. reported the electrochemical behavior of graphite in a DMF-

based electrolyte using TAA salts.
91–95

 A variety of TAA cations were used, including 

(CH3)4N
+
, (C2H5)4N

+
, (C4H9)4N

+
, (C6H13)4N

+
 and (C8H17)4N

+
. The reversible charge-

discharge reactions associated with intercalation and de-intercalation of TAA cations 

were clearly observed with a graphite reduction onset potential at -1.8 V (vs SCE). For 

larger cations, the volume of the graphite lattice was dramatically increased during 

intercalation and the chemical reversibility was lower owing to a large ion diffusion limit 

during de-intercalation. The step-wise galvanostatic charge plots suggested the formation 

of (R4N)Cx (R = methyl or butyl; x = 24, 48 and 96).     

The formation of (C2H5)4N-GIC has also been investigated in 

electrochemical capacitors with a graphite cathode. The graphite electrode exhibited a 

reversible(C2H5)4N
+ 

intercalation/de-intercalation in both propylene carbonate (PC) and 

acetonitrile (AN)-based electrolytes containing (C2H5)4N-salt.
96,97

 The in situ PXRD 

showed disappearance of graphite phase and appearance of a new phase during reduction. 

However, the new reflection peaks were unindexed and the stage or gallery dimension of 

any GIC products obtained was not identified. In ionic liquid (IL)-based electrolytes 

containing trimethyl-n-hexylammonium cations, (CH3)(C6H13)N
+
, the intercalation of 

cations into a graphite anode was suggested by ex situ PXRD and cyclic voltammetry.
98

 

PXRD results indicated the formation of a new GIC after reduction, with the appearance 

of a new peak at d-spacing ~0.37 nm. Interestingly, when the graphite electrode was 

oxidized, the new peak remained but decreased in intensity. This suggested that de-
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intercalation of (CH3)(C6H13)N
+
 was a slower reaction that did not proceed to 

completion.       

Only few reports have described the formation of TAA-GICs via an ion-

exchange reaction. Truong et al. demonstrated the ion exchange of stage 2+3 ternary Li-

THF-GICs with TAA cations, such as (CH3)4N
+
, (C2H5)4N

+
 and (C3H7)4N

+
, in THF.

99
 

However, the PXRD patterns of obtained products showed graphite, a remaining TAA 

salt, some impurity phases and a small broad peak ascribed to the TAA-GIC phase. The 

stage number and reflection indices of these GICs were not identified.                   
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1.5 NR4
+
-INTERCALATION IN OTHER HOSTS 

There are numerous studies on the intercalation of quaternary alkylammonium 

cations into layered hosts, especially in clay minerals, transition metal dichalcogenides, 

transition metal oxides, metal phosphates and graphite oxide. The major driving forces 

for intercalation include ion exchange reactions of interlayer exchangeable cations as 

well as host-guest and guest-guest interactions. X-ray diffraction has been used to 

demonstrate the interlayer expansion of host lattices and indicate the conformation and 

arrangement of intercalate species. Detailed structural and compositional 

characterizations are available for many of these compounds. 

In clay minerals (e.g. smectites and vermiculites), a cation exchange reaction is 

typically conducted by mixing aqueous suspension of clay and TAA salt solution at a 

moderate temperature. An obtained product is called organoclay due to the development 

of organophilic properties. The general reaction can be expressed as follows:
100,101

 

NR4
+
   +   M

+
-clay          NR4

+
-clay   +   M

+
   (1.12) 

where M
+
 is an interlayer exchangeable cation, including proton (H

+
). A quantitative ion 

exchange of the interlayer cations by NR4
+
 provides a method to determine layer charge 

density in a host lattice.
102

 The arrangement of TAA cations within silicate layers 

depends on the ionic size of intercalate species and the surface layer charge density; 

alkylammonium cations with short-alkyl chain generally arrange in monolayers and those 

with longer alkyl chains arrange in bilayers parallel to silicate sheets, as shown in Figures 

1.7(a) and (b). In highly-charged layer silicates, pseudo-trimolecular layers or paraffinic 
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structures of alkylammonium with long alkyl chains have been reported and can lead to 

very large interlayer expansions, as show in Figures 1.7(c) and (d).
103

 

 

 

Figure 1.7 Arrangements of alkylammonium cations in the gallery of clay minerals: 

(a) monolayers, (b) bilayers and (c) pseudo-trimolecular layers and (d) paraffinic 

structures. 

 

Several TAA cations, including symmetric and asymmetric alkyl groups such as 

(CnH2n+1)4N
+
 (n = 1-8) and [CH3(CH2)n-1N(CH3)3]

+
 (n = 4, 8, 12, 16, 18), have been 

studied for intercalation.
104–107

 Considering NR4
+
 with aliphatic alkyl chains, it is 

interesting to note that the gallery expansion of 0.4-0.5 nm for monolayers corresponds to 

a “flattened” conformation of the intercalates where the alkyl chains lie parallel to the 

clay sheet. The lattice enthalpy associated with a smaller lattice expansion should be 
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increased by such flattened intercalates. For a given charge density on silicate sheets, a 

monolayer-to-bilayer transition with 0.4-0.5 nm increments in the gallery thickness 

occurs when the area of TAA intercalates becomes larger than the equivalent area 

available in a monolayer arrangement. Besides offering more interlayer area, bilayer 

arrangements also provide van der Waals interactions between alkyl groups (chain-chain 

overlapping). For cations with very long alkyl chains (n > 8), the formation of pseudo-

trimolecular layers and paraffinic structures has been observed with an interlayer 

expansion greater than 1 nm.    

In the class of transition metal dichalcogenides, MoS2 (which contains hexagonal 

MoS2 sheets with a layer thickness of 0.62 nm) is a typical example for the study of TAA 

intercalation.
108

 The general reaction involves MoS2 reduction using a strong reductant 

such as n-butyllithium to form LiMoS2, followed by cation exchange in aqueous TAA 

salt solution, as reported by Golub et al.
109

 The arrangement of TAA cations between 

MoS2 layers depends on the nature of the intercalate. As with the clay minerals, the 

observed interlayer expansion was about 0.5 nm in case of small TAA cations, 

(CnH2n+1)4N
+
 (n = 1-3), indicating a monolayer arrangement with the compositions of 

[(CH3)4N]0.29MoS2, [(C2H5)4N]0.17MoS2 and [(C3H7)4N]0.14MoS2. For larger TAA cations 

(n ≥ 4), bilayer and trilayer structures were formed with an interlayer expansion of 0.8 

nm for [(C4H9)4N]0.15MoS2 and [(C6H13)4N]0.12MoS2, and 1.2 nm for 

[(C14H29)(CH3)3N]0.19MoS2, respectively. The paraffin-like structure, in which one long 

alkyl chain of the asymmetric TAA cations forms a bilayer perpendicular to the MoS2 
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layers, was also observed with an interlayer expansion of 2.7 nm for 

[(C16H33)(CH3)3N]0.27MoS2 and 2.9 nm for [(C18H37)(CH3)3N]0.25MoS2.              

Layered transition metal oxides provide another example of a host lattice known to 

intercalate TAA cations. Birnessite is two-dimensional layered manganese oxide that 

contains water molecules and alkali metal cations or protons in its interlayer space. The 

interlayer gallery dimension is about 0.7 nm for a hydrate monolayer.
110

 TAA cations can 

be directly introduced into birnessite via an ion-exchange reaction. It is worth noting that 

aside from the TAA structure, as indicated above, the synthetic route and drying 

conditions can also impact the observed compositions and interlayer dimensions of the 

resulting products. Symmetric TAA cations, (CnH2n+1)4N
+
 (n= 1-4), are typically 

employed to expand birnessite.
111–114

 Unlike clay minerals and MoS2, the organic cations 

intercalate with an undistorted conformation, resulting in a greater gallery expansion 

(0.46 nm for (CH3)4N
+
, 0.67 nm for (C2H5)4N

+
, 0.84 nm for (C3H7)4N

+
 and 0.97 nm for 

(C4H9)4N
+
) and hydrate layers are retained in the products. (CH3)4N

+
 exhibits the most 

hydrophilic nature and a stronger interaction with the negatively-charged manganese 

oxide layers as compared to the other intercalates. As a consequence, more (CH3)4N
+ 

cations and hydrate layers can intercalate into the host gallery. For the larger TAAs, the 

interaction is weaker due to an increase of hydrophobicity and only a monolayer of 

cations and mono- or bilayers of water molecules in the host gallery were observed.
115

       

The layered titanates H0.7Ti1.825□0.175O4
.
H2O (□ is a vacant site) display a 

protonated lepidocrocite-type structure, and these can accommodate (C4H9)4N
+ 

cations 
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into an interlayer gallery via the exchange of protons and (C4H9)4N
+
. An obtained product 

has an interlayer expansion about 0.81 nm, indicating the existence of a (C4H9)4N
+ 

cation 

monolayer aligned along the C2 rotational axis normal to titanate layers.
116

 Likewise, 

(C4H9)4N
+
-intercalation compounds were also observed for layered protonic ruthenate, 

H0.2RuO2.1
.
nH2O, layered hexaniobate, K4-xHxNb6O17 and even protonated Ruddlesden-

Popper tantalates and titanotantalates, H2[Ax-1BxO3x+1] (A = Na, Ca, Sr, La; B = Ta, 

Ti).
117–119

  

Graphite oxide (GO) is a two-dimensional lamellar structure containing some 

functional groups such as hydroxyl, carbonyl and other groups with the interlayer 

dimension of 0.88 nm, including a hydrate monolayer of 0.27 nm. Similar to the other 

hosts described above, TAA-intercalated GO can be obtained via an ion-exchange 

reaction between acidic protons attached in the GO layers and TAA cations in aqueous 

solution. A systematic study of TAA intercalation, (CnH2n+1)4N
+
 (n= 1-4), into GO 

showed that the interlayer expansion depends on the size of TAA cations. For example, 

(CH3)4N-intercalated GO provided an interlayer expansion of 0.95 nm, corresponding to  

monolayer of symmetric (CH3)4N
+
 cations plus a water monolayer. In case of (C4H9)4N-

GO, monolayer of (C4H9)4N
+
 cations and hydrate bilayers can be accommodated into GO 

layers with the expansion of 1.2 nm.
120
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1.6 COMPARISON: NR4
+
 IN GRAPHITE AND IN OTHER HOSTS 

As will be shown in this thesis, the synthesis of TAA-GICs via ion-exchange can 

proceed in stable organic solvents such as DMSO or DMF (see Chapters 2 and 3). 

Reactions in aqueous solution are not possible due to the very low chemical potential of 

donor-type GICs (which would reduce water), and reactions needs to be performed under 

inert atmosphere to prevent the oxidation by O2 as well. The obtained TAA-GIC products 

show conformation changes and gallery arrangements that depend on ion size, as 

described above; i.e. monolayer for small TAA and bilayer for larger TAA, which is 

similar to intercalation of TAAs in clay minerals. No pseudo-trimolecular layers or 

paraffinic structures were observed in TAA-GICs, even in (C18H37)(CH3)3N
+
. 

It is noteworthy that sheet charge densities on graphene layers may be variable, as 

in the layered metal dichalcogenides, and negative/positive charges can be delocalized 

over the pi-conjugated system. For example, [(C4H9)4N]C44 which has one negative 

charge per 44 carbon atoms (C44

-
) was prepared via the ion-exchange from [Na(en)1.0]C15 

which has a higher charge density (C15

-
). In clays, sheet charge density is fixed and 

localized at a specific atom. As previously stated in Section 1.3, TAA-GICs show staging 

behaviors. For example, [(C5H11)4N]Cx
.
δDMSO forms a stage-2 bilayer structure while 

other large TAAs provide stage-1 bilayer. Staging transitions may also limit the range of 

sheet charge densities by forming intercalate islands with a relatively constant extent of 

charge transfer. 
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1.7 CHARACTERIZATION TECHNIQUES  

1.7.1 Powder X-ray diffraction (PXRD) 

PXRD is a powerful tool for determining crystalline structures. Due to the preferred 

orientation of graphitic samples, only (00l) reflections are indexed in PXRD patterns of 

graphite and GIC samples are generally observed. The peak position (observed 2θ) 

directly provides a d-spacing value which can be used to determine the repeated distance 

(Ic) and the change of structural repeat dimensions due to an intercalation reaction. The 

PXRD data were collected on a Rigaku Miniflex II diffractometer with Ni-filtered Cu Kα 

radiation (0.1541 nm). Data were collected at 5°/min from 3° to 60° 2θ. The sample was 

prepared in an epoxy resin with a shallow cavity. The sample holder was sealed with 

cellotape to minimize air exposure and prevent sample decomposition during the X-ray 

measurement.      

 

1.7.2 Thermalgravimetric analysis (TGA) 

Thermal analysis is used to determine chemical characteristics of a sample based on 

mass loss due to volatilization and decomposition as a function of temperature. TGA data 

were obtained using a Shimadzu TGA-50 thermogravimetric analyzer under flowing 

Ar/O2 (20 ml/min) at a heating rate of 10°C/min from ambient to 800°C. Samples were 

loaded in a Pt pan with approximate mass 7-10 mg. Step-wise data plotted were clearly 
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observed for TAA-GIC samples. Mass losses from each step were calculated to 

determine the amount of intercalate species.      

The evolved gaseous products formed in TGA can be investigated by equipping the 

TGA with a mass spectrometer, a technique called TGA/MS. In this thesis, a TA Q-600 

TGA equipped with a Hiden HPR-20 QIC mass spectrometer was employed to track the 

evolution of DMSO at m/z = 63 in flowing N2 at a heating rate of 10°/min.      

 

1.7.3 Capillary zone electrophoresis (CZE) 

CZE is a useful tool to separate ionic or molecular species based on differences in 

their charge-to-mass ratio. The separation occurs in a homogeneous buffer solution and 

constant applied electric field throughout the length of a capillary. Our group developed 

this technique to analyze the identity and concentration of TAA cations, ethylenediamine 

(en) and Na
+
 in solution after a displacement reaction (see equation 1.13). 

[Na(en)1.0]C15 + TAABr   [TAA]yCx + Na
+
 + en + (1-y)TAA

+
 + Br

-
 (1.13) 

     (excess)              CZE 

Since the starting concentrations of each component are known, the extent of ion-

exchange and composition of a solid [TAA]yCx GIC product can be obtained. Although 

this constitutes an indirect measure, the obtained results are a valuable addition to TGA 

in determining GIC product compositions, especially where solvent co-intercalates are 

present.   
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CZE analyses were performed on an HP 
3D

CE instrument equipped with a UV 

detector, using a 50 µm inner diameter, 56 cm long fused-silica capillary (47.5 cm to the 

detection window).  A new capillary was sequentially conditioned by flushing 

with methanol (30 min), Milli-Q water (5 min), 1.0 M NaOH (30 min), Milli-Q water (5 

min) and finally the background electrolyte (BGE) for 30 min. In order to remove an 

excess of Na ions remaining in a capillary after conditioned, the capillary was flushed 

with a copious amount of Milli-Q water, followed by a buffer solution until no Na
+
 peak 

was detected prior to running a sample. And also, the capillary pre-treatment and post-

treatment was set up as a sequence of Milli-Q water (3 min) and BGE (3 min) in between 

runs. Separation was accomplished using an applied voltage of +15 kV. The capillary 

was thermostatted at 30
o
C and solutions were injected hydrodynamically at 50 mbar for 5 

s.  Indirect detection was employed with the detection wavelength set at 210 nm. The 

background electrolyte used was 15 mM imidazole, pH adjusted to 5.2 with glacial acetic 

acid.  

A sample collected from the top phase solution was diluted into the appropriate 

concentration range. The diluted sample concentration was determined based on 

calibration curves of each component. The standard solutions were prepared using NaBr, 

TAABr and ethylenediamine as standard reagents and their concentrations range from 0.1 

to 1.5 mM as shown in Figures 1.8.  
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   (a)      (b) 

 

(c) 

Figure 1.8 Typical calibration curves of the standard solution containing (a) Na
+
, (b) 

ethylenediamine (en) and (c) (C7H15)4N
+
. 
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1.7.4 Structural model calculations   

The energy-minimized structures of intercalate species such as (C2H5)4N
+
, 

(C7H15)4N
+
 and DMSO are calculated using the hybrid density functional method 

(B3LYP) with a 6-31G* basis set and the Gaussian 09W software. Due to the unusual 

flattened structure of TAA intercalates observed from the experimental result, energy 

minimization was applied only to the free ions. Calculations assumed that DMSO orients 

within graphite galleries to minimize gallery expansions and with the same conformation 

as for the isolate molecules. 

One dimensional electron density maps for a centrosymmetric stage-1 bilayer 

[(C7H15)4N]Cx
.
δDMSO cell were derived from the observed PXRD diffraction data using 

available 7 terms and the proposed structural model using 7 terms. The observed PXRD 

intensity data are used to generate structural factors after correction by a Lorentz-

polarization (Lp) factor: 

2
1

2
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2cos1

cossin
)00(



































IlFobs     (1.14)  

where I is the integrated peak intensity from observed PXRD data. 

For a model study, the calculated structural factors, F00l, are obtained using: 

)2cos()00(  iicalc lZflF       (1.15) 

where l is the Miller index,  

Zi is the fractional c-axis coordinate of each atom, 
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fi is the angle-dependence scattering factor. 

The electron density maps for both cases are then generated for z = 0-1, at increments of 

0.004 using the following equation: 
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where z is the fractional coordinate of atoms along the c-axis, 

 c is the unit cell dimension, 

 Fo is the zeroth-order structural factor.  

Structures are refined by minimizing the crystallographic R factor: 
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     (1.17) 

where k is an arbitrary scale factor. 

It should be noted that the generated density maps are sufficient to confirm the 

existence of bilayer structures for many TAA cations, including cases where DMSO co-

intercalates into the galleries. However, the compositional parameters (x and δ) of a 

[(C7H15)4N]Cx
.
δDMSO GIC derived from structure refinements remained inconsistent 

with those obtained from CZE and TGA as described above. This mismatch may be due 

to the limited number of available PXRD peak intensities.      
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1.7.5 Other techniques 

The surface morphology of graphite and obtained GICs is determined by a scanning 

electron microscope (SEM) recorded on a FEI QUANTA 600F environmental SEM fitted 

with tungsten filament. The operation voltage is 10 kV under high vacuum. The powder 

sample was spread on a carbon tape mounted on a SEM stub. 

Raman spectroscopy is used to study a perturbation of the in-plane force constant 

on a graphite lattice when the GICs are formed. This phenomenon results in a G-band 

shift to higher frequency for reductive intercalation compared to 1582 cm
-1

 for G-band of 

pristine graphite. A Witech confocal Raman microscope was used to collect Raman 

spectra (resolution = 4 cm
-1

) with a 514 nm laser source. A powder sample was simply 

deposited on a glass slide prior to measurement.     
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1.8 APPLICATIONS OF GICs 

Most importantly for now, graphite intercalation chemistry is used as the negative 

electrode reaction in lithium ion batteries.
121

 In these batteries, graphite is the active 

anode material and forms an intercalation compound with lithium during cell charge. The 

LiCx product is kinetically stabilized by a solid electrolyte interphase (SEI) film derived 

from the controlled decomposition of organic electrolytes. In theory, the stage-1 LiC6 

compound formed generates a maximum Li storage capacity 372 mAh/g,
122

 and in 

practical devices, reversible capacities (Qrev) of about 340 mAh/g can be achieved. There 

is some loss due to SEI layer formation during the first charge, where some Li is 

irreversibly consumed.
123

 The first charge and discharge potential curves for natural 

graphite in 1 M LiClO4/EC+DEC are shown in Figure 1.9.  

One interesting idea would be to reduce the charge loss by forming a protective 

surface layer on graphite prior to cell assembly. Recently, Verma et al. reported the 

chemical pretreatment on graphite (SFG6 from TIMCAL) surface by reacting with n-

butyllithium. This modified graphite showed lower irreversible charge loss compared to 

untreated graphite, and avoided graphite exfoliation in a propylene carbonate (PC)-based 

electrolyte.
124
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Figure 1.9 The first charge and discharge curves for natural graphite (NG7). (EC = 

ethylene carbonate, DEC = diethyl carbonate).
123

 

 

Additionally, GICs are used as precursors in the syntheses of thermally exfoliated 

graphite and graphene nanosheets. Exfoliated graphite (EG) is used in several 

applications such as fire retardants, gas/oil adsorbents, thermal insulators, and gasket 

materials. A large-scale EG synthesis involves rapidly heating GICs, which causes the 

sudden vaporization or decomposition of intercalate species and the subsequent huge 

exfoliation of graphitic host in a perpendicular direction to the graphite sheets. The 

structure of obtained EG is a worm-like accordion that are expanded in thickness by up to 

300 times from the initial GIC.
125

 A wide variety of intercalates have been studied for 

thermal exfoliation of graphite such as H2SO4/HNO3, Na-THF, K-THF, FeCl3, SbCl5, 

etc.
126–128

 As recently reported by Truong et al., the exfoliation of natural graphite was 

also conducted on GICs containing TAA cations, (CnH2n+1)4N
+
 (n = 1-3), using 
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microwave radiation.
99

 They found that this GIC can expand to several mm particle 

thickness, especially (CH3)4N-GIC. However, their starting GICs were not single-phase 

compounds, and no structural and compositional data were reported.         

Graphene is a two dimensional and one atom thick array of sp
2
 carbon, and exhibits 

unique chemical and physical properties. Several synthetic strategies to scale up graphene 

production have been reported since 2004.
129

 One promising method is the solution-phase 

exfoliation of GICs in polar organic solvents. Vallés et al. reported the use of ternary 

K(THF)xC24 as a precursor to produce a stable solution of negatively-charge graphene 

sheets by the sonication-free dissolution in N-methylpyrrolidone (NMP).
130

 Another 

method involves the exfoliation of GICs by an electrochemical route. Graphite electrodes 

are markedly expanded in PC-based electrolytes containing Li salts under a high current 

density. This is ascribed to the incorporation of the Li
+
-PC complex and formation of a 

ternary Li(PC)yCx GIC. Few-layer graphene has been obtained by sonicating that 

expanded GIC in a DMF solvent.
131
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1.9 THESIS OVERVIEW 

This thesis investigates the syntheses and characterization of donor-type graphite 

intercalation compounds (GICs) containing tetra-n-alkylammonium (TAA) cations. The 

central goal is to develop new synthetic routes via ion-exchange and to explore the 

structures of the obtained GICs. Electrochemical methods were also investigated to 

prepare new GICs and results compared to the chemical approach. A surface passivation 

model is proposed to describe the intercalation behavior and chemical properties 

observed for TAA-GICs.    

Chapter 2 reports the synthesis of a new GIC containing tetra-n-butylammonium 

cation, (C4H9)4N
+
, using ion-exchange from a ternary Na-ethylenediamine (en)-GIC, 

[Na(en)1.0]C15. The single-phase stage-1 product is obtained with a gallery expansion 

(Δd) of 0.467 nm, requiring an unusual flattened orientation of (C4H9)4N
+
 intercalating 

species. The product composition is [(C4H9)4N]C44. In addition, the preliminary data of 

(C8H17)4N
+
 intercalation is also reported.   

Chapter 3 describes the preparation and characterization of a homologous series of 

TAA-GICs. The GICs are synthesized via the ion-exchange in dimethylsulfoxide 

(DMSO)-based solution. A wide variety of TAA cations were used such as symmetric 

(CnH2n+1)4N
+
 (n = 1-8) and asymmetric (C12H25)(CH3)3N

+
, (C18H37)(CH3)3N

+
 and 

(C18H37)2(CH3)2N
+
. The obtained stage-1 TAA-GICs contain either monolayer (Δd ~ 0.5 

nm) or bilayer (Δd ~ 0.8 nm) of flattened TAA intercalates with a significant amount of 

DMSO co-intercalate for the bilayer arrangement. Additionally, the electron density map 
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was generated to show the existence of bilayer conformation of intercalate species by 

comparing the observed data vs. the proposed model.   

Chapter 4 reports the electrochemical study of TAA-GICs using galvanostatic 

reduction and cyclic voltammetry in TAABr/DMSO electrolytes. The resulting products 

exhibit similar structures as reported in Chapter 3; (C4H9)4N
+
 forms a monolayer 

arrangement with the gallery expansion of 0.48 nm while the bilayer is found in larger 

TAA cations, (CnH2n+1)4N
+
 (n = 5-8), with an expansion about 0.8 nm. Moreover, we also 

propose a passivation model to explain the enhanced stabilities of large TAA-GICs vs. 

small TAA-GICs.    

In Chapter 5, we further investigate the effect of surface passivation on the 

preparation and stability of TAA-GICs. The GIC containing tetra-n-ethylammonium 

cations, (C2H5)4N
+
, was successfully prepared via chemical surface passivation of 

[Na(en)1.0]C15 with large TAA cations such as (C7H15)4N
+
 or (C8H17)4N

+
, followed by the 

ion-exchange to displace a Na(en)
+
 complex with (C2H5)4N

+
. In addition, the enhanced 

stabilities of (C7H15)4N-GIC are also examined in different environmental conditions.        
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2.1 ABSTRACT 

The intercalation of tetrabutylammonium (TBA) cations into graphite by cation 

exchange from a sodium-ethylenediamine graphite intercalation compound yields a 

single-phase first-stage product, C44TBA, with a gallery expansion of 0.47 nm. The 

gallery dimension requires an anisotropic “flattened” cation conformation. 
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2.2 INTRODUCTION 

Both anions and cations, including their solvated forms, can intercalate between 

graphene sheets via oxidation or reduction reactions, respectively, forming graphite inter-

calation compounds (GICs). A variety of applications for GICs have been proposed or 

realized, including use as gas physiosorbers,
1
 battery electrodes,

2
 highly conductive 

materials,
3
 and exfoliation precursors.

4
 The syntheses, compositions, and properties of a 

broad range of GICs containing different intercalate species have been studied. There are 

many practical and potentially scalable methods for synthesizing GICs from graphite 

involving chemical oxidants or reductants;
5-8

 however, there are relatively few reports on 

the use of ion exchange or displacement reactions to form new GICs.
9
 

The report of monolayer graphene by Geim et al. in 2004,
10

 has spurred the search 

for a scalable route to graphene by solution-phase exfoliation of GICs. A likely strategy 

involves finding methods to intercalate large and low-charge-density ions into graphite. 

Tetraalkylammonium cations (TAAs) have been used extensively to modify or 

delaminate layered   hosts,
11-14

 including expanded graphite sulfate.
15 

The intercalation of TAAs in graphite has been previously described using 

electrochemical reduction in polar aprotic organic solvents which are stable against 

cathodic reduction,
16-20

 e.g. DMF (N,N-dimethylformamide), 1,2-dimethoxyethane, 

dimethylsulfoxide (DMSO), or propylene carbonate. Besenhard et al. reported a first-

stage GIC with DMSO-solvated tetramethylammonium (TMA) cations, 

C24TMA(DMSO)6, with a basal repeat distance of 1.582 nm.
16

 The material was dull 
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black and highly air sensitive. Simonet et al. reported the electrochemical intercalation of 

TAAs in graphite, but did not obtain product structures or compositions.
19

 Based on 

electroanalytical estimates, those GICs exhibited low intercalate contents, e.g. C400-

100NR4. 

In the following report, we describe a new exchange reaction where TBA cations 

rapidly displace a sodium-ethylenediamine Na(en)y
+
 cationic complex within graphene 

galleries. The resulting GIC shows increased gallery expansion, and the product 

composition is determined using thermogravimetric analysis (TGA) and capillary zone 

electrophoresis (CZE).  
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2.3 EXPERIMENTAL  

Initially, the first-stage GIC was synthesized by combining Na metal (0.050 g) and 

graphite powder (0.250 g, SP-1 grade, average particle diameter 100 µm) in 

ethylenediamine (3 ml). The reaction mixture was continuously stirred at 60
o
C for 24 h 

under an inert atmosphere. After separating the supernatant solution by centrifugation, 

the blue solid product was dried in vacuo at room temperature for 12 h. The exchange 

reaction was subsequently performed by addition of 0.1 M TBA bromide (0.064 g) to 

C15Na(en)1.0 (0.070 g) in DMF (2 ml). The reaction mixture was stirred at 60
o
C for 1.5 h 

under an inert atmosphere. The black solid was separated from the supernatant solution 

by centrifugation and then dried in vacuo at 60
o
C for 6 h. The top phase solution was 

diluted into DI water for CZE analysis (see Section 1.7.3). 
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2.4 RESULTS AND DISCUSSION 

Powder XRD patterns for the products obtained are shown in Figure 2.1. 

C15Na(en)1.0 (Figure 2.1b) exhibits the characteristic pattern of first-stage GICs with a 

basal repeat distance (Ic) of 0.671 nm. Subtracting the graphene sheet thickness (0.335 

nm) gives an expansion (∆d) along the c-direction of 0.336 nm due to the intercalation of 

the Na-en cationic complex. We will later report further details on this GIC structure and 

composition. After the displacement reaction, the product is transformed into a GIC with 

Ic = 0.802 nm (Figure 2.1c), corresponding to a first-stage product with ∆d = 0.467 nm. 

 

 

Figure 2.1 Powder XRD patterns of (a) graphite, (b) C15Na(en)1.0 and (c) C44TBA. 
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Scanning electron micrographs (SEM) of graphite, C15Na(en)1.0, and C44TBA show 

the  layered morphology retained for both GIC products, with the latter case showing 

evidence of increased particle delamination and curved edges. (Figure 2.2) 

 

           

 

                    

Figure 2.2 SEM images for (a) graphite, (b) C15Na(en)1.0 and (c) C44TBA. 

 

It is interesting to note that obtained C44TBA does not hydrolyze readily in air, or 

even in water (Figure 2.3). Because of this stability, it was not possible to fully digest 

5 µm 

(a) 

5 µm 

(b) 

5 µm 

(c) 
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C44TBA to graphite in order to obtain sample compositions. Instead, compositions were 

determined by following TBA displacement of Na(en)
+
. Figure 2.4 shows the capillary 

electropherogram of the top phase solution following the displacement reaction. Three 

major solute components are separated by migration time; ethylenediamine, Na and TBA. 

The recoveries of en and Na from the starting GIC are approximately quantitative, 110 

and 93 %, respectively (variation from 100% likely stems from a variability in starting 

GIC composition). The depletion of TBA from solution provides a product composition 

of C43TBA. This closely agrees with thermogravimetric data as indicated below. 

 

 

Figure 2.3 Powder XRD patterns of TBA-GIC (a) before and (b) after digestion in 

water at 50°C for 72 h. 
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Figure 2.4 Capillary electropherograms of (a) the TBA solution before displacement 

and (b) the top phase solution following the displacement of TBA for Na(en)
+
. 

  

In order to further evaluate GIC compositions, thermal decomposition curves 

were obtained (Figure 2.5). Data obtained for graphite and TBA bromide are provided for 

comparison. C15Na(en)1.0 shows a mass loss at 50-150
o
C (17.4 %) which is attributed to 

the volatilization of en (Figure 2.5b). C44TBA (Figure 2.5c) shows two prominent mass 

losses at 150-300
o
C and 350-500

o
C (total loss = 31.5 %) ascribed to the two-step 

thermolysis of the TBA intercalate. The two step mass loss has been observed previously 

for TBA
33

 and for GICs with large intercalates.
6
 These mass losses yield a product 

composition of C44TBA. Graphite and all GICs begin to lose graphitic carbon mass above 

600°C due to combustion by trace O2 in the flow gas. 
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Figure 2.5 TGA curves of (a) graphite, (b) C15Na(en)1.0, (c) C44TBA, and (d) TBA 

bromide salt. 

 

As noted above, the gallery expansion associated with TBA intercalation is 0.467 

nm. In clay minerals,
21-24

 e.g.  montmorillonite, smectite, or in metal oxide/sulfide 

layered structures,
25-32

 e.g. MnO2, H0.2RuO2.1
.
Nh2O, Na2Si14O29

.
Xh2O, 

H0.7Ti1.825□0.175O4
.
H2O, NbS2, TiS2, or TaS2, the intercalation of TBA results in an 

expansion in the range of 0.72-0.91 nm. For example, Sasaki et al. showed that TBA 

intercalates in layered protonic MnO2 align with C2 axis normal to the host layers with a 

gallery expansion 0.84 nm.
11

 Considering the crystallographic ionic diameter of TBA 

(≈0.99 nm),
31  

an expansion of >0.8 nm requires only some nestling of intercalate into 

host sheet surfaces or minor distortion of the TBA conformation. 
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However, there are some previous reports of TBA intercalation with expansions 

comparable to those observed here for C44TBA. Akçay reported a gallery expansion in 

montmorillonite of 0.49 nm,
33

 and Golub et al. found that TBA uptake into MoS2 under 

acidic conditions resulted in ∆d = 0.52 nm.
34

 Figure 2.6 compares an energy-minimized 

TBA conformation retaining high symmetry, and requiring a gallery expansion of ≈0.8-

0.9 nm (a), and a lower-symmetry conformation requiring an expansion of only ≈0.4 nm. 

Gas-phase ion energy calculations show a relatively small difference for these 

conformations (<5 kJ/mol), in agreement with Luzhkov et al. who report a 3 kJ/mol 

difference for symmetric vs distorted TBA conformations.
35

 These conformation energy 

differences can be offset by a greater lattice enthalpy associated with smaller lattice 

expansion. Two factors may tip the energetics in favor of less expansion for TBA in 

graphite, (1) the delocalization of charge density on graphene sheets, and (2) van der 

Waals interactions between the graphene sheets and nonpolar intercalates.      

      

 

 

 

  (a)      (b) 

Figure 2.6 Different TBA conformations inside the graphene layers; (a) fully-

tetrahedral and (b) flattened. The B3LYP with a 6-31G* basis set was used for energy 

optimization of the gas-phase cations. 

0.89 nm 

 

0.47 nm 
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 The displacement method can be employed to prepare other new CxNR4 

compounds. Using a displacing tetraoctylammonium (TOA) cation and similar 

procedures albeit longer reaction time, we have obtained a 2
nd

-stage CxTOA (Figure 2.7). 

The gallery expansion is 0.44 nm, indicating that a flattened cation conformation is also 

adopted for TOA cations. 

 

 

Figure 2.7 Powder XRD patterns of (a) 2
nd

-stage CxTOA and (b) C15Na(en)1.0. 
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3.1 ABSTRACT 

Graphite intercalation compounds (GICs) of a series of symmetric or asymmetric 

tetraalkylammonium (TAA) intercalates are obtained from stage-1 [Na(en)1.0]C15 via 

cation exchange. The prepared dull-black TAA-GICs contain either flattened monolayer 

or bilayer galleries, with significant cointercalation of the dimethylsulfoxide (DMSO) 

solvent in the bilayer galleries. The TAA-GIC products obtained are characterized by X-

Ray diffraction and related structural modeling, compositional analyses, and Raman 

spectroscopy. [(C4H9)4N]C43 is obtained as a pure stage-1 GIC with the flattened 

monolayer structure. The larger symmetric TAA cations; (C6H13)4N, (C7H15)4N, 

(C8H17)4N, and the asymmetric TAA cations; (C12H25)(CH3)3N, (C18H37)(CH3)3N, 

(C18H37)2(CH3)2N
 
all form pure stage-1 GICs with flattened bilayer conformations. 

Thermogravimetric analyses combined with mass spectrometry and elemental analyses 

indicate the presence of ~1-2 DMSO cointercalates per bilayer cation. The intercalate 

layers in these TAA-GICs have expansions along the stacking direction of ~0.40 nm. 

Raman data confirm the low graphene sheet charge densities in the obtained TAA-GICs 
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3.2 INTRODUCTION 

Graphite has been long studied as an intercalation host and shows some unique 

aspects.
1-3

 Graphite intercalation compounds (GICs) consist of host graphene layers and 

intercalate guests; either donor or acceptor-type compounds can be prepared by reduction 

or oxidation of the graphene sheets, respectively.
4-11

  This redox intercalation can be 

performed by either chemical or electrochemical methods, and a wide range of atomic or 

molecular ions, often accompanied by neutral co-intercalate molecules, are known to act 

as intercalate guests.
12-17

 The ordered sequencing of intercalate and graphene sheets 

perpendicular to the stacking direction is known as “staging” in common for GICs,
18,19

 

and while known, it is rarely observed with other layered hosts.
20

 The highest intercalate 

contents are for stage-1 GICs, where all graphene sheets are separated by intercalate 

layers. Important applications for GICs and the associated chemistries include reversible 

energy storage in Li-ion battery anodes,
21,22

 use as reducing agents
23

 or gas/liquid 

absorbers,
24-26

 and as precursors to exfoliated graphite or graphene.
27-31

  

Our group has previously reported new donor-type GICs containing a wide range of 

alkali metal-amine intercalate complexes.
32-35

 These GICs were prepared using a direct 

chemical approach where alkali metals and amines are simply combined with graphite 

under appropriate conditions. The arrangements and orientations of intercalates in the 

resulting GICs depend on both the alkali metal cation and the amine.  For example, in 

[Na(n-C3H7NH2)0.7]C16 the intercalate complexes are arranged as a monolayers with long 

molecular axes parallel to the encasing graphene layers.
32

 Amine intercalates with longer 

alkyl substituents, such as in [Na(s-C4H9NH2)1.6]C18, form intercalate bilayers, again with 



69 
 

long molecular axes parallel to the graphene sheets.
32

 Earlier studies on alkylammonium 

intercalation in graphite have employed electrochemical reduction in aprotic polar 

solvents.
16, 36-41

 Recently, our group reported a new chemical method for the preparation 

of a GIC containing tetrabutylammonium cations, by reaction in N,N-dimethylformamide 

(DMF) to displace the Na(en)
+
 intercalate in [Na(en)1.0]C15 (en = ethylenediamine).

42
 In 

that study, a stage-1 [(C4H9)4N]C44 GIC was obtained with a highly-flattened intercalate 

monolayer and gallery expansion of 0.47 nm. We proposed that this cation conformation 

results from the large lattice enthalpies in GICs that strongly favor minimal expansion 

upon intercalation. No other tetraalkylammonium (TAA) GICs could be obtained using 

this approach. 

The intercalation of alkylammonium ions via ion exchange has been widely studied 

for several layered hosts, along with detailed structural characterization of the resulting 

materials.
43-47

 Highly flattened conformations have been observed previously.
 48-51

 For 

example, in smectite clays, a structural evolution from monolayer to bilayer to pseudo-

trilayer galleries is observed for increasing size of symmetric alkylammonium 

cations.
52,53

 The intercalate monolayers showed an interlayer expansion of ~0.5 nm 

relative to the anhydrous host, requiring that the alkyl chain substituents lie parallel to the 

clay layers and that the cations have a flattened conformation. The interlayer spacing 

increases by an additional 0.4-0.5 nm for each added cation layer. Flattened monolayers 

of ~0.5 nm thickness were also observed in MoS2, rectorite and montmorillonite 

compounds with asymmetric alkylammonium intercalates.
54-56

 These very small 

interlayer dimensions are at the steric limit of an alkylammonium headgroup. 
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In the present work, we report the first preparation of a homologous series of 

symmetric or asymmetric tetra-n-alkylammonium GICs (TAA-GICs) by adapting the 

previously reported method, and characterize structures and compositions of the GICs 

obtained. 
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3.3 EXPERIMENTAL 

Materials. Graphite powder (SP-1 grade, average diameter 100 µm) was used as 

received from Union Carbide, Inc. Ethylenediamine (99%), dimethylsulfoxide (AR 

grade, 99.9%), acetonitrile (HPLC grade, 99.9%) and anhydrous methanol (99.9%) were 

dried over a 4 Å molecular sieve prior to use. All tetraalkylammonium cations were 

obtained as bromide salts with a purity >98% and were used as received. 

Syntheses. [Na(en)1.0]C15 (en = ethylenediamine) was prepared according to a 

previously reported reaction:
33

 20 mmol of graphite (240 mg) and 2 mmol of sodium 

metal (50 mg) were added to 3 ml of ethylenediamine and continuously stirred at 60
o
C 

for 24 h under an inert atmosphere. After separating the supernatant solution by 

centrifugation, a blue solid product was dried in vacuo overnight at room temperature. 

The product was characterized by PXRD and TGA, and used as a reagent for subsequent 

reactions. 

For the ion exchange reactions with smaller TAA cations (e.g. (CH3)4N, (C2H5)4N, 

(C3H7)4N, (C4H9)4N, and (C12H25)(CH3)3N), 2 ml of dimethylsulfoxide (DMSO) was 

added to a reaction tube containing 0.30 mmol of [Na(en)1.0]C15 and 0.20 mmol of the 

alkylammonium bromide salt. The exchange was carried out at 60
o
C for 10 min under an 

inert atmosphere. Next, the mixture was centrifuged for 5 min and the top liquid phase 

removed by syringe. The wet product was washed with acetonitrile and then anhydrous 

methanol to remove soluble byproducts and excess alkylammonium salt. The GIC 

product was dried in vacuo overnight at ambient temperature. The reactant solution and 
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rinse solvents were collected, combined and later analyzed to quantify the extent of the 

exchange. 

The same synthetic procedure was employed for the larger TAA cations (e.g. 

(C5H11)4N, (C6H13)4N, (C7H15)4N, (C8H17)4N, (C18H37)(CH3)3N, and (C18H37)2(CH3)2N), 

except that the products were rinsed only with anhydrous methanol, and were dried at 

60
o
C for 6 h. 

Characterization. Powder X-ray diffraction (PXRD) patterns were recorded using 

a Rigaku Miniflex II diffractometer with Ni-filtered Cu Kα radiation (λ = 0.15406 nm). 

All measurements were collected in the 2θ range from 3
o
 to 60

o
 at a scan speed of 5

o
/min. 

The relationship of the gallery height (di), repeat distance along c-axis (Ic), and stage 

number (n) is given by:   

)1(335.0  ndI ic     (3.1) 

where 0.335 nm corresponds to the thickness of a single graphene sheet. The interlayer 

expansion (∆d) refers to the difference between the gallery height of the GIC and the 

thickness of a single graphene sheet (i.e. ∆d = di – 0.335 nm). 

A Shimadzu TGA-50 thermogravimetric analyzer (TGA) was used to study the 

thermal behavior of GICs under flowing Ar/O2 (20 ml/min) at a heating rate of 10
o
C/min 

from ambient up to 800
o
C. A TA Q-600 TGA equipped with a Hiden HPR-20 QIC mass 

spectrometer was employed to track the evolution of DMSO at m/z = 63 in flowing N2 at 

the same heat heating rate. CHN and S elemental analyses were performed by Micro-

Analysis, Inc. (Wilmington, DE). A Witech confocal Raman microscope was used to 
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collect Raman spectra (resolution = 4 cm
-1

)
 
with a 514 nm laser source. Capillary zone 

electrophoresis (CZE) analyses were performed on a HP 
3D

CE instrument according to a 

previously-described method.
42

  

Energy-minimized structural models and mapped electron density surfaces for the 

“flattened” and “undistorted” conformations of the selected (C7H15)4N cation and DMSO 

molecule were calculated using the hybrid density functional method (B3LYP) with a 6-

31G basis set and the Gaussian 09W software.  

One-dimensional electron density maps were generated from a centrosymmetric 

stage-1 cell in comparison between the observed PXRD data sets and the calculated 

structure models. The methodology has been described in detail previously.
11
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3.4 RESULTS AND DISCUSSION 

For larger TAA cations, the generation of a series of single-phase, stage-1 TAA-

GICs can be accomplished via cation exchange as illustrated in Figure 3.1, where the 

Na(en)
+
 cationic complex is displaced by TAA cations. For most of these reactions, the 

cation exchange occurs rapidly at moderate temperatures in a DMSO solvent. The color 

of all the obtained GICs is dull black, as compared to the bright blue [Na(en)1.0]C15 

reactant. 

 

 

Figure 3.1 Synthetic route to TAA-GICs. 
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The PXRD patterns obtained for the reactant [Na(en)1.0]C15 and the TAA-GIC 

products are shown in Figure 3.2. [Na(en)1.0]C15 (Figure 3.2a) displays a highly-ordered 

stacking arrangement with di = 0.691 nm. As reported previously, this gallery expansion 

is consistent with a monolayer arrangement of Na(en)
+
 in which ethylenediamine forms a 

chelate structure oriented parallel to the graphene sheets.
33

 Figure 3.2e shows the stage-1 

[(C4H9)4N]C43 product obtained, with di = 0.813 nm. This product is similar to that 

obtained previously using exchange in DMF, and the interlayer expansion (∆d) of only 

0.478 nm sterically requires the (C4H9)4N
+
 intercalates to form monolayers with a highly 

flattened conformation.
42 

Figure 3.2g-i shows the formation of several new, well-ordered, single-phase TAA-

GICs. In each case, the observed reflections can be indexed as stage-1 GICs with di ~ 

1.14 nm. No residual [Na(en)1.0]C15 is seen, although a very small graphite(002) 

reflection  at 2θ~27° is often present, most notably in Figure 3.2g. The larger interlayer 

expansion (∆d ~ 0.80 nm), coupled with structure modeling and compositional data 

(described below) indicate that these large TAA intercalates form novel bilayer, rather 

than monolayer, galleries, again with the steric requirement that each layer contains 

highly flattened cations. 

Exchange with (C5H11)4N
+
 (Figure 3.2f) does not result in either the ordered 

monolayer or bilayer arrangement, but yields instead a poorly ordered structure with only 

two strong reflections observed. These are consistent with a stage-2 TAA-GIC with a 

bilayer gallery (∆d = 0.79 nm). Compositional analyses also show a lower intercalate 

content for this product (Table 3.1). The high angle shoulder on the (003) reflection after 
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exchange with (C6H13)4N
+
 (Figure 3.2g) may also be ascribed to a minor component of 

the stage-2 GIC. 

Interestingly, attempts to exchange [Na(en)1.0]C15 with smaller TAA cations by the 

same route were unsuccessful; the products obtained after reaction with (CH3)4N
+
 and 

(C2H5)4N
+
 cation-containing solutions show only broadened graphite reflections (Figure 

3.2b,c), and the (C3H7)4N
+
 exchange reaction (Figure 3.2d) results in a mix of disordered 

graphite and a high-stage GIC. In these reactions, therefore, the oxidation of 

[Na(en)1.0]C15 to graphite or to a high-stage GIC must be accompanied by reduction of 

the reactant solution. Because [Na(en)1.0]C15 is oxidized to graphite by exposure to neat 

DMSO under similar conditions, we can restate these observations as the stabilization 

effect of the larger, but not the smaller, TAA cations that promotes ion exchange over 

GIC oxidation. 

Although the products obtained after reaction with the larger TAA cations are stage-

1GICs, the charge densities do decrease on the graphene sheets during these reactions, as 

will be shown below in the increased x value in the composition [TAA]Cx. This indicates 

a partial oxidation of the graphene sheets during the exchange process. 
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Figure 3.2 PXRD patterns of the (a) [Na(en)1.0]C15 reactant and GIC products 

containing (b) (CH3)4N, (c) (C2H5)4N, (d) (C3H7)4N, (e) (C4H9)4N, (f) (C5H11)4N, (g) 

(C6H13)4N, (h) (C7H15)4N, and (i) (C8H17)4N. The assigned indices of obtained GICs and 

of graphite are denoted as (00l) and G(00l), respectively. 

 

Figure 3.3a-c shows the PXRD patterns obtained following exchange with 

asymmetric TAA cations. All of the products obtained are single-phase, stage-1 GICs 

with di ~ 1.12 nm, indicating again a bilayer arrangement of flattened TAA cations. The 
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structural data obtained for [Na(en)1.0]C15 and the TAA-GICs are summarized in Table 

3.1. 

 

 

Figure 3.3 PXRD patterns of products obtained after exchange by asymmetric TAA 

cations (a) (C12H25)(CH3)3N, (b) (C18H37)(CH3)3N, and (c) (C18H37)2(CH3)2N. 
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a
 Data from Ref 33.

Table 3.1 Structural and compositional data of [Na(en)1.0]C15 and obtained TAA-GICs. 

Cation Stage  
di  

(nm) 

∆d 

(nm) 

Intercalate 

arrangement 

Total    

intercalate 

(Mass %) 

Composition 
Packing 

fraction 

Na(en)1.0
a
 1 0.691 0.356 monolayer 30.4 [Na(en)1.0]C15 0.51 

(C3H7)4N 
high-stage 

+ graphite 
0.760 0.425 monolayer 11.8 n/a n/a 

(C4H9)4N 1 0.813 0.478 monolayer 31.8 [(C4H9)4N]C43 0.55 

(C5H11)4N 2 1.123 0.793 bilayer 27.5 n/a n/a 

(C6H13)4N 1 1.122 0.787 bilayer 38.2 [(C6H13)4N]C59
.
1.1DMSO 0.42 

(C7H15)4N 1 1.144 0.809 bilayer 40.8 [(C7H15)4N]C63
.
1.4DMSO 0.45 

(C8H17)4N 1 1.148 0.813 bilayer 41.4 [(C8H17)4N]C76
.
1.9DMSO 0.46 

(C12H25)(CH3)3N 1 1.109 0.774 bilayer 38.8 [(C12H25)(CH3)3N]C44
.
1.4DMSO 0.43 

(C18H37)(CH3)3N 1 1.126 0.791 bilayer 37.5 [(C18H37)(CH3)3N]C60
.
1.6DMSO 0.40 

(C18H37)2(CH3)2N 1 1.118 0.783 bilayer 41.4 [(C18H37)2(CH3)2N]C85
.
2.2DMSO 0.48 
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Capillary zone electrophoretic (CZE) analyses can be used to quantitate soluble 

species during and after reactions, and here were used to monitor reaction progress and to 

determine GIC composition by the appearance of Na
+
 and en and the disappearance of 

TAA cations from the reactant solution according to: 

 

[Na(en)1.0]C15   
           
             [TAA]Cx + aNa

+
 + b(en)         (3.2) 

 

where a, b and x in the products can be derived directly from CZE data. Quantitative 

displacement of the sodium complex will result in a=b=1.0. For exchanges using 

symmetric TAA cations larger than (C3H7)4N
+
, and for the asymmetric TAA cations, the 

exchange is nearly complete for both Na cations and en (the a and b values obtained are 

close to 1 in Table 3.2). Additionally, the TAA cation contents for the GICs derived from 

CZE (x) are consistent with TGA results (Table 3.2). 
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Table 3.2 Stoichiometric ratios for displacement reaction (3.2) as determined by 

CZE.
a
  

Obtained GICs 

CZE TGA 

a b x x 

[(C4H9)4N]Cx 0.97 1.0 41 43 

[(C6H13)4N]Cx 1.0 0.98 56 59 

[(C7H15)4N]Cx 1.0 1.0 58 63 

[(C8H17)4N]Cx 1.0 0.99 63 72 

[(C12H25)(CH3)3N]Cx 0.97 0.93 40 44 

a
 [TAA]Cx values derived from TGA are also provided. 

 

The thermal behavior of two TAA-GICs and graphite are shown in Figure 3.4. 

[(C4H9)4N]C43 shows two mass loss regions (130–250, 250-500 ºC) attributed to the 

thermolysis of the TAA cation. [(C7H15)4N]C63
.
1.4DMSO shows a much larger total mass 

loss, and an additional low-temperature mass loss at 95-110 ºC. The latter is ascribed to 

volatilization of a DMSO co-intercalate, and this is confirmed by both the corresponding 

DMSO mass peak at m/z = 63 in the same temperature range, and the subsequent 

elemental analysis for sulfur (3.5% S vs 3.4% Scalc from the actual composition in Table 

3.1). Significant DMSO co-intercalation was observed for all the bilayer GICs, but 

neither the DMSO mass loss peak, nor any appreciable sulfur content, were identified in 

the monolayer gallery structure of [(C4H9)4N]C43. Mass loss above 550 ºC for all samples 

including graphite is due to the combustion of a graphitic carbon by O2 in the flow gas. 

On the basis of the CZE, TGA, and sulfur content analyses, the structural compositions of 

all resulting TAA-GICs are reported in Table 3.1 for the single-phase, or nearly single-
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phase, products. The exchanged products with (C3H7)4N
+
 and (C5H11)4N

+
 are not 

included as they are multiphase. Again, it is interesting to note that only the TAA-GICs 

with bilayers incorporate DMSO into the intercalate galleries. 

The packing fractions of these intercalate galleries can be calculated from the 

structural and compositional data reported above, and then compared to those in other 

GICs. Packing fraction is defined here as: 

     Packing Fraction = 
h

i

V

V
   (3.3) 

where Vi is the van der Waals volume of intercalates per formula unit, which is estimated 

by the VABC (Atomic and Bond Contributions of van der Waals Volume) method,
57

 and 

Vh is the available volume per formula unit due to the lattice expansion obtained from the 

surface area per graphitic carbon (0.0261 nm
3
), product composition, and the observed 

∆d. The resulting packing fractions are provided in Table 3.1, and show a range of 0.40-

0.55, with the monolayer gallery in [(C4H9)4N]C43 showing more dense intercalate 

packing than any of the bilayer arrangements.  
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Figure 3.4 TGA mass loss data for [(C7H15)4N]C63
.
1.4DMSO (

…....
), [(C4H9)4N]C43 

(— ˖ — ˖), and unreacted graphite (——). At the bottom, m/z = 63 peak intensities from 

TGA/MS are shown for [(C7H15)4N]C63
.
1.4DMSO (

…....
) and [(C4H9)4N]C43 (— ˖ — ˖). 

 

To model the bilayer arrangement of flattened intercalates and DMSO 

cointercalates, a 1D electron density map along the c-axis direction was generated from 

the PXRD (00l) peak intensities. The calculated profile for a structure model of 

[(C7H15)4N]Cx
.
1.4DMSO is compared with that obtained from observed PXRD peak 

intensities (Figure 3.5). In the model, the flattened TAA conformations are generated 

using Gaussian, and bilayers are formed with these cations oriented with long axes 

parallel to the graphene sheets. The DMSO co-intercalates are positioned with H and S 

atoms nestled into the graphene sheets by 0.038 and 0.032 nm, respectively. The relative 
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concentrations of TAA and DMSO within galleries were fixed by the known product 

compositions. The close agreement of model and observed profiles obtained can be seen 

in Figure 3.5. Multiple models were tested, and we conclude that the double peak of 

electron density from the observed data is only consistent with a bilayer intercalate 

model. However, the best fit model indicates an x value considerably lower than that 

observed (37 vs 63). The origin of this mismatch is under investigation. 

 

 

Figure 3.5 Structure model and 1D-electron density profiles for 

[(C7H15)4N]Cx
.
1.4DMSO showing the bilayer intercalate ar-rangement. The dashed line 

and solid line represent the pro-files derived from observed data and from the structure 

model, respectively (the crystallographic R factor = 0.11). 

 

The Raman spectrum of pristine graphite (Figure 3.6a) exhibits a strong G-band at 

1584 cm
-1

 (E2g) involving intralayer atomic motion. Reductive intercalation into the 

graphitic host causes a perturbation of the in-plane force constant, resulting in a G-band 
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shift to higher frequency. The magnitude of the shift has been shown to depend on the 

degree of reduction, and therefore the stage, of the GIC formed.
58-60

 [Na(en)1.0]C15 

(Figure 3.6b) shows a significant shift to a peak maximum at 1605 cm
-1

. The G-band 

peak positions for [(C4H9)4N]C43 and [(C7H15)4N]C63
.
1.4DMSO (Figure 3.6c,d) are both 

at 1586 cm
-1

. These peak positions agree with conclusion drawn from the compositional 

data, that these GICs have very low charge densities for stage-1 GICs.  
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Figure 3.6 Raman spectra for (a) pristine graphite, (b) [Na(en)1.0]C15, (c) 

[(C4H9)4N]C43, and (d) [(C7H15)4N]C63
.
1.4DMSO. 

 

To our knowledge, the observed range of x from 41 to 85 in these TAA-GICs 

indicates the lowest charge densities for any stage-1 reduced GICs.
1
 The very low charge 

densities are required by the steric demands (i.e., large footprints) of the monovalent, 

flattened TAA cations. Thus, designed intercalation of large deformable cations provides 

a degree of steric control over the sheet charge densities in GICs. Sterics may also help 

explain the observed monolayer to bilayer transition, as the high packing fractions for 
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[(C4H9)4N]C43 would necessarily increase even further if larger TAA cations adopted a 

monolayer arrangement. In future, the intercalation of even larger cations may generate 

tri- or multilayer galleries, or perhaps produce stable materials containing fully 

disordered (delaminated) graphene sheets. 
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4.1 ABSTRACT 

The electrochemical intercalation of tetra-n-alkylammonium (TAA) cations into 

graphite is investigated using galvanostatic reduction and cyclic voltammetry in TAABr/ 

dimethylsulfoxide (DMSO) electrolytes. Structural and compositional analyses by X-ray 

diffraction, thermogravimetric and elemental analyses show that stable graphite 

intercalation compounds (GICs) are formed with highly-flattened TAA cation bilayers for 

(C5H11)4N
+
, (C6H13)4N

+
, (C7H15)4N

+
, (C8H17)4N

+
, with gallery expansions of 0.81 nm. 

(C4H9)4N
+
 forms a mixed-phase product including a stable GIC with monolayer TAA 

arrangement and a gallery expansion of 0.48 nm. The GICs with bilayer galleries 

incorporate 0.7-1.2 DMSO co-intercalate molecules per cation; the monolayer galleries 

contain relatively little DMSO. Although cyclic voltammetry shows that TAA cations 

smaller than (C4H9)4N
+ 

do intercalate into graphite, they do not form stable GICs. The 

GICs obtained by galvanostatic reduction are compared to those prepared using chemical 

ion-exchange reactions. A surface passivation model is introduced to explain the relative 

stabilities of GICs formed with larger TAA cation intercalates. 
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4.2 INTRODUCTION 

Graphite exhibits a unique intercalation chemistry, and undergoes a wide range of 

reduction or oxidation reactions to form donor and acceptor-type graphite intercalation 

compounds (GICs), respectively.
1-3

 Both chemical and electrochemical methods have 

been employed in the preparation of GICs.
4-7

 Depending on the nature of the GICs and 

synthetic conditions, the intercalate ions (cations for donor-type, anions for acceptor-type 

GICs) may be accompanied by neutral co-intercalate molecules.
8
  GICs display structural 

ordering perpendicular to the graphene sheet stacking direction; regular sequences of 

intercalate galleries and graphene layers arise in a phenomenon known as staging.
9,10

 

Stage-1 GICs have a single graphene sheet encased by intercalate galleries; stage-2 GICs 

have each bilayer of graphene sheets encased, and etc. Gallery expansion, Δd, is used to 

indicate the increased distance between graphene layer surfaces when separated by an 

intercalate gallery. Important applications of GICs to date include use as anodes in 

reversible lithium ion batteries,
11

 as precursors to exfoliated graphite,
12-15

 and in 

environmental oil absorption.
16

 

Our group recently reported the first preparation of a series of symmetric or 

asymmetric tetra-n-alkylammonium GICs (TAAGICs) that were obtained via the 

quantitative displacement of the cationic complex, Na(en)
+
, in [Na(en)]C15 (square 

brackets indicate intercalates, x in Cx is the number of graphene carbons per negative 

charge, en is ethylenediamine) by TAA cations in an aprotic organic solvent such as 

dimethylsulfoxide (DMSO) or N,N-dimethylformamide (DMF).
17,18

 Depending on the 

TAA cation employed, the TAAGIC products had Δd of either 0.47 nm or 0.8 nm, 
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associated with the intercalation of either monolayers or bilayers of cations with highly-

flattened conformations. These same gallery dimensions were obtained over the wide 

range of TAA cation diameters, from about 0.4-0.5 nm for (C4H9)4N
+
 to ~1.4 nm in 

(C8H17)N
+
. The monolayer arrangement was only observed in [(C4H9)4N]C43, and only 

this TAAGIC showed no solvent co-intercalation. The larger TAA cations form bilayer 

structures with significant DMSO co-intercalation, e.g. [(C7H15)4N
.
1.4DMSO]C63 or 

[(C18H37)(CH3)3N
.
1.6DMSO]C60.  Attempts to exchange TAA cations smaller than 

(C4H9)4N
+
 resulted only in high-stage GICs or graphite. 

Earlier studies on the intercalation of TAA cations into graphite employed 

electrochemical reduction in organic electrolytes. Besenhard et al.
19

 reported a dull-black, 

stage-1 GIC with Δd = 1.25 nm and approximate composition [(CH3)4N
.
6.0DMSO]C24 

by the reduction of graphite in (CH3)4NCl/DMSO. The product was highly air sensitive 

and found to partially decompose during characterization. Simonet
20

 reported the 

reversible intercalation/deintercalation of TAA cations by cyclic voltammetry on graphite 

in DMF-based electrolytes containing TAA cations. A galvanostatic charge plot showed 

the step-wise formation of [(CH3)4N]Cx, x = 96, 24, and 12. Zheng et al.
21

 reported a new 

X-ray diffraction peak at 23.5° 2θ (d = 0.378 nm) after reducing graphite at different 

potentials in an ionic liquid electrolyte containing (CH3)3(C6H13)N
+
, suggesting the 

formation of a new TAAGIC at 0.7 V vs. Li/Li
+
. The appearance and disappearance of 

this single peak during cyclic voltammetry suggested reversible intercalation/de-

intercalation of the asymmetric TAA cation.  
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We are not aware of the electrochemical preparation, isolation, and characterization 

of any stable TAAGICs to date. In this work, we will describe a series of stable 

TAAGICs obtained by reduction in DMSO-based electrolytes. The products obtained are 

isolated and then characterized by X-ray diffraction, and thermogravimetric and 

elemental analyses.  In addition, the electrochemical reactions are evaluated using cyclic 

voltammetry.   
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4.3 EXPERIMENTAL 

TIMREX SLP50 Graphite powder (TIMCAL America Inc., average particle 

diameter 50 μm) and all tetra-n-alkylammonium bromide (TAABr) salts with a purity 

>98% were used as received. The abbreviation TnA will be used for these symmetric 

cations, where n is the number of carbons per alkyl group, thus (C4H9)4N
+ 

will be listed 

as T4A.  DMSO (AR grade, 99.9 %) and acetonitrile (HPLC grade, 99.9 %) were dried 

over a 4 Å molecular sieve prior to use. 

Galvanostatic reductions were performed in a two-compartment cell with a fritted 

glass separator, and were maintained under an inert atmosphere at ambient temperature. 

Working electrodes were prepared by painting a cyclohexane slurry containing graphite 

powder (20-25 mg) and 5 wt% polymer binder (EPDM) onto a stainless steel (SS) mesh 

flag (geometric area ~1 cm
2
). Coated electrodes were dried at 50°C. Counter and 

reference electrodes were SS mesh and wire. Repeated tests on the SS wire reference in 

the same electrolytes, both as prepared and after the reduction reaction, returned a 

potential of -0.03(1) V vs. SCE, and potentials reported below have been converted to V 

vs. SCE. Electrolyte solutions were 0.1 M TAABr in DMSO, except for T1ABr/DMSO 

which was found to saturate at a lower concentration.  Graphite electrodes were reduced 

at a current density of 3.3 mA/g for 22 h.  If the graphite reduction is fully efficient, the 

applied charge corresponds to a negative charge on graphene sheets of x = 32 in Cx

-

 . 

From previous results on the chemical intercalation of TAA cations, this is a significantly 

higher charge than required to form the stage-1 products.
17

 Reductions for longer times 

were also tried in some cases, with no change in the products obtained. Following 
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reduction, the working electrodes were immediately removed from the cell, rinsed briefly 

with 3-4 ml of acetonitrile, and then dried overnight under vacuum. Cyclic voltammetry 

was conducted at 1.0 mV/s, from 0 to -2.5 V vs. SCE, for one or more cycles.  Electrode 

preparation was similar to that described above but utilized ~2 mg of graphite on a 9 mm
2
 

SS flag. 

Powder X-ray diffraction (PXRD) studies used a Rigaku Miniflex II diffractometer 

with Ni-filtered Cu Kα radiation. PXRD data were collected at 5°/min from 3° to 60° 2θ. 

Only (00l) reflections were indexed in the obtained PXRD patterns due to preferred 

orientation in the samples. The relationship between the gallery expansion (Δd), repeat 

distance along the c-direction (Ic), and the GIC stage number (n) is  Ic = Δd + 0.335n, 

where 0.335 nm corresponds to the thickness of a single graphene sheet. Thermal 

analyses used a Shimadzu TGA-50 thermogravimetric analyzer (TGA) under flowing 

Ar/O2 (20 ml/min) at a heating rate of 10°C/min from ambient to 800°C. Sulfur elemental 

analyses were performed by Micro-Analysis, Inc. (Wilmington, DE).      
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4.4 RESULTS AND DISCUSSION 

Three representative potential-charge curves are shown in Figure 4.1a-c. For all 

these curves, a sharp potential drop occurs at the outset, followed by a voltage increase 

and then a long, negatively-sloping plateau. A similar voltage decrease and recovery 

feature has been observed at the initial stage of electrode reduction for a range of 

chemistries, and is sometimes termed the “voltage delay”.
22-24

 The feature is generally 

ascribed to the formation of a passivation layer at the electrode surface. The appearance, 

voltage profile, and duration of the voltage delays depend on several factors including the 

electrode and electrolyte chemistry. In Figure 4.1, the charge associated with these 

voltage delays is seen to be 5-10 mAh/g. For comparison, the formation of a passivation 

layer on graphite anodes in Li-ion batteries, known as the solid electrolyte interface, 

requires ~20-60 mAh/g.
25-27

 After the surface passivation and voltage recovery, a 

subsequent intercalation reaction occurs with a gradually decreasing potential. No distinct 

potential steps are observed to indicate staging transitions; although a broad potential step 

was noted at 60-70 mAh/g for many cells (see arrow in Figure 4.1). The absence or 

broadening of potential steps is likely associated with a relatively slow intercalation rate 

into the electrode bulk, resulting in a heterogeneous intercalate distribution and the 

formation and maintenance of a stage-1 TAAGIC at the electrode surface at the applied 

current density. Lower current densities were tested, but always resulted in high-stage 

GIC products due to the inefficiency of the overall reduction reaction.    
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Figure 4.1 Galvanostatic potential-charge curves for graphite in (a) sat. 

T1ABr/DMSO, (b) 0.1 M T5ABr/DMSO and (c) 0.1 M T7ABr/DMSO electrolytes. 

 

Figure 4.2 shows PXRD data for the obtained TAAGICs, and derived structural 

data are summarized in Table 4.1. With the larger TAA cations (Figure 4.2b-e), the 

reactions generate stage-1 products with Δd = 0.81 nm; all these patterns show the same 

structure and (00l) peak indices, as indicated above Figure 4.2e. The stage and gallery 

dimensions correspond to those obtained for the chemically-derived TAAGICs reported 

previously.
17

 These gallery dimensions require sterically that the TAA cations are present 

in a highly-flattened conformation as shown in Figure 4.3. T4AGIC (Figure 4.2a) alone 

forms monolayers, with Δd = 0.48 nm, again in agreement with the chemically-derived 

TAAGICs. The starred peak at 23.4° 2θ in Figure 4.2a might either be ascribed to a 

stage-2 monolayer phase or a stage-1 bilayer phase, in both cases the strongest reflection 
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is (003), with a calculated position of 23.2 or 23.3° 2θ, for these respective alternatives. 

Given the compositional data analysis, described below, the assignment of this impurity 

phase as a stage-1 bilayer is more reasonable. Additionally, a small G(002) peak from 

unreacted graphite is observed for all samples. 

 

 

Figure 4.2 PXRD patterns of products obtained after galvanostatic reduction in 0.1 M 

(a) T4ABr/DMSO, (b) T5ABr/DMSO, (c) T6ABr/DMSO, (d) T7ABr/DMSO and (e) 

T8ABr/DMSO.  The (00l) indices all refer to stage-1 GIC products. The starred peak 

corresponds to an impurity phase (see text). G(002) denotes unreacted graphite. 
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Figure 4.3 Schematic of intercalate conformations for (a) monolayer T4AGIC and (b) 

bilayer T7AGIC, including the DMSO co-intercalate for the bilayer phase.  Both ball-

and-stick (left) and space-filling representations (right) of the intercalates are shown. 

 

As shown in Figure 4.4, it is notable that TAA cations smaller than T4A did not 

generate low-stage GICs. This was also observed for the chemical exchange reactions, 

and seems at first counter-intuitive. Smaller cations might be expected to show higher 

diffusion rates into graphene galleries and therefore more readily generate GICs. In 

Figure 4.4, the T1A and T2A cations show only a broadened graphitic reflection, whereas 
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T3A generates a high-stage GIC along with graphite. The data and trend suggest that, as 

was observed earlier by Besenhard et al.,
19

 a reaction does occur, GICs with the smaller 

TAA cations do form, but they are highly unstable and rapidly oxidize back to graphite, 

either in situ or during product workup. 

 

 

Figure 4.4 PXRD patterns of (a) pristine graphite, and after galvanostatic reduction in 

(b) sat. T1ABr/DMSO, (c) 0.1 M T2ABr/DMSO and (d) 0.1 M T3ABr/DMSO. G(hkl) 

denotes unreacted graphite reflections, and the starred peaks are from a high-stage GIC. 
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We propose a passivation model to explain the increase in TAAGIC stability with 

increasing TAA size. TAA cations are known to generate alkyl radicals upon reductive 

decomposition at the potentials applied in these experiments,
28-30

 according to: 

 

(C7H15)4N
+
   +    e

-
     →     (C7H15)3N    +   C7H15·   (4.1) 

 

The fate of these alkyl radicals depends on the species present and reaction 

conditions. In the aprotic and reductively-stable DMSO solvent, we propose that both 

small and large alkyl formed from TAA cations react to alkylate the graphene sheet 

edges: 

 

 

  

The exact nature of the surface chemistry during this reaction is not currently 

understood, and may be complex, however, the significant point for this model is that 

surface alkylation results. Then, only the longer surface alkyl groups can combine to 

form an effective passivation layer that stabilizes and permits isolation of a stable 

TAAGIC.  

In Li-ion batteries, decomposition of the organic/Li salt electrolyte results in the 

formation of a protective solid electrolyte interphase (SEI) layer on the graphite surface. 

(4.2) 
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The insoluble SEI layer is about 20 nm thick, appears to consist predominantly of Li2CO3 

and LiF, and permits rapid transfer of desolvated Li
+
 ions.

31
 Our proposed surface layer 

from TAA decomposition is likely to be thinner and more flexible, and, interestingly, 

permits the rapid transport of large TAA cations.  This surface passivation and transport 

will be further described in a subsequent publication. 

The TGA mass losses of selected TAAGICs are shown in Figure 4.5. The unreacted 

electrodes (Figure 4.5a) show a small loss at 300-450°C due to binder degradation, and 

the onset of graphite degradation is at 600°C. The binder content obtained by TGA (3.5 

mass pct) is comparable to that used in the electrode formation slurry (5 pct). T4AGIC 

and T7AGIC (Figure 4.5b and c) show multiple mass loss steps ascribed to thermolysis 

of the TAA cations at 120-580°C, polymer binder at 300-450°C, and graphite above 

600°C. T7AGIC also exhibits a prominent mass loss below 120°C, ascribed to DMSO 

evaporation. The thermal decomposition of TAA cations in the TAAGICs begins at a 

lower temperature, and requires a wider temperature range, than the corresponding 

bromide salts. The decreased thermal stability of TAA cations has been attributed to the 

catalytic effect of graphene sheets.
32,33
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Figure 4.5 TGA plots for (a) graphite with EPDM binder, (b) T4AGIC, (c) T7AGIC, 

(d) T4ABr and (e) T7ABr. 

 

After correcting for binder content, the TAAGIC compositions obtained by the 

above TGA assignments are shown in Table 4.1. Compared with the x = 43 value 

obtained in the chemically-derived product, the T4AGIC with x = 37 has a relatively high 

intercalate content, consistent with an impurity bilayer phase (that will have a higher 

intercalate content) rather than an impurity stage-2 phase (that will be poorer in 

intercalate). Also, the T4AGIC product obtained does contain a small DMSO co-

intercalate content, unlike the chemically-derived product. DMSO mass contents in 

T4AGIC and T7AGIC from TGA were calculated at 1.5 and 8.7 mass pct, respectively, 

consistent with sulfur elemental analyses for these samples, which yielded 1.7 mass pct 

DMSO for T4AGIC and 9.8 mass pct DMSO for T7AGIC. Again, a bilayer impurity 
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phase, but not a stage-2 phase, is more appropriate to explain the minor presence of 

DMSO. 

Lattice enthalpies for GICs generally decrease for larger gallery expansions, and in 

the simplest electrostatic model might be expected to scale with 1/Δd. However, bilayer 

galleries can be favored over monolayers when larger ion monolayers cannot compensate 

the host sheet charge densities. The formation of monolayers vs. multilayers for different 

intercalates is well-known for other charged host structures.
34-36

 In order to further 

evaluate these effects, the packing fraction of intercalate galleries was calculated for the 

obtained TAAGICs. This fraction was determined by taking the ratio of the intercalate 

volume, estimated using the VABC (Atomic and Bond Contributions of van der Waals 

volume) method,
37

 to the gallery volume, obtained from the observed TAAGIC gallery 

expansions, product compositions, and a surface area for graphene sheets of 0.0261 nm
2
 / 

C atom. The derived packing fractions are indicated in Table 4.1, and show that the 

monolayer arrangement (with some bilayer impurity phase) to be the most densely 

packed gallery. The maximum achievable packing fraction from geometric considerations 

is not apparent for these irregularly-shaped, flattened TAA cations, but the transition to 

an exclusively bilayer arrangement is consistent with the greater spatial requirements to 

accommodate the larger TAA cations. Additionally, it is notable that the x values 

obtained for the bilayer GICs, from 47 to 56, indicate that unusually-low sheet charge 

densities are obtained for stage-1 GICs with these large TAA cation intercalates.  Since 

lattice enthalpies also depend on sheet charge densities, and the chemical and 

electrochemical properties, including delamination, depend on lattice enthalpies, the 
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ability to control sheet charge densities on GICs by selection of intercalate cation size 

could be a significant step towards producing GICs with novel properties. 

The electrochemical behavior of graphite electrodes in TAABr/DMSO electrolytes 

was also investigated by cyclic voltammetry. As shown in Figure 4.6a and d, the 

electrolytes themselves are stable to about -2.3 to -2.6 V on a Pt foil electrode. Previous 

reports indicate the irreversible reduction of T2A
 
and T7A at similar potentials to yield 

the corresponding amines.
28

  Our evaluation of a 0.1 M LiN(SO2CF3)2/DMSO electrolyte 

under similar scans from 0 to -2.8 V shows no cathodic decomposition, demonstrating the 

stability of the DMSO solvent at low potentials (data not shown).  

Graphite electrodes in 0.1 M TAABr/DMSO electrolytes exhibit a new broad 

cathodic reaction with onset at -1.6 V and current peak near -2.2 V. This cathodic feature 

is ascribed to reductive TAA intercalation, and the very broad and sometimes multiple 

anodic peaks from -2.0 to -0.5 V in the case of T2A, are ascribed generally as oxidative 

de-intercalation of the GIC. The round-trip coulombic efficiency for the first 

voltammetric cycle was 96% for T2A;
 
this efficiency decreases with increased cation size 

down to 26% for T7A. The lower chemical reversibility for larger cations suggests a 

diffusion-limited de-intercalation process. The graphite sheet charge density, expressed 

as x in Cx

-, 
 is 35 for 

 
T2A as compared with 37 for T4AGIC (Table 4.1), indicating that a 

stage-1 T2AGIC was formed in situ during cyclic voltammetry. As described above, this 

T2AGIC is unstable and cannot be isolated after galvanostatic reduction. 
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Table 4.1 The structural and compositional data for obtained TAAGICs. 

Product Stage 
Δdi 

(nm) 

Intercalate 

arrangement 

Total 

intercalate 

(mass pct) 

Composition 
Packing 

fraction 

T4AGIC 1
a
 0.48 monolayer 36.5 [(C4H9)4N]C37

.
0.1DMSO 0.67 

T5AGIC 1 0.81 bilayer 40.9 [(C5H11)4N]C47
.
0.7DMSO 0.42 

T6AGIC 1 0.81 bilayer 41.0 [(C6H13)4N]C56
.
0.8DMSO 0.42 

T7AGIC 1 0.82 bilayer 47.4 [(C7H15)4N]C54
.
1.2DMSO 0.51 

T8AGIC 1 0.81 bilayer 49.3 [(C8H17)4N]C56
.
1.2DMSO 0.56 

a
 impurity ascribed to bilayer phase 
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Figure 4.6 Cyclic voltammograms of graphite in 0.1 M (a) T2ABr/DMSO, (b) 

T3ABr/DMSO, (c) T5ABr/DMSO and (d) T7ABr/DMSO at a scan rate of 1 mV/s. 

 

Since galvanostatic methods show that TAA cations smaller than T4A do not form 

stable low-stage GICs, whereas cyclic voltammetry shows the characteristic features of 

intercalation/de-intercalation for these cations, and even suggests more rapid diffusion 

and more efficient processes for the smaller TAA cations. By putting these results 

together we can conclude that the smaller TAAs readily form GICs but they are unstable 

and rapidly decompose back to graphite or high-stage GICs, as noted by Besenhard et al. 

previously,
19

 and that the stability of the larger TAAGICs is consistent with the formation 

of a more effective passivation layer as proposed above.  
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Figure 4.7 displays the first and third voltammetric cycles for graphite in 0.1 M 

T7ABr/DMSO. The first cycle exhibits reversible electrochemical intercalation/de-

intercalation along with the irreversible decomposition of T7A cations at lower potential. 

The charges associated with cathodic and anodic scans were 0.32 and 0.082 C, 

respectively. The ratio suggests that only a minor fraction of the TAA intercalates are 

released from the galleries after intercalation. This indicates the slow diffusion of 

DMSO-solvated T7A cations within the galleries. The second cycle (not shown) shows 

lower currents with greater separation of cathodic and anodic peak potentials. For the 

third cycle (shown), this trend continues, with the cathodic sweep dominated by the TAA 

reduction rather than intercalation. Slow TAA diffusion results in dampened 

intercalation/de-intercalation on cycling even at the low sweep rate employed. Large 

TAA cations would not appear to be interesting as reversible insertion/de-insertion 

guests, such as for use directly in rechargeable electrodes. On the other hand, these 

cations might be introduced and retained within graphene galleries, and thereby modify 

the gallery chemistry and structure for accommodation of other guests. 
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Figure 4.7 Cyclic voltammetry of graphite in 0.1 M T7ABr/DMSO at a scan rate of 1 

mV/s. 
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5.1 ABSTRACT 

The kinetic stability of graphite intercalation compounds (GICs) is markedly 

increased by a surface passivation reaction that occurs under strong reducing conditions 

in the presence of long-chain tetra-n-alkylammonium cations. A simple alkylation model 

is proposed. Surface alkylation allows the formation of a stable, isolable, graphite 

intercalation compound of tetra-n-ethylammonium, (C2H5)4N
+
 for the first time, by 

chemical surface passivation of [Na(en)1.0]C15 (en = ethylenediamine) with NR4
+
, R = 

C6H13, C7H15 or C8H17, followed by an ion exchange reaction to displace the Na(en)
+ 

complex with (C2H5)4N
+
. One GIC thus obtained using dimethylsulfoxide (DMSO) as 

solvent has composition [(C2H5)4N]C57
.
0.5DMSO, and is a stage-1 compound with a 

gallery expansion of 0.47 nm. This relatively small expansion indicates a monolayer of 

intercalate and additionally requires an unusually flattened cation conformation. 

Electrophoretic analyses indicate that the ion exchange within the graphene galleries goes 

to completion. Additionally, the passivated GIC surfaces afford a dramatic increase in the 

stability of GICs, in protic solvents, aqueous media, and the ambient environment. 
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5.2 INTRODUCTION 

Graphite intercalation compounds (GICs) contain graphene sheets as layered host 

and intercalate guests located between the host sheets. The graphene sheets themselves 

are either reduced or oxidized, and accommodate cation or anion intercalates, 

respectively, to form donor-type or acceptor-type GICs.
1-5

 Chemical and electrochemical 

methods can produce a wide range of GICs.
6-9

 Depending on synthetic conditions, neutral 

molecules may co-intercalate along with ions.
10-13

 Uniquely for GICs, ordered stacking of 

host sheets and intercalates can result in a “staging” phenomenon; in stage-1 all 

individual graphene sheets are encased by intercalate galleries, in stage-2, two graphene 

sheets are encased, and etc.
14,15

 GICs are important in several applied technologies, 

including Li-ion batteries and the production of thermally exfoliated graphite.
16-18 

Our group recently reported a homologous series of tetra-n-alkylammonium (TAA) 

GICs that can be prepared by either the chemical exchange of the Na(en)
+
 complex from 

[Na(en)1.0]C15 (en = ethylenediamine) or by the electrochemical reduction of graphite in a 

TAABr/dimethylsulfoxide (DMSO) electrolyte.
19-21

 Stage-1 GIC products were obtained 

with TAA cations larger than (C3H7)4N
+
. The (C4H9)4N

+
 cation intercalates to form 

monolayers with a gallery expansion of 0.47 nm and no solvent co-intercalation. The 

larger TAA cations, e.g. (C6H13)4N
+
, (C7H15)4N

+
 or (C8H17)4N

+
, form intercalate bilayers 

with gallery expansions of approx. 0.76 nm and with significant DMSO co-intercalation. 

All these GICs must contain TAA cations with highly-flattened conformations in order to 

fit within the confined gallery dimensions observed.  
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When the same chemical exchange method is employed with the smaller symmetric 

TAA cations, (CH3)4N
+

, (C2H5)4N
+
 and (C3H7)4N

+
, only graphite or high-stage GICs were 

obtained.
20

 On first impression, this is a surprising result. The reductive stabilities of 

small and large TAA cations, e.g. (CH3)4N
+
, (C2H5)4N

+
, (C4H9)4N

+
 and (C6H13)4N

+
, as 

measured by linear sweep voltammetry in the TAABF4/propylene carbonate (PC) 

electrolyte, are similar and all are between  -3.00 and -3.10 V vs SCE.
22

 The kinetics of 

exchange with smaller cations should be, if anything, more favorable. Additionally, 

electrochemical reduction of graphite in a (C2H5)4NBr/ DMSO electrolyte indicated that 

the intercalation of (C2H5)4N
+
 occurs in situ. However, as noted above, and also in these 

electrochemical syntheses, the GIC products with smaller TAA cations were not 

sufficiently stable enough to be isolated and characterized. 

This observation agrees well with many previous reports that describe the in situ 

generation of (CH3)4N- and/or (C2H5)4N-GICs by electrochemical reduction in aprotic 

organic electrolytes, including acetonitrile, PC, N,N-dimethylformamide (DMF), DMSO 

and N-methyl-2-pyrrolidone.
23-28

 In these studies, linear sweep or cyclic voltammetry 

indicates a reversible redox process associated with intercalation/deintercalation.  

However, well-ordered or single-phase GIC products are very difficult to isolate and 

structurally or compositionally characterize. Foundational studies by Besenhard et al,
27

 

indicated that electrochemically-prepared (CH3)4N-GIC exhibits multiple phases owing 

to its instability and self-decomposition. They reported a gallery expansion of 1.25 nm, 

and proposed the intercalate guest may be an octahedral [(CH3)4N(DMSO)6]
+ 

complex. 
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The product composition obtained from the potential/charge curve was [(CH3)4N]C24n (n 

is the stage number), in agreement with a more recent report by Simonet.
25

 

Ruch et al reported the disappearance of (002) graphite reflection during reduction 

at around 1 V vs Li/Li
+
 in a (C2H5)4N

+
- containing electrolyte, and the appearance of 

weak un-indexed reflections.
23

 Wang et al similarly reported that a graphite electrode 

held at a low potential in TAA salt/PC electrolytes lost the native graphite phase and new 

broad peaks appeared at d-spacings at 0.37 and 0.29 nm.
24

 Cooper et al similarly 

observed the native graphite diffraction reflection to broaden and disappear and a number 

of new diffraction peaks to appear after reduction in PC electrolytes containing TAA 

salts.
28

 

We have postulated that larger TAA cations can alkylate graphene sheet edges to 

form effective passivation layers that permit the isolation of low-stage GIC products with 

dramatically enhanced stabilities. A typical surface alkylation reaction would proceed as 

follows; 

 

(C7H15)4N
+
   +   e

-
  (C7H15)3N   +   CH3(CH2)5CH2 

.
     (5.1) 

GIC  +    CH3(CH2)5CH2 
.
       GIC---CH3(CH2)5CH2  (5.2) 

 

(C7H15)4N
+
 cations are first reduced by reaction of the starting GIC, [(Na(en)1.0]C15, 

yielding an amine and alkyl radical. The electrochemical reduction of TAA cations to 
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form alkyl radicals has been reported previously.
29-31

 The radical species then alkylates 

functional groups present on the graphene sheet edges to form a passivation layer.  

In this article, we describe the first synthesis, isolation and characterization of 

single-phase (C2H5)4N-GIC by using this surface passivation by larger TAA cations to 

stabilize the subsequent GIC products, and also explore how such passivation leads to 

increased stability for TAA-GICs under a range of oxidizing conditions. 
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5.3 EXPERIMENTAL 

5.3.1 Synthesis of (C2H5)4N-GIC 

[Na(en)1.0]C15 was prepared by a previously reported method with minor 

modifications:
32

  240 mg (20 mmol) of SP-1 graphite (Union Carbide, average diameter = 

100 μm) was mixed with 57 mg (2.5 mmol) of sodium metal and 3 ml of ethylenediamine 

(en). The reactants were continuously stirred at 60 °C for 24 h under an inert atmosphere. 

The mixture was then centrifuged and the solution phase removed via syringe. The blue 

solid product was dried in vacuo overnight at room temperature. The product was 

characterized by PXRD and TGA, and then used in the subsequent reactions. 

Next, surface passivation of [Na(en)1.0]C15 was accomplished by combining 12 mg 

(0.024 mmol) of tetra-n-heptylammonium bromide, (C7H15)4NBr, and 79 mg (0.30 mmol) 

of [Na(en)1.0]C15 in 2 ml of DMSO. The reactants were stirred under an inert atmosphere 

at 20°C for 2 min. After centrifuging, the solution phase was removed via syringe and a 

dull-black and wet solid was obtained.  

Ion exchange was accomplished by adding a 0.1 M solution of tetra-n-

ethylammonium bromide, (C2H5)4NBr, in 2 ml of DMSO, to the black solid product 

obtained from the previous step and reacting at 60°C for 10 min under an inert 

atmosphere. The top phase solution was separated by syringe after centrifuging. The wet 

product was washed with acetonitrile and then dried in vacuo overnight at ambient 

temperature.  For other trials, the solvents DMF or n-hexanol were employed for the ion 

exchange reactions. 
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All reactant solutions and rinse solvents were collected and combined for 

electrophoretic analyses. The extent of ion exchange was evaluated from the known 

masses of [Na(en)1.0]C15 and TAA cations in reactant and those found in the residual 

solutions. Solid products were characterized as described below. 

 

5.3.2 Stability of (C7H15)4N-GIC 

(C7H15)4N-GIC was synthesized via the chemical exchange reaction from 

[Na(en)1.0]C15 as indicated above. The synthesis, structure and composition of (C7H15)4N-

GIC have been reported in our previous work.
20

 Stability tests were carried out by 

exposing the GIC to the following conditions; (1) distilled water, (2) 1 M HCl (pH = 0), 

(3) 0.1 M FeCl3 in 1 M HCl, and (4) in 0.01 M I2 in CHCl3. All stability tests were 

conducted at 20 °C for 24 h. After each test, the solid sample was collected and dried at 

ambient temperature in vacuo overnight. 

 

5.3.3 Characterization 

A Rigaku Miniflex II diffractometer with Ni-filtered Cu Kα radiation was used for 

powder X-ray diffraction (PXRD) studies. PXRD patterns were collected at a scan speed 

of 5° /min from 3 - 60° 2θ. Due to preferred orientation, mainly (00l) reflections are 

observed and indexed. The relationship between the observed repeat distance along the 

stacking c-direction (Ic), the stage number (n) and the gallery expansion is expressed as; 
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gallery expansion = Ic  – 0.335n, where 0.335 nm corresponds to the thickness of a single 

graphene sheet. The thermal behaviors of obtained GICs were investigated on a 

Shimadzu TGA-50 thermogravimetric analyzer (TGA) under flowing Ar/O2 (20 ml/min) 

at a heating rate of 10 °C/min from ambient to 800°C. The extent of ion exchange; the 

appearance of Na
+
 and en, and the depletion of the TAA cation used for passivation and 

of the (C2H5)4N
+
 intercalate, was studied by using the capillary zone electrophoresis 

(CZE) analyses. Measurements were performed on a HP 
3D

CE instrument equipped with 

a UV detector, using fused-silica capillaries. The experimental details for CZE have been 

described previously.
19

 CZE calibration curves are provided in Supplementary Data. 
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5.4 RESULTS AND DISCUSSION 

Figure 5.1 shows diffraction patterns of obtained solid products, including native 

graphite (Figure 5.1a) for comparison. Following reaction with Na(m) in en solution, 

graphite is reduced to form a stage-1 [Na(en)1.0]C15 with gallery expansion of 0.36 nm as 

reported previously (Figure 5.1b).
32

 In this GIC, en forms a chelate complex with Na
+
 

oriented parallel to the graphene sheets. Following surface treatment by (C7H15)4N
+
 and 

subsequent ion exchange with (C2H5)4N
+
, (Figure 5.1c) a new series of Bragg reflections 

up to (001-005) indicates a new stage-1 GIC with gallery expansion of 0.47 nm. This 

dimension is similar to that observed previously for (C4H9)4N-GIC,
19

 and corresponds to 

the flattened monolayer arrangement of TAA cations, presented in Figure 5.2. However, 

when the surface passivation step is omitted (Figure 5.1d), the obtained product is a 

mixture of a high-stage GIC and a disordered graphite with broadened (00l) reflections.  

As noted above, we ascribe the isolation of a stable (C2H5)4N-GIC following 

surface treatment to the passivation afforded by alkylation of graphene sheet edges. More 

specifically, all the GICs obtained are thermodynamically unstable with respect to 

oxidation by the solvents employed. Shorter alkyl chains do not provide a sufficient 

barrier to that surface reaction, but when alkyl chains longer than butyl are employed for 

passivation the decomposition reaction slows dramatically. Presumably, surface 

alkylation increases the surface hydrophobicity, or more generally decreases surface 

wetting by polar species, and thus decreases any oxidative decomposition by polar 

species.  The reaction model suggests that even without an explicit passivation step, 
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(C2H5)4N-GIC will undergo surface ethylation, but these short alkyl chains do not afford 

an isolable product. 

 

 

Figure 5.1 PXRD patterns of (a) SP-1 graphite, (b) [Na(en)1.0]C15, (c) (C2H5)4N-GIC 

and (d) the product obtained without using surface passivation. Intensities of (c) and (d) 

are 5x. Reflection indices are indicated, and native graphite reflections are labeled with a 

G. The arrow above 1d points at a high-stage GIC reflection. 
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Figure 5.2 The flattened monolayer arrangement of intercalate encased by graphene 

sheets with alkylated surface. Both ball-and-stick (left) and mapped-surface (right) 

depictions of (C2H5)4N
+
 are shown. 

 

Figure 5.3 shows PXRD patterns of products obtained following surface 

passivation of [Na(en)1.0]C15 with different TAA
 
cations. The major product following 

passivation with (C4H9)4N
+ 

is graphite (Figure 5.3a). The larger TAA cations, 

(C6H13)4N
+
, and (C8H17)4N

+
 act similarly to (C7H15)4N

+
 and resulted in a predominantly 

stage-1 (C2H5)4N-GIC with a gallery expansion of 0.47 nm (Figure 5.3c and d). A 

broadened strongest reflection indicates the presence of some high-stage GICs in these 

products. Passivation with (C5H9)4N
+
 results in a disordered product (broad and weak 

diffraction) containing a high-stage GIC (Figure 5.3b). These results confirm that only 

the larger TAA cations can form effective passivation layers that permit the isolation of 

(C2H5)4N-GIC. 
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Figure 5.3 PXRD patterns of products obtained using the following TAA cations for 

surface passivation; (a) (C4H9)4N
+
, (b) (C5H11)4N

+
, (c) (C6H13)4N

+
 and (d) (C8H17)4N

+
. 

Intensities of (b), (c) and (d) intensities are 5x. Asterisks indicate reflections from a high-

stage GIC. 

 

Previously, we reported that DMSO does not co-intercalate with (C4H9)4N
+
, but 

does co-intercalate with the larger TAA cations.
20,21

 The selection of reaction solvents for 

reductive interaction or exchange of donor-type GICs has been limited by the 

requirement that such solvents be reductively stable with respect to the reducing agents 

employed and the GIC products. In this study, DMF was also evaluated as the exchange 

solvent and a stage 1 GIC obtained with a gallery expansion similar to that obtained in 

DMSO (Figure 5.4a). Surprisingly, we observed that the exchange can even be carried 
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out in n-hexanol. This is a good solvent for the TAA salt employed in the exchange, but 

as a protic solvent, is highly susceptible towards reduction by a donor-type GIC. As far as 

we are aware this is an unprecedented result – the generation of a donor-type GIC by 

exchange in a protic solvent. The observed product (Figure 5.4b) displays reflections 

corresponding to a stage-2 GIC with gallery expansion of 0.48 nm. 

 

 

Figure 5.4 PXRD patterns of obtained (C2H5)4N-GIC with the surface passivation by 

(C7H15)4N
+
 and subsequent ion exchange in (a) N,N-dimethylformamide (DMF) and (b) 

n-hexanol. 
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The thermal behavior of (C2H5)4N-GIC was used to evaluate composition. As seen 

in Figure 5.5, the mass loss for (C2H5)4N-GIC occurs in two steps, with a 5.0% mass loss 

at 85-110°C attributed to the volatilization of DMSO co-intercalate and the 15.3% mass 

loss at 110-550°C attributed to the degradation of (C2H5)4N
+
. For comparison, the salt 

(C2H5)4NBr is stable to 250°C, indicating the oft-observed catalytic effect of graphene 

sheets towards guest thermolysis.
33,34

 Above 550°C, the steep mass loss is due to the 

combustion of graphitic carbon in the flowing O2 gas stream. Based on these data, the 

composition of stage-1 (C2H5)4N-GIC is found to be [(C2H5)4N]C57
.
0.5DMSO.  

 

 

Figure 5.5 TGA plots for the (C2H5)4N-GIC prepared after surface passivation by 

(C7H15)4N
+
 in DMSO, and for SP-1 graphite and (C2H5)4NBr. 
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From the observed gallery expansion and composition, the packing fraction of the 

GIC product, which is defined as a ratio of the intercalate (plus co-intercalate) guest 

volume to the volume opened by gallery expansion, is about 0.28. This can be compared 

to a packing fraction of 0.51 for [Na(en)1.0]C15 prior to ion exchange. The low value for 

(C2H5)4N-GIC indicates that it contains open galleries with significant separation of 

cations, and suggests that packing considerations are not important in the final GIC 

composition and structure. 

By quantifying the appearance of Na
+
 and en, and the disappearance of the TAA 

cations (C7H15)4N
+
 and (C2H5)4N

+
 in solutions, CZE provides a powerful way to evaluate 

the concentrations of all these species in solution and, by comparing with the amounts 

contained in reactants, yields the extent of ion exchange and the compositions of the GIC 

products. An electropherogram (Figure 5.6) shows peaks associated with en, Na
+
, 

(C2H5)4N
+
 and (C7H15)4N

+
 in solution following the surface passivation and ion exchange 

reactions. Recoveries of en and Na
+
 from [Na(en)1.0]C15 are quantitative, indicating that 

the Na(en)
+
 complex has been completely displaced from the GIC galleries. (C7H15)4N

+
 

and (C2H5)4N
+
 show 5% (0.0012 mmol) and 46% (0.092 mmol) depletion from starting 

concentrations. The former TAA cations is being consumed to form the passivation layer, 

while the latter undergoes the ion exchange with Na(en)
+
 complex. These depletions 

indicate a GIC composition of [(C2H5)4N]C50
.
yDMSO (the DMSO co-intercalate is not 

measured by CZE), which is in reasonable agreement with the composition obtained from 

the TGA data. The TGA data provide more direct and reproducible results, and are 

therefore more accurate for reporting the GIC composition. The consumption of 
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(C7H15)4N
+
 is on the order of 1% of that of (C2H5)4N

+
, consistent with its participation in 

only an edge surface reaction.  

 

 

Figure 5.6 Electropherogram for separations of (a) 0.1 mM of standard solution and 

(b) a combined solution following surface passivation by (C7H15)4N
+
 and ion exchange of 

Na(en)
+
 by (C2H5)4N

+
. 

 

The surface passivation model was further investigated by stability tests of a stage-

1 (C7H15)4N-GIC under a range of oxidizing conditions. Figure 5.7a shows the PXRD 

pattern for (C7H15)4N-GIC, with strong narrow diffraction peaks indicating a well-

ordered structure. After 24 h reaction with either distilled water or even in aqueous acid, 

the stage-1 GIC phase still predominates, with some decomposition indicated by a small 
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graphite reflection at 2θ ≈ 26°
 
and a broadening of the strong (003) peaks (Figure 5.7b 

and c). Even following the addition of an oxidizing cation, Fe(III), to the aqueous acid 

solution, the stage-1 GIC phase dominates (Figure 5.7d) after 24 h reaction. In contrast, 

similar reaction with I2/CHCl3 results in formation of a high-stage GIC (Figure 5.7e). 

This less polar oxidant can more effectively attack (C7H15)4N-GIC. These results are 

consistent with GIC passivation by the formation of a hydrophobic surface on the 

reactive graphene sheet edge surfaces. 

 

 

Figure 5.7 PXRD patterns of (a) (C7H15)4N-GIC, and (C7H15)4N-GIC samples 

exposed to  (b) distilled water, (c) 1 M HCl (aq), (d) 0.1 M FeCl3 / 1 M HCl (aq) and (e) 

0.01 M I2 / CHCl3. Reactions proceeded at 20°C for 24 h. Asterisks indicate reflections 

from a high-stage GIC. 
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CHAPTER 6 

CONCLUSION 

 

A series of TAA-GICs has been successfully prepared for the first time via both ion 

exchange and electrochemical methods. The TAA cations studied include symmetric 

(CnH2n+1)4N
+
 (n = 1-8) and asymmetric (CH3)3(C12H25)N

+
, (CH3)3(C18H37)N

+
 and 

(CH3)2(C18H37)2N
+
. Monolayer galleries with di ~ 0.80 nm are observed for (C3H7)4N

+
 

and (C4H9)4N
+
 and the observed gallery dimensions require flattened intercalate 

conformations. GICs formed with larger TAA cations contain the bilayer galleries (di ~ 

1.1 nm) of flattened TAA conformation with co-intercalation of DMSO. The existence of 

bilayers is confirmed by the generated 1D-electron density profiles. These large TAA 

intercalates decrease charge density on the graphene sheets. The observed gallery heights 

and compositions of TAA-GICs obtained are all summarized in Table 6.1. For small 

TAA cations such as (CH3)4N
+
 and (C2H5)4N

+
, the formation of GICs does occur in situ 

but the products are not stable enough to be isolated. A passivation surface model by the 

alkylation of graphene edges is proposed to explain the enhanced stabilities of GICs 

containing larger TAA intercalates.  

The use of passivated GIC surfaces by large TAA cations in (C2H5)4N-GIC 

preparation is also studied. The resulting GIC provides a stage-1 compound with di = 

0.81 nm and its composition is [(C2H5)4N]C57
.
0.5DMSO. Similar to other TAA-GICs, 

(C2H5)4N
+
 intercalates arranges with highly-flattened conformation in the encasing 
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graphene sheets. In addition, the hydrophobic passivated surface affords a dramatically-

enhanced stability of TAA-GICs in aqueous media and under an oxidizing environment. 

 

Table 6.1 Summary of TAA-GICs prepared in this thesis. 

Method TAA-GICs Stage 
di 

(nm) 

Intercalate 

arrangement 

Ion-exchange [(C3H7)4N]Cx high stage
a
 0.760 monolayer 

 [(C4H9)4N]C43 1 0.813 monolayer 

 [(C5H11)4N]Cx
.
δDMSO 2 1.123 bilayer 

 [(C6H13)4N]C59
.
1.1DMSO 1 1.122 bilayer 

 [(C7H15)4N]C63
.
1.4DMSO 1 1.144 bilayer 

 [(C8H17)4N]C76
.
1.9DMSO 1 1.148 bilayer 

 [(C12H25)(CH3)3N]C44
.
1.4DMSO 1 1.109 bilayer 

 [(C18H37)(CH3)3N]C60
.
1.6DMSO 1 1.126 bilayer 

 [(C18H37)2(CH3)2N]C85
.
2.2DMSO 1 1.118 bilayer 

Electrochemical [(C4H9)4N]C37
.
0.1DMSO 1

b
 0.811 monolayer 

 [(C5H11)4N]C47
.
0.7DMSO 1 1.134 bilayer 

 [(C6H13)4N]C56
.
0.8DMSO 1 1.138 bilayer 

 [(C7H15)4N]C54
.
1.2DMSO 1 1.154 bilayer 

 [(C8H17)4N]C56
.
1.2DMSO 1 1.139 bilayer 

Surface 

passivation 
[(C2H5)4N]C57

.
0.5DMSO 1 0.805 monolayer 

a,b
 impurity ascribed to graphite and bilayer phases, respectively. 
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