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New synthetic strategies have been investigated for nano-dimensioned
graphite particles or even isolated graphene sheets. One approach is to prepare

graphite intercalation compounds (GICs) with low layer charge density and
appropriate gallery height, followed by the colloidal dispersion or exfoliation of the

resulting GICs. A series of anions has been designed and synthesized to lower the

charge density in intercalate galleries. New GICs containing chelatoborates and
perfluoroalkylsulfonates are prepared and characterized.
Three
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(B [OC(CF3)2C(CF3)20]f),

anions,
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bis(hexafluorohydroxyisobutyrato)borate

(B[OC(CF3)2C(0)O]f), and bis(oxalato)borate (B[OC(0)C(0)O]f), have been

studied. GICs up to stage n=1 containing B[OC(CF3)2C(CF3)20}f have been

prepared, but only GICs with stage n=2-4 in the B[OC(CF3)2C(0)O]f electrolyte.
PXRD data and the structural refinement of these GICs indicate that the intercalate

anions "stand up" in the gallery with the longer anion dimension oriented
perpendicular to the graphene sheets, leading to a relatively large gallery height of
13.3

14.5

A.

The electrochemical data show that GICs containing

B[OC(CF3)2C(CF3)20]f and B[OC(CF3)2C(0)O]f have lower sheet charge
densities than most acceptor-type GICs.

On the other hand, the intercalation of B[OC(0)C(0)O]f fails due to the
prevailing decomposition of the electrolytes. The relative anion oxidative stabilities

of B[OC(CF3)2C(CF3)20]f > B[OC(CF3)2C(0)O]f > B[OC(0)C(0)O]f are
determined experimentally and compared with HOMO energy level calculations.
The linear relation of intercalation potential to reciprocal of gallery height and the
steric effects

of large anion intercalates are also described. The stability

requirement for electrolytes is thereby extrapolated for highly separated graphene
layers or single-sheet graphene layer colloids.
Three

new

GICs

containing

the

perfluoroalkylsulfonate

C10F21S03, C2F5OC2F4S03 and C2F5(C6F10)S03

anions,

are prepared chemically. The

intercalate bilayers are oriented with anion sulfonate headgroups towards graphene

sheets. The details on anion concentrations, orientations, and conformations are
provided by structure models refined from one-dimensional electron density maps.

Due to the more efficient packing of anions in the gallery, the intercalated anion

conformations show changes in dihedral angles, involving rotations about C-C or
C-O bonds.
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SYNTHESIS, CHARACTERIZATION, AND STRUCTURAL MODELING
OF GRAPHITE INTERCALATION COMPOUNDS WITH
FLUOROANIONS

CHAPTER 1

INTRODUCTION

1.1 INTRODUCTION

Insertion chemistry refers to the introduction of guest species into a host

lattice with retention of the host structure. The resulting host-guest compounds

demonstrate a wide range of physical and chemical properties that depend on
structures and properties of host and guest as well as the insertion reaction.

Host lattices can be classified according to their connectivity: i) threedimensional structures (framework structures), e.g. zeolites, Nb3S4 and some
transition metal oxides of manganese, vanadium; ii) two-dimensional structures

(layered structures), e.g. graphite, clays, lamellar dichalcogenides of transition
metals, MoO3; iii) one-dimensional structures (chain structures), e.g. NbS3; iv)
zero-dimensional structures (molecular unit structures) with interstices between
molecular units as insertion sites, e.g. C60.[1]

The two-dimensional or layered structures demonstrate the richest insertion

chemistry among host lattices. Lamellar compounds are composed of stacked
sheets. They exhibit strong intraplanar bonding, but relatively weak interplanar
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interactions that can allow the intercalation of a variety of ionic and molecular
guest species between sheets without breaking bonds within the sheets.

Intercalation compounds have a wide range of properties and applications, e.g.
graphite intercalation compounds as electrodes, or pillared clays as catalysts and
absorbents. Some layered hosts can be further delaminated into individual sheets,

which can then be used as building blocks for the generation of thin films,
superlattices, intercalation compounds, or nanocomposites. For example, single

sheets of MoS2 can be separated by the exfoliation of the lithium-intercalation
compound, LiMoS2, in aqueous solution.[2-5] These monolayers have been used
as substrates for novel magnetic materials.[3] They can be restacked to produce a

superlattice structure with alternating MoS2 and WS2 single layers.[4] They can
combine with organic molecules to form intercalation compounds, or they can
combine with polymers to form nanocomposites.[5]

Of the many known layered hosts for intercalation chemistry, graphite is of

particular interest because of its distinctive physical and chemical properties.

Although much effort has been made to prepare single graphene sheets and

subsequently use them for nanocomposites, the known chemistry involves
intercalation and microdomain exfoliation, and no method exists to obtain graphite

nanosheets with the thicknesses < 3 nm required to observe nanoscalar
properties.[6] One objective of this work is to investigate and develop new
synthetic strategies for nano-dimensioned graphite particles or even isolated
graphene sheets.

3

1.2 GRAPHITE

Graphite is a unique layered material composed of only carbon. Within each

graphene sheet, all carbon atoms are bonded to three others by a trigonal

sp2

interaction to form a hexagonal network. The remaining non-hybridized 2p
electrons delocalize to form an extended

it

bonding interaction. Adjacent sheets are

bound only by van der Waals forces. As a consequence, the strong intrasheet C-C
bonds at 1.41 A have an energy of 524 kJ/mol; the intersheet spacing is 3.35 A and

bonding energy of only approximately 7 kJ/mol (Figure 1.1). Graphite has a halffilled

it

band, and an overlap of c and

it

bands. There are two common stacking

sequences for hexagonal planar sheets in graphite. The most common type is
hexagonal (2H), with ABABAB stacking order; rhombohedral (3R) graphite is a
thermodynamically unstable form with an ABCABC stacking order.

Graphite is a chemically unreactive and refractory material. It has the
thinnest layer sheet structure of any other lamellar compounds. A solid containing
only isolated graphene sheets would exhibit a surface area of 2630 m2/g. Graphite
has a high mechanical strength, is thermally stable, and is an electrical conductor.

1.3 COVALENT GRAPHITE COMPOUNDS

Under controlled conditions, graphite can be oxidized to form covalent

L35A

1.41A

Figure 1.1

Graphite structure
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bonds without the cleavage of C-C bonds. This reaction leads to transformation of
sp2

to

sp3

hybridization for some carbon atoms, and eliminates the aromatic

planarity of the graphene sheets. The known covalent graphite compounds include
graphite oxide and several graphite fluorides.

1.3.1

Graphite oxide (GO)

Graphite oxide (GO) has been synthesized by treating graphite with strong
oxidizers, including solution containing HNO3/Cl03, H2SO4INaNO3JMnO4,
H2SO4JHNO3/KC1, and H2S041(NH4)2S208/P205.[7-9] GO contains hydroxyl and

carbonyl groups bound to the basal plane, as well as carboxyl groups attached
mostly at sheet edge sites. Because of these functional groups, GO becomes more
akin to sheet silicates than graphite in its chemical properties. GO shows relatively

weak hydrogen bonding between layers due to intercalated water molecules. The

acidic hydroxyl and carboxylic groups introduce negative charges on the sheets
surfaces, resulting in a layer charge density of approx. 0.4 charge/nm2.[10-12] The
low charge density allows a rich intercalation chemistry and this results in a variety
of novel materials.

GO can be swollen and exfoliated by aqueous solutions. Intercalated H2O

expands the interlayer galleries of GO dramatically, until the sheets become

dispersed into the aqueous solution. The extent of this delamination can be

controlled according to the concentration of GO colloidal suspensions. [9] These
dispersions are useful reagents for subsequent syntheses. Ultrathin composite films

have been synthesized by combining monolayer GO sheets with poly(allylamine

hydrochloride) or poly(aniline).[9] The co-intercalation reactions of various
quaternary alkylammonium or alkylpyridinium ions with different chain lengths
have

been

systematically

studied via an

exfoliation/assembly

route. [13]

Cetyltrimethylammonium-intercalated GO can be further intercalated with pyrene,

phenanthrene and azobenzene to form compounds with an increased interlayer
dimension.[14] Hexadecyltrimetrylammonium-intercalated GO sheets have been
bridged and pillared by reaction with ethoxylsilane, followed by carbonization at

823 K under vacuum. The resulting nanoporous graphitic composite exhibits a
specific surface area of more than 1000 m2/g.[15] Nanocomposites can also be
prepared from GO.[9, 16]

1.3.2

Graphite fluoride compounds

Two important graphite fluoride compounds are (CF) and (C2F). The
former can be made by reaction of graphite and fluorine at 420-630 °C,[17] the

latter by reaction of graphite with

C1F3

and I-IF at room temperature. [18] The

structural details of the sp3 hybridized carbon sheets remain controversial, and both

chair and boat conformations for the carbon rings have been suggested.[19] In
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(CF), each carbon is covalently bonded to three other carbons and one fluorine. In
(C2F)11, only half of all carbons form covalent bonds with fluorine and the other half

may form covalent bonds with carbons in adjacent graphene sheets.[201 Both

compounds have been used as the active cathode material in primary lithium
batteries. [211

A method has been developed for further intercalation of C2F to produce
C2FyA where A represents a cointercalate species. Many organic and inorganic

solvents can be used for intercalation, leading to new compounds with gallery
between 9.4 A and 10.5

A.[18,

22)

1.4 PLANAR-SHEET GRAPHITE IINTERCALATION COMPOUNDS

Graphite can accept guest species between planar carbon sheets to form
graphite intercalation compounds (GICs). Graphite intercalation involves either

oxidation or reduction of the sheets, and the intercalation reaction is usually
reversible. Acceptor-type GICs are formed when graphite is oxidized and

incorporates anions into gallery, e.g.,

intercalation
C,

CPF6 + e

+ PF6
de-intercalation

(1.1)

E:1

Donor-type GICs have reduced graphene layers and intercalated cations, e.g.,

intercalation
C,

+ Li

+e

(1.2)

CXLi

de-intercalation

Compared with other layered hosts, graphite has one of the highest
oxidation potentials (-4.5 V vs. LiILi), and one of the lowest reduction potentials

(-0.1 V vs. LifLI).[23] While other factors such as ion size and solvent system
also must be considered, these potentials indicate that graphite chemistry requires
strong oxidants or reductants or large electrochemical driving potentials.

When guest species intercalate, GICs expand in the direction perpendicular
to graphene sheets. The expansion along the stacking direction can be characterized
by equation 1.3:

Ic =

d1 +

(n

1) 3.354 A

(1.3)

where L represents the basal repeat distance of GICs, and d is the gallery
height of GICs measured as the distance between carbon sheet centers along the
stacking direction. Figure 1.2 indicates how the stage index

n

relates to the number

of graphene layers between intercalated galleries, for example, stage n = 1 indicates
that every gallery is occupied, n = 2 that alternate galleries are occupied, and so on.

Stagen =3

Figure 1.2

Structure of stage n=3 GICs.
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After intercalation, the graphene sheet structure is preserved, but the stacking
arrangement of graphene sheets may change. Fox example, the initial AB stacking
of hexagonal graphite changes to AlA

(I

refers to intercalates) after the intercalation

of alkali metals, Br2, SO3 and HNO3.[24] A number of acceptor-type GICs don't
exhibit any regular sheet stacking rearrangement, e.g.

1.4.1

FeC13. [24]

Staging

GICs form with different stages during the intercalation process; few other

layered hosts show evidence of this organization. GICs have been observed with
stages ranging from n = 1 to n? 10.[25} There are two types of graphene layers in
GICs beyond stage n=2 as shown in Figure 1.2; graphene bounding layers refer to

those adjacent to intercalates, and graphene neutral layers represent those having

only neighboring graphene layers. The overall concentration of intercalates is
inversely related to stage index of GICs, i.e. the largest intercalate uptake occurs
when stage n= 1.

Staging

has

been

clearly

demonstrated

by

X-ray

diffraction,

electrochemistry, and transmission electron microscopy. Due to preferred

orientation, all the observed diffraction peaks often correspond to (001) reflections.

Generally, for GICs of stage n, the

(OOn)

reflection has the highest intensity for

donor-type GICs, and (OOn+1) in acceptor-type GICs. Staging transitions have also
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been demonstrated as a series of plateau regions in potential-charge curves, as will
be discussed later in section 1.7.1.

Two models have been employed to describe staging in graphite
intercalation, as illustrated in Figure 1.3. The initial Rüdorff model assumed that

intercalated interlayers are fully occupied. One problem associated with the
RUdorff model lies with the lack of a reasonable mechanism to allow for stage

transformations. The Daumas-Hérold model, on the other hand, describes
intercalate interlayers as domains of occupied islands. GICs are materials

composed of a number of domains with regularly stacked islands. Stage disorder is

conm-ion in GICs and exists not only between domains but also within each

domain. [24] This structural organization is derived from the flexibility and
presence of defects in graphene sheets. The movement of islands over domain
boundaries leads to staging transitions.[24] The Daumas-Hérold model has been
supported by a large number of experiments, and the domains have been observed

directly in CFeCl4'öFeCl3 by lattice imaging with high resolution TEM.[26] The

Rüdorff model is now generally considered as an ideal boundary case of the
Daumas-Hérold model.

It has been noted that the staging phenomenon is a thermodynamic effect,

but there is no single thermodynamic model that has been widely accepted for
graphite intercalation. This is primarily due to the difficulty in separating kinetic
and thermodynamic effects under experimental conditions. Thermodynamic data

for alkali metals indicate that the intercalation reaction is an exothermic process

0000 0000 0000
0000 0000
0000 ____ 0000
0000 _____
0000
n=1

n=2

n=3

Rüdorff Model

0000 22
0000
0000

n=1

n=2

n=3

Daumas-Hérold

Figure 1.3
Staging models for GICs, (a) Rüdorff model and (b) Daumas-Hérold model. Circles represent intercalates, line
graphene layers, and n stage index.
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and that energy is absorbed during stage transitions from n to n-i. The magnitude
of -AH calculated as energy/mo! of interca!ate ion decreases with decreasing stage

index. The entropy change AS for intercalation is negative and approximately
independent of stage. The magnitude of AS is similar for a!! alkali metals, and is the

largest for the formation of stage n=i GICs.[24] Raman and infrared data indicate
that intercalates have been effectively screened by the adjacent graphene bounding

layers. This suggests that the staging phenomenon results from long-range lattice
strain interactions rather than from electrostatic forces. The minimization of strain
energy leads to the packing of intercalate within islands in the galleries and also to
maximizing the separation between intercalate islands.[24]

1.4.2

Layer charge density of GICs

Layer charge density of lameillar compounds refers to the magnitude of

charge per unit surface area of the sheets. Some lamellar compounds have an
intrinsic layer charge density that depends on their composition and solution pH.
As

examples,

smectite clays,

titanates, niobates,

metal phosphates

and

phosphonates have negatively charged sheets, whereas layered double hydroxides

have positively charged sheets. Other lamellar compounds can have sheets of
variable charge density if the host is electroactive. Their charge density depends on
the chemical potential of the sheet surfaces.
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Layer charge density plays a critical role in preparing colloidal dispersions
of lamellar compounds. Two factors, solvation (of interlayer ions and layer charge

sites) and the separation of solvated particles, are involved in the formation of a
colloidal dispersion. The behavior of lamellar compounds in the dispersion media
is dictated by repulsive and attractive interactions between charged sheets,

interlayer ions and solvents. The repulsive interactions arise from solvation of
charged sheets and interlayer ions, as well as Born repulsion which originates from

the interaction of non-bonding electrons at close distances. In each case, the
repulsive energy is approximately proportional to the layer charge density,

The

a.

attraction between particles arises from the electrostatic interaction between
charged sheets and interlayer ions, as well as van der Waals interactions between
adjacent sheets. The attraction energy is therefore proportional to a2. A generalized
model for crystalline swelling of 2:1 phyllosilicates is described as follows: {27]

Gnet = Grep

Grep

(.- +
Gatta2

(1.4)

Gatt

-:;-)o

(1.5)
(1.6)

where Gnet, Grep and Gatt are the net interaction, repulsion and attraction energies, z

the interlayer ion valence,

r1

and r the effective radii of interlayer ions and layer
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charge sites, respectively.

The relationship between the net interaction energy and the layer charge
density a is illustrated in Figure 1.4. When the layer charge density lies within a
certain range, lamellar compounds may have repulsive interactions dominate and

exhibit a net repulsion energy in solvents. The net repulsion energy allows
solvation to occur that results in swelling of the interlayer region. At higher layer

charge densities, no expansion can occur due to the stronger attractive energies.

The observation that low charge density favors colloidal dispersion in some
lamellar compounds has been widely noted for many years. Sodium smectites with

relatively low charge density delaminate spontaneously into single layers or ultra-

thin multilayers to form a colloidal dispersion in water or diluted salt solutions (

0.2 M for NaC1).[28] For more highly charged montmorillonites, no cation
salvation occurs at any electrolyte concentrations.[29} Table 1.1 lists the layer
charge densities of some lamellar compounds forming colloidal suspensions.[30,
311 At high layer charge density, the dispersion of lamellar compounds becomes

increasingly difficult, but may be achieved in some cases by the modification of
their interlayer surfaces. [30] For example, single titanate sheets have been prepared

by first exchanging CaTi24D,.,4O4H2O (x

0.7, 0 = vacancy) with protons to

produce HTi2,4D4O4; the exfoliation occurs to form stable colloidal dispersions
following

prolonged

reaction

alkylammonium ions. [311

with

a

solution

containing

quarternary
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Grep

-

G

z

Gatt

Layer Charge Density

Figure 1.4

The net interaction energy versus the layer charge density. The

Gnet,

and Gatt are calculated using Equ. 1.4, 1.5 and 1.6, respectively. The
parameters used in the calculation are derived from reference 27.
Grep,
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Table 1.1
Layer charge densities of some lamellar compounds forming
colloidal dispersions [30, 311.

Lamellar Compound

Layer Charge Density
(charge/nm2)

Kaolinite

-

neutral

MoS2

-

neutral

0.8-2.5

Smectites

MMoO3 (x = ¼)

0.9

MFeOCl (x = ¼)

1.0

Li2MniPS3 (x = ¼)

1.6

AMS2 (x =

1/3)

(A = H, Li, Na, M = Ti, Nb, Ta)

Vermiculites

1.7

2.5-3.7

HTi24° 4O4H2O
(x

0.7, 0 = vacancy)

3.1
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Graphite sheets have a positive charge for acceptor-type GICs or negative
charge for donor-type GICs. For stage n=1 GICs, layer charge density of GICs can
be calculated by

Layer charge density (charge/nm2) = 100 / (2.62x)

(1.7)

where x is the stoichiometric ratio of carbon atoms to intercalate ions in the
compound. Table 1.2 shows the layer charge densities of some donor-type and
acceptor-type GICs. Donor-type GICs demonstrate high layer charge density of>
4.8 charge/nm2. Acceptor-type GICs have much lower layer charge densities, lower

even than those of several swellable lamellar compounds listed in Table 1.1. But

GICs have not yet been reported to form colloidal dispersions, due to different

physical and chemical properties of graphene sheets. From the trend of other
lamellar compounds, however, it appears likely that the formation of GICs with
lower charge densities may lead to formation of swellable GICs.

For those lamellar compounds that can have variable charge density, their
layer charge density is determined by the oxidation/reduction process. The limiting

of the intercalate concentration is a widely accepted route to controlling the layer
charge density. For example, single sheets of MoS2 have been prepared by insertion

of lithium and subsequent exfoliation of LiMoS2 when x is controlled to be in the
range 0.15-0.20.[2} The extent of Li intercalation can be limited by either reductive
titration or potentiostatic methods. The same route cannot be applied to produce the
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Table 1.2

Layer charge densities (charge / nm2) of some GICs.

Intercalate

Stage n=1
6.4

Li

K, Rb, Cs
-

AsF6

HSO4, NO3, hF2

CF3S03, CF3CO2

cIj9so3N(SO2CF3)2

B[OC(CF3)2C(CF3)20]2

4.8
1.9

1.6
1.5
1.3
1.3

1.0
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desired GICs, however, primarily due to the staging phenomenon. A decrease in
concentration of net intercalates leads to higher stage instead of lower layer charge
density.

As shown in Table 1.2, the charge density of GICs does relate to the
dimension of intercalates. GICs with single atom intercalates like alkali metals
have the largest layer charge densities, whereas those with bulky intercalates have

the lowest layer charge densities. Not all intercalates of large size lead to lower
layer charge density, however. GICs containing long chain perfluoroalkylsulfonate

anions have similar layer charge density as other acceptor-type GICs, due to the

orientation of the intercalates, which form a bilayer arrangement within the
galleries. [3 2-34]

The intercalation of bulky ions may provide an alternate route to lowering
layer charge density. As suggested in Daumas-Hérold model, high stage GICs have

only isolated domains occupied by intercalates, so that swelling of graphene sheets

is less favorable. It is desirable to synthesize GICs of stage n=1 for the subsequent
preparation of nanoscale grephene sheets or single graphene sheets. Guest species

with isotropic geometry and charge should lead to pronounced stenc influence on

packing of intercalates, and make the further decrease in layer charge densities
possible. One long-term goal of our research is to design and synthesize intercalate

guest species of this type. Chapters 3 and 4 describe the preparation of a series of

GICs with perfluonnated and chelated borate anions intercalates. In the case of
stage n=1 GICs containing B[OC(CF3)2C(CF3)2O]2, the layer charge density is
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approximately 1.0 charge/nm2, significantly less than the? 1.5 charge/nm2 for other
acceptor-type GICs.

1.4.3

Investigation of novel guest species for graphite intercalation

The principal species for donor-type GICs are cations of alkali metals, alkaline
earth metals, and some lanthanides. Donor-type GICs exhibit a strong correlation of

interlayer spacing with the intercalate cation radii.[35] Due to the relatively small

dimensions of single atom intercalates, most donor-type GICs have interlayer
spacing < 10

A.

When synthesized from solvated cations, the reaction can also

involve the co-intercalation of solvents. Figure 1.5 shows two-dimensional and

three-dimensional models for these GICs. In the two-dimensional model, the
gallery height of GICs is determined either by solvent molecules or by intercalate
cations. Na(DMIE)C32 and K(DME)C32 have the same gallery heights despite the

size difference of sodium and potassium ions.[36] Li is tetrahedrally coordinated

by THF, leading to a gallery height of 12.4 A in Li(THF)C.[37] Another effect
from the small dimension of donor-type intercalates is a high layer charge density

in the resulting GICs, as seen in the Table 1.2. The charge density of donor-type

GICs is much larger than those of acceptor-type GICs. The relatively small
interlayer spacings for donor-type GICs and limited variety of guest species lead to

fewer structural variations for donor-type GICs, and perhaps fewer opportunities

(a)

(b)

Arrangement of intercalates by co-intercalation of solvents, (a) two-dimensional model (b) three dimensional
Figure 1.5
model. Filled circle represents solvent molecules, unfilled circle intercalate ions, and rectangle graphene layers.
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for facile intra-gallery chemistry and related applications.
Quartary alkylammonium ions are relatively isotropic in shape, and increase

in size regularly according to the alkyl group length. Tetraalkylammonium ions
have been intercalated into many layered hosts of anionic charge sheets, e.g. clays,

titanate, and graphite oxide.[13, 38, 39] Tetraalkylammonium cations including
NR4 (R = CH3, C2H5, C4H9,

C6H13,

C8H17) have also been studied for graphite

intercalation.[40-44] The reactions were carried out in polar, aprotic organic
solvents such as 1,2 dimethoxyethane (DMIE), dimethylsulfoxide (DMSO), or in
dimethylformamide (DMF), or liquid ammonia. [40-44] Limited electrochemical

data indicated products of stoichiometry C24NR4 (n = stage index, R = C2H5,
C4H9),[41, 42] and stage n=1 C12N(CH3)4.[41] In the presence of large
tetraalkylammonium cations like N(C8H17)4, the reduction reaction was no longer

reversible, and was accompanied by significant expansion of graphite and H2 (g)

evolution.[43] XRD data were given only for GICs containing N(CH3)4, which
indicated a interlayer spacing of 14.9 A.[44]

Acceptor-type GICs have been produced from a wide range of anions,
which include tetrahedral or octahedral fluoro-, chloro-, bromo- or oxo-metallates,
and perfluorinated organic anions. These different anion intercalates lead to a wide

variety of intercalate gallery structures. The interlayer spacing for acceptor-type

GICs range from 6.7 A (for a monolayer HF2) to 34 A (for

C10F21S03

bilayers).[34, 45] GICs containing perfluorinated anions are much more stable
against hydrolysis under ambient conditions due to surface passivation and the

hydrophobic nature of the intercalate anions;[46] this ambient stability facilitates
the structural analysis of these products and could support their use in a variety of

applications. This thesis research focuses on the study of novel anions with
perfluoroalkyl-substituted groups for graphite intercalation.

Perfluorinated carbonate and sulfonate anions are promising candidates for

this purpose. The smallest anions containing a trifluoromethyl group, e.g.
CF3COOH and CF3SO3H, have been previously studied for graphite intercalation.

Both CF3COO and C2F5C00 can intercalate to form GICs with a gallery height
of 8.2 A.[47]

Larger perfluoroalkyl groups

can be substituted for

the

tnfluoromethyl group to provide new structures and large gallery dimensions.
When graphite is oxidized in HF/K2MnF6/ C3F7COOH, a stage n=2 GIC with 8.4 A

gallery height is obtained. [48] Other perfluorinated carbonates (CF2+1COOH, n =
4,

7, 8 and 12), however, fail to form GICs by either chemical routes or

electrochemical methods. The CF3S03

anion intercalate displays a monolayer

arrangement with a gallery height of 8.0 A.[49] Subsequent work on the
electrochemical oxidation of graphite in neat CF2+1SO3H (n=4,6,8) at elevated
temperature, or at ambient temperature in an acid/propylene carbonate electrolyte,

produced the first and only acceptor-type GIC's with a bilayer arrangement of
anion intercalates. [32] Our group studied the electrochemical formation of these
GIC's [33] and subsequently developed a simple bench-top method for large-scale

syntheses.{34] The same chemical method has also been employed to obtain new

GIC's containing N(SO2CF3)2, N(SO2CF2CF3)2, N(SO2CF3)(SO2C4F9), and
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C(SO2CF3)3. [50] This thesis extends the study of sulfonate anion intercalates to

examples with a longer fluorocarbon chain (C10F21S03), a fluoroether chain
(C2F50C2F4S03), and a cyclohexyl ring (C2F5(C6F10)S03). In these new GICs,

CC1oF21SO3 shows the largest gallery expansion yet reported for graphite, and
C2F50C2F4S03 is the first fluoroether anion reported in graphite intercalation. [51]

However, two factors have limited the further investigation of this family of
compounds. The longer-chain perfluoroalkylsulfonate intercalates are unlikely
candidates for many applications due to environmental concerns related to their
potential toxicity. Also, the bilayer intercalate arrangement found in the products
appears to be relatively unreactive towards further intra-gallery chemistry.

1.4.3.1 Borate anions

Lithium salts of inorganic or organic borate anions have long been of
interest as lithium and lithium-ion battery electrolytes. The representative example
is lithium tetrfluoroborate (LiBF4). The tetrahedral BF4

anion has been

intercalated to form GICs of stages n = 2 to 7 with gallery heights of 7.8-7.9 A by

chemical and electrochemical routes.[52} GICs of stage n=1 were obtained from

anodic oxidation of graphite electrodes, and have the same gallery height. [52]
Although other borate anions have been investigated as electrolytes for various

applications, none have been reported for graphite intercalation. This is primarily
due to their insufficient oxidative stability.

Borate anions can be generally divided into two groups, alkylborates and
alkoxyborates:

IR R
LR R
alkylborates

rRo
I

&

0R

'B'

LRO' 'OR

alkoxyborates

The oxidative stabilities of series of alkylborates (R = alkyl or aryl groups) have
been systematically studied in a dioxolane or dioxolane-DME solvent.[53] In this

study, aryl groups were stable at higher potentials than alkyl groups, and the

introduction of electron-withdrawing substituents on a phenyl group further
increased oxidation potentials. In another study, Kita et al reported a stability limit

of 5.07 V vs. LiILi for lithium tetrakis(3, 5-bis(trifluoromethyl) phenyl) borate in
propylene carbonate. [54]

Recently Barthel et al studied a series of chelated alkoxyborates with two
ligands:

(R, R' are alkyl or aryl groups)
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The electrolyte conductivity increased with the degree of fluorination of R, and
each substitution of H for F per chelate ligand increased the oxidation potential by

approx. 0.1 V.[55] The oxidation potentials of some of these borate anion
electrolytes are listed in Table 1.3 and Table 1.4. All of the lithium borate salts

exhibit high ionic conductivity and relatively wide electrochemical windows.
Although some anions have oxidation potentials that approach the threshold for
graphite intercalation (4.5 V vs. LiILi), they appear unlikely to form stable, lowstage GICs. The reported electrochemical stabilities for those borates vary to some

extent due to the arbitrary criteria of oxidation limit described in the references. A
variety of current density and other electrochemical cell parameters were taken as

limit of oxidation by different studies, e.g., current density of 1.0 mA/cm2 by
Horowitz et al, 0.5 mA/cm2 by Kita and his co-workers, and 0.4 mA/cm2 by
Barthel et al. [53-55] Other variables included electrolyte purity, concentration, and
potential scanning rates, these can also affect the oxidation potential values that are
reported. [56]

As described later, the oxidation potential of graphite is related to
intercalate dimensions. The greater the interlayer expansion in GICs, the higher the
charging potential required for the intercalation reaction. [57] For this reason, large

borate anions must be stable at higher oxidation potentials for intercalation to
proceed. Therefore, it can be inappropriate to evaluate the intercalate candidates
only by reported oxidation potential values, and investigative experiments should
be performed.
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Table 1.3
Oxidation potentials of LiBR4 salts in dioxolane or dioxolane-DME
solvent, volts vs. Li/Lit

Anions

Oxidation limit
(V vs.

Refs

Li/Lit)

B(CH3)4

2.85

53

B(C2H5)4

2.73

53

B(CH3)3(C6H5)

3.03

53

B(CH3)2(C6H5)f

3.23

53

B(CH3)(C6H5)3

3.41

53

B(C6H5)4

3.54

53

B(C6H4CF3)4

4.06

53

BF(C6F5)3

4.27

53

B(C6F5)4

4.40

53

5.07*

54

B[C6H3C(CF3)2]4

* 0.5 mA/cm2 in PC electrolyte

Table 1.4

Oxidation potentials of chelatoborates in various solvents, volts vs. Li/Lit

Anions

Formula

Oxidation limit

Refs

(V vs. LifLi)
Bis[ 1 ,2-benzenediolato(2-)-O,O' ]borate

[B(C6H402)2]

3.6

55(a)

Bis [3-fluoro- 1 ,2-benzenediolato(2-)-O,O ]borate

[B(C6H3F02)2f

3.8

55(b)

Bis[2,3-naphthalenediolato(2-)-O,O ]borate

[B(C10F6O2)2]

3.8

55(b)

Bis [tetrafluoro- 1 ,2-benzenediolato(2-)-O,O' ]borate

[B(C6F4O2)2f

4.1

55(c)

Bis [2,2' -biphenyldiolato(2-)-O,O' ]borate

[B(C12H802)2f

4.1

55(d)

Bis [salicyato(2-)]borate

[B(C6H403)2]

4.5

55(d)

Bis[5-fluoro-2-olato- 1- lbenzenesulfonato(2-)-O,O' }borate

[B(C6H3FSO3O)2f

4.6

55(e)

Bis[2,3-pyridinediolato(2-)O,O' ]borate

[B(NC5H3O2)2f

4.0

55(f)

'

'

"C
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On the other hand, based on previous experiments, it has been established

that CH bonding such as in an alkyl chain in an anion is not oxidatively stable at
the oxidation potentials required for graphite intercalation. For example,

perfluorinated alkanesulfonate anions have been reported, by Boehm's group and
our group, to form GICs with stage n=1 to 4 through different

approaches.[32-3411

However, the alkyl or partially fluorinated counterparts do not appear to intercalate
into graphite under any of these conditions. Pentafluorobenzenesulfonate

(C6F5S03) does not intercalate into graphite, suggesting that anions with
perfluorinated phenyl structure may not be stable for graphite intercalation. The
B(C6F5)4

anion which is an interesting candidate for study of intercalation due to

its large dimensions, inflexible ligands and relatively high oxidation potential, has
also been tested. The electrochemical data indicate that extensive decomposition of

this anion proceeds prior to the onset of intercalation. Chemical approaches have
also failed to produce GICs from any of these anions. Although these anions are not

suitable for graphite intercalation, it is clear that electron-withdrawing substituents

in ligands increases the oxidative stability of the anions, and leads to higher
electrolyte conductivity due to ion-pair suppression.[55]

Based on the above information, it is possible to select new borate anions
with higher oxidation stability by introducing more electron-withdrawing groups
into their structures. A natural strategy is to substitute perfluorinated carbon chains

for fluorine ligands in BF4. One advantage is that a wide variety of structures can

be selected as substituents, which could lead to large interlayer expansions and
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novel GIC structures and properties. Perfluoroalkyltnfluoroborates (KBF3Rf, Rf =
C3F7, C4F9 and C6F13) were prepared from a literature route,[58] and the products

were characterized with NMR and mass spectroscopy. [59] All three anions were
tested for intercalation by the chemical and electrochemical methods described in
Sections 1.6.1 and 1.7.1 respectively. The sharp graphite peaks obtained in PXRD
data indicated no intercalation by the chemical route, even at increased temperature

and for prolonged reaction times. In electrochemical reactions, no characteristic

features of intercalation were observed using these three electrolytes. Although
PXRD data from the latter method identified high stage GICs with a gallery height

of -8

A,

it appears that these GICs resulted from the intercalation of some

decomposition products rather than the desired anions.

Xu et al recently evaluated the electrochemical properties of a series of

chelatoborates in which R and/or R' are chelating ligands, including diols,
dicarboxylic acids

and disulfonic

acids.[60,

61]

In this series,

lithium

bis(perfluoropinacolato)borate (LiB [OC(CF3)2C(CF3)20]2) has been reported with

an oxidative stability limit of at least 4.5 V vs. Li/LI' in dimethylether or propylene
carbonate. [611 More recently, lithium bis(oxolato)borate (LiB [OC(0)C(0)O]2) has

also been the subject of several reports, principally due to the interest in new

electrolyte salts for lithium-ion batteries.[62, 63] It has been reported that in

organic electrolytes, the B[OC(0)C(0)O]f anion is stable up to 4.5 V vs.
LifLit[61, 62] These two anions both have wide electrochemical stability
windows, high ionic conductivities, large anion dimensions, and relatively isotropic
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geometries, which make them promising candidates for the formation of new GICs.

Chapter 3 and 4 discuss and compare graphite oxidation in electrolytes of
B [OC(CF3)2C(CF3)20]f /CH3NO2,

B [OC(CF3)2C(0)O]f /CH3NO2

and

B [OC(0)C(0)O]2 /CH3NO2. GICs containing B [OC(CF3)2C(CF3)20]f of stage

n=1-4, were obtained electrochemically.[57}

GICs with B[OC(CF3)2C(0)O]f

have been prepared up to stage n=2. In contrast, the B[OC(0)C(0)O]f anion does
not intercalate into graphite by the same method. [641

1.5 EXFOLIATED GRAPHITE

Exfoliated graphite generally displays a worm-like morphology and is

obtained by either heating GICs rapidly under inert atmosphere or air, or by
delaminating GICs in a hot liquid. Apart from use in secondary lithium batteries,

the production of exfoliated graphite is the most important technological
application of GICs. Exfoliated graphites are used for gaskets, packing materials,

and thermal insulators at high temperature or in corrosive environments. It is a
good adsorption agent for gases and heavy oils; and it is also used in electrodes,
lubricant supports, and as an additive for some composites. [651

Both acceptor-type GICs and donor-type GICs can be used for the
production of exfoliated graphite. Exfoliated graphite obtained from the two types

of GICs has different morphologies, however. Graphite exfoliated from acceptor-
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type GICs consists of large collapsed sections comprised of parallel graphene
layers, whereas that prepared from donor-type GICs have tiny collapsed sections
with small layers.[66] The exfoliation of GICs is constrained by the size of graphite

particles. Only GICs with dimensions larger than 75 nm in stacking direction and

larger than 40 gm in diameter can be exfoliated. [65, 67] The exfoliation occurs
more easily and to a greater extent for GICs with large intercalate island sizes.[65]
The stage of the starting GICs also affects the degree of expansion in the exfoliated
graphite. [68]

Although expansion as high as 300 times has been achieved from GICs
prepared in a mixture of concentrated sulfuric acid and nitric acid (v/v = 3: 1),[65]

exfoliated graphite contains a average of 20-80 graphene sheets per particle,
corresponding to a dimension of about 10-30 nm in stacking direction.[67] This

dimension is not quite in the size domain to observe nanoscale phenomenon in
resulting composites.[2] For example, nanoscale effects are realized when 1 wt.%
addition of even smaller (1-10 nm) clay particles change the physical properties of

polymers by 10%. Therefore, there is interest in finding GICs or methods to
produce thinner exfoliate particles. GICs with large intercalate volumes may
decrease the forces for long range ordering of graphene sheets, and hence lead to
more extensive exfoliation. Some candidates, such as GICs containing C10F21S03,

C2F50C2F4S03 and C2F5(C6F10)S03, are prepared and characterized in Chapter
5.[51]

34

Recently, Chen et

al

reported several nanocomposites prepared with

exfoliated graphite dispersed into polymer matrices. [69] GICs were first obtained
from a solution of concentrated sulfuric acid and nitric acid (v/v = 80/20), and then
exfoliated by heating GICs at 1050 °C for 15 s. The graphite products, followed by

8 h sonication in 70% alcohol solution, consisted of nanosheets mainly 30-80 nm
thick, but with some as thin as 10 nm. Nanocomposites were then produced via in

situ polymerization of monomers, including methyl methacrylate and styrene.
When compared with large graphite particles, the nanosheet graphite composites
exhibited higher conductivity at the same loading levels.

Kaner et al prepared nanometer scale carbon scrolls with an average
diameter of 40 nm, that is, approximately 60 graphene sheets per scroll. [70] The

carbon scrolls were prepared by exfoliation of stage n= 1 potassium intercalated

graphite in an aqueous solvent, followed by high energy sonication. Aside from
their nano dimensions and unusual scroll shape, the novel carbon material had high

surface areas, and may have applications in adsorption, hydrogen storage and the
formation of new composites.[70]
We

have

studied

the

exfoliation

of

GICs

containing

B[OC(CF3)2C(CF3)20]f. Stage n=1 GICs were prepared as described in Chapter 3.

GICs were heated at 1000°C for 30 s. SEM of the exfoliated graphite are shown in

Figure 1.6. Compared to exfoliated graphite from graphite bisulfate, this GIC
precursor yields more open structure with a sheet thickness < 80 nm. In contrast,
exfoliated graphite bisulfate contains 20-80 graphene sheets on average. The
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Figure 1.6

SEM of graphite exfoliated from GICs containing stage n=1

B {OC(CF3)2C(CF3)20}f.
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structural details of this exfoliated graphite borate will require further study by
TEM.

1.6 CHEMICAL AND ELECTROCHEMICAL METHODS

A number of synthetic methods have been developed for GICs, and they can

be generally divided into two categories: chemical or electrochemical preparations.
Chemical preparations are usually readily scaled to yield large quantity of products,

and there is no requirement for binders or additives as with electrochemical
reactions. In electrochemical preparations, the degree and rate of intercalation can

be controlled, and the thermodynamics and kinetics of intercalation can often be
studied. [36]

1.6.1

Chemical methods

A large variety of GICs have been prepared from gaseous, liquid, and solid

reagents. In the two-zone vapor transport method, graphite and the desired

intercalate are placed in separate zones. The zones are heated to different
temperatures and the reaction progress controlled by the temperature differential.
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The preparation of both donor-type and acceptor-type GICs of volatile intercalates

can be carried out using this two-zone technique,[23] e.g. reactions with alkali
metals and alkaline earth metals. Generally, acceptor-type GICs require higher
pressures than donor-type GICs.

Intercalation

of some metals and metal salts of low

volatility can also proceed in molten metal or a molten salt flux.[23] The molten
salt method can allow lower

intercalation

temperatures, permitting the intercalation

of some guest species which decompose or react at higher temperatures. This
technique is most commonly applied to the co-intercalation of metal halide species.

Intercalation is often performed using liquid reagents or solutions. GICs have been

synthesized directly from sulfuric acid, nitric acid, perchioric acid, trifluoroacetic
acid, and trifluoromethylsulfonic acid. Liquid ammonia has been used as a solvent
for the

intercalation

of alkali metals, and nitromethane for the intercalation of PF6,

BF4, and AsF6 . [36]

Our group developed a simple bench-top method for large-scale syntheses

of acceptor-type GICs.[33] In a typical reaction, graphite powder (10 mmole) is
added into a 30 mL solution of K2MnF6 (2 mmole) and the salt containing desired
anion

(1 mmole) in 48% HF169% HNO3 (v/v = 70/30) under an ambient

environment. After 72 h, the product is filtered and rinsed with 48% HF followed

by hexane, then dried in vacuo for 24 h. Unless otherwise indicated, this is the
chemical method used to prepare GICs in subsequent chapters.

1.6.2

Electrochemical methods

Electrochemistry has long been one of the most important techniques for the
study of graphite intercalation. [36] The fundamental advantage of electrochemistry

is that intercalation reactions can proceed at a controlled rate under constant
conditions, and electrochemical characteristics can be monitored at different GIC
stages. Moreover, unlike some chemical systems, the high driving potentials for the
electrochemical reactions can be conveniently obtained, this is important due to the

large reductive or oxidative potentials required for graphite intercalation reactions

to achieve low-stage GICs. However, the application of large negative or positive
charging potentials for cathodic or anodic intercalation, respectively, limits the list

of appropriate solvents, current collectors, and binders. A variety of solvents have
been studied for cathodic intercalation of graphite, principally due to the interest in

application as lithium ion battery electrolytes. These solvents include carbonates,

ethers, esters, amides, sulfonoxides, and acetates; their properties have been
described in several reviews.[36, 71] The solvents reported for anodic intercalation

of graphite include carbonates, sulfonanes, sulfites, esters, acetonitrile, and
nitromethane. In many cases, these solvents are only kinetically stable under the
reaction conditions.[36] As will be seen in Chapter 4, the slow decomposition of

nitromethane leads to low reaction yields, this means that low stage products
cannot be obtained with some intercalate anions.
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Our group has previously evaluated the electrochemical oxidation of
graphite in nitromethane and propylene carbonate electrolytes containing PF6and

C1O4. [72] Nitromethane-based electrolytes show higher charge efficiencies and

produce stable low-stage GICs.[72, 73] Other studies also indicate that the
decomposition of nitromethane is slow during anodic intercalation of graphite.[36]
Therefore, nitromethane was used as the solvent in this thesis work. Recently, ethyl

methyl sulfone (C2H5SO2CH3, EMS) has been reported to have a high oxidation

potential,[74] and has been examined as a solvent for graphite oxidation.[75] In
Chapter

2,

the

electrochemical

intercalation

of

lithium

bis(trifluoromethanesulfonyl) imide (LiN(502CF3)2) has been studied in both
nitromethane and EMS solvents. Propyl sulfone ((CH3CH2CH2)2S02) and butyl

sulfone (CH3CH2CH2CH2)2SO2) have also been evaluated for intercalation of
lithium bis(trifluoromethanesulfonyl) imide at elevated temperature. Stage 1 GICs

were obtained from both electrolytes. In part, a passivating film formed on the
anode surface prevents the decomposition of the GICs that are produced. [761

1.7 CHARACTERIZATION TECHNIQUES OF GICs

A variety of characterization techniques have been used to study graphite
intercalation compounds, including electrochemistry, diffraction, thermal analysis,

rirr

SEM, TEM, STM and Raman spectroscopy.[23, 24, 36] The techniques commonly
employed in this thesis work are discussed briefly below.

1.7.1

Electrochemistry

Electrochemistry can provide information about GIC stage index, charge density,
current

yield,

product

composition,

and

intercalation

reversibility.

Both

galvanostatic and potentiostatic modes can be applied to the characterization of
GICs. An idealized potential-charge curve is shown in Figure 1.7 for a graphite
working electrode. The potential-charge curve features a series of plateau regions

with a stepwise increase of potential. The plateaus indicate the transformation of
two neighboring stages, that is, from higher stage to lower stage. As the GIC goes

to lower stages, the charging potential increases and the charge required for the
stage transformation also increases. Figure 4.2 shows the potential-charge curve for
graphite

oxidized

in

the

B [OC(CF3)2C(0)O]f /CH3NO2,

B [OC(CF3)2C(CF3)20]f /CH3NO2 and N(SO2CF3)2 /CH3NO2 electrolytes. In the

experimental data, the stage transformations are not as sharply distinguished as in
the idealized case. A derivative dQIdV vs. V plot can help to identify the transitions

more readily. A small additional plateau is observed in potential-charge curves

when a graphite electrode is oxidized in

B[OC(CF3)2C(0)O]f/CH3NO2 and

B[OC(CF3)2C(CF3)20]f/CH3NO2 electrolytes. This plateau has been ascribed to
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Ideal potential-charge curve of anodic graphite intercalation.
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the charge associated with intercalate repacking for stage n=2. This intercalate
rearrangement has been widely observed for stage n=2 GICs containing Li, PF6,
BF4

,

C104

, or HSO4 [36, 72] The presence of a plateau for the opposite
.

electrochemical reaction, i.e. the reduction of these GICs, further indicates that the
intercalate rearrangement is reversible.[36, 57]

Both one-compartment and two-compartment electrochemical cells have

been employed in this thesis. Working electrodes were formed by painting a
cyclohexane slurry of graphite powder (typically 20 mg for chronopotentiometry

and 5 mg for voltammetry), and 5 wt.% polymer binder EPDM onto Pt mesh
(nominal area = 1 cm2). Counter electrodes were made of stainless steel mesh
welded to a stainless steel wire. Reference electrodes were fabricated under He/Ar

by wrapping Li ribbon onto copper foil flags. All the electrochemical reactions
were carried out under He/Ar atmosphere at ambient temperature except indicated

otherwise. Galvanostatic anodic charging was performed typically at 10 mA/g

carbon in 0.3 M CH3NO2 electrolyte solution. Galvanostatic discharging was
obtained at a rate of 25-30 mA/g carbon and at a cutoff potential of 2.4 V. Pulse

charge experiments were also performed at 50 mA/g with current on and off
durations of 60 s and 5 s, respectively. Cyclic voltammetry was performed at 0.1

mV/s, and linear sweep voltammetry using an inert (Pt flag, approx 1

cm2)

electrode was obtained at 5 mV/s. After electrochemical reactions, some working

electrodes were dried to remove residual liquid electrolyte at 100 mtorr for
characterization or further reaction.
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1.7.2

X-ray diffraction

X-ray diffraction is the most common technique for characterizing GICs. In

this thesis, powder X-ray diffraction (PXRD) data were collected on a Siemens
D5000 diffractometer using Ni-filtered CuK radiation (1.5418 A). A variable slit

mode was used; with the detector slit width set to 0.2 mm. Data were collected

from 20 = 2° to 600 in 0.02° steps, counting for 9.6 s per step or as otherwise
indicated.

Due to preferred orientation of graphite and GICs, all the diffraction peaks
correspond to (001) reflections. The structural investigation of GICs can be done by

the generation of one-dimensional electron density maps from both the observed

PXRD data sets and the calculated structure models. Structure factors from the
experimental data are determined as:

Fobs(OOl) = ± [11(1 +cos22O )/ ( sin2O cos 0) ]1/2

(1.8)

where 1 is the Miller index and I is the observed integrated peak intensity.

Assuming centrosymmetric unit cells, the structure factors from structure models
are:

Fcai

(001)

n

i=1

2fi cos (2ir 1 z1)

(1.9)

where fi is the angle-dependent scattering factor,

Zj

is the fractional coordinate

along z, and n corresponds to half of the total atoms in the unit cell. Electron
density maps were generated from z = 0-0.5 at increments of 0.004z using

p(z) = (1/c) [F0 + 2

m

Foo1cos(2iulz)]

(1.10)

1=1

where c is the unit cell dimension,

F0

is the zero order structure factor, and m is the

total number of observed peaks in PXRD patterns. Structural refinement involved
minimization of the crystallographic R factor

R =

( I

k IFobs(00l)I

I1cai

(001)11) /

(k IFobs(00l)I )

(1.11)

1.8 THESIS OVERVIEW

Chapter 2 describes the electrochemical intercalation of graphite in lithium

bis(tnfluoromethanesulfonyl) imide electrolytes with nitromethane and ethyl
methyl sulfone; GICs up to stage n=1 have been obtained with both electrolytes.
The

charge

and

discharge

capacities,

charging

efficiencies,

electrolyte

decomposition limit, and other electrochemical properties are investigated. The
electrochemical oxidation of graphite electrodes is compared in nitromethane and
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ethyl methyl sulfone electrolytes. The composition of stage n=1 GICs is determined
from thermogravimetric analysis and electrochemical data.

Chapter 3 and 4 investigate a series of borate chelate complexes in the
anodic intercalation of graphite. These borate chelate complexes include sodium
bis(perfluoropinacolato)borate

(NaB [OC(CF3)2C(CF3)20]2),

bis(hexafluorohydroxyisobutyrato)borate (NaB [OC(CF3)2C(0)O]2), and

sodium
lithium

bis(oxalato)borate (LiB[OC(0)C(0)O]2). The relative anion oxidative stabilities of
B[OC(CF3)2C(CF3)20]f

> B[OC(CF3)2C(0)O]f

> B[OC(0)C(0)O]f

are

determined experimentally in nitromethane and compared with HOMO energy
level calculations. GICs up to stage n=1 containing B[OC(CF3)2C(CF3)20]f have

been prepared, but only GICs with stage n=2-4 in the B[OC(CF3)2C(0)O]f
electrolyte. In the case of B[OC(0)C(0)O]f, the decomposition of electrolyte
prevents any intercalation reaction. GICs obtained in both B [OC(CF3)2C(CF3)20]f

and B[OC(CF3)2C(0)O]f electrolytes have gallery heights of 13.3 - 14.5 A, which

is consistent with the monolayer arrangement of intercalates. The structural
refinement of these GICs, using one-dimensional electron density map, shows that

intercalate anions are "standing up" in the gallery with the longer anion dimension

oriented perpendicular to the graphene sheets. This orientation allows these
anisotropic anions to generate a higher sheet charge density. The electrochemical
data

indicate

that

GICs

containing

B [OC(CF3)2C(CF3)20]f

and

B [OC(CF3)2C(0)O]f feature lower sheet charge density than most acceptor-type
GICs. The potentials for the stage 2 GICs vs. the inversion of the gallery height are
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plotted for several GICs prepared by electrochemical oxidation. The stability
requirement for electrolytes is thereby extrapolated for highly separated graphene
layers or single-sheet graphene layer colloids.

Chapter 5 describes the chemical preparation of three new GICs containing
the perfluorinated alkylsulfonate

anions, C10F21S03, C2F50C2F4S03

and

C2F5(C6F10)S03. The intercalate bilayers are oriented with anion sulfonate

headgroups towards graphene sheets in all cases. The details of anion
concentrations, orientations, and conformations are provided by structure models
refined from one-dimensional electron density maps.
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2.1 ABSTRACT

Graphite

intercalation

compounds

(GICs)

containing

bis(trifluoromethanesulfonyl) imide, N(SO2CF3)2, are prepared for the first time by

electrochemical oxidation of graphite. Electrolytes with nitromethane and ethyl
methyl sulfone are used to prepare GICs up to stage 1. The potential-charge curves

under galvanostatic or pulse charge mode show transitions associated with GIC
staging, and charge and discharge capacities and charging efficiencies are reported

at transition points. The stage 1 GICs have not been prepared before, and rapidly
decompose in air in the electrolyte. GIC gallery heights and stages are determined
by powder XRD, and the stage 1 composition is determined by thermogravimetric

analysis. Structural and electrochemical properties are compared with those for
related GICs.
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2.2 INTRODUCTION

Graphite is a unique layered host that undergoes an extensive range of
oxidative and reductive intercalation reactions. [1,2] Reduced, or donor-type,
graphite intercalation compounds (GICs) have been formed for each of the alkali
metals, and the application of the C1LiC couple as a reversible negative electrode

in Li-ion batteries has been studied in considerable detail.[3] A wide range of
oxidized, or acceptor-type, GICs have been prepared and studied, intercalate anions

are generally octahedral or tetrahedral chloro-, fluoro-, or oxo-metallates. The most

significant technological application to date for oxidized GICs has probably been
their use in preparing exfoliated graphite microparticles that form self-supporting
structures used in high temperature seals. [4]

Since the 1980's, a limited number of perfluorinated anions based on
carbon skeletons have also been studied as intercalates in GICs. These anions

include perfluoroalkylsulfonates (CF21SO3, n=1 [5], 4, 6, or 8 [6-9]) and
trifluoroacetate (CF3COO). [101 The first syntheses of these GICs involved the
electrochemical oxidation of graphite in either the corresponding neat acid or a co-

solution of the acid with an organic solvent. Our group reported the first GICs
containing the perfluoroalkyl-substituted sulfonyl imide or methide anion
intercalates,

N(SO2CF3)2,

N(SO2CF2CF3)f,

N(SO2CF3)(S02C4F9),

and

C(SO2CF3)3.[1 1,121 These GICs were prepared by a one-pot method using a
chemical oxidant in hydrofluoric acid. The chemical generation of CN(SO2CF3)2,
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in particular, by this method occurs very rapidly, leading to a pure stage 2 GIC
within 20 minutes at ambient temperature. Due to the limited oxidative stability of

the hydrofluoric acid solvent employed, and the insolubility or instability of the
oxidants in anhydrous solvents, stage 1 GICs could not be obtained from any of
these experiments.

In the following report, we study the electrochemical intercalation of
graphite by N(SO2CF3)2, and the electrochemical and structural characterization of

the GICs obtained up to stage 1. The product composition and structures are
compared with those obtained by the chemical method, and with results from other
electrochemical studies on oxidized GICs.

2.3 EXPERIMENTAL

LiN(SO2CF3)2 (3M) was dried by heating

in vacuo

at 100°C for 48 h.

CH3NO2 (Aldrich, 99%) was stirred over 4 A molecular sieve for at least 48 h and

subsequently handled under an inert atmosphere. Ethyl methyl sulfone (EMS, TCI

America, 99%) was dried by

in vacuo

heating at 100°C for 72 h prior to use. The

prepared electrolyte solutions were 0.33M LiN(SO2CF3)2/CH3NO2 and 0.66M
LiN(SO2CF3)2/EMS. Although EMS is a solid at ambient temperature, the
LiN(SO2CF3)2IEMS electrolyte is a liquid, and was redried after preparation by
vacuo heating

at 100°C for 10 h.

in
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Working electrodes were formed by painting a hexane slurry of graphite
powder (15 to 20 mg, Union Carbide SP-1 grade, average particle diameter = 100
m) and 10 wt. pct. polymer binder (EPDM) onto Pt mesh (nominal area = 1 cm2)
welded to a Pt wire. The graphite mass for each electrode was determined to ±0.01

mg using a Mettler H54HR microbalance. Counter electrodes were stainless steel

mesh welded to a SS wire. Reference electrodes were fabricated under Ar/He by
wrapping Li ribbon onto copper foil flags. Galvanostatic potential-charge curves

were obtained at 50-60 mA/g carbon in one-compartment glass cells under Ar
atmosphere at ambient temperature. Pulse charge experiments were also performed

at 50 mA/g with current on and off durations of 60 s and 5 s, respectively.
Discharge curves were obtained at a rate of 25-30 mAIg carbon. The cell cutoff

potential used for discharge, 2.4 V, is above the potential where the rate of
electrolyte reduction becomes significant on graphite.

After oxidation, the working electrodes were removed and placed under
dynamic vacuum for 15 minutes to remove most of the volatile liquid electrolyte.

Powder X-ray diffraction (XRD) data were collected on a Siemens D5000
diffractometer with Ni-filtered CuK radiation using a variable slit mode and a
detector slit width of 0.2 mm. Signals were detected at 0.02 020 steps by counting
0.1 s/step. Thermal analyses were carried out at 10°C/mm under flowing N2 using a
Shimadzu TGA-50.
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2.4 RESULTS AND DISCUSSION

Nitromethane, CH3NO2, is an oxidatively-resistant solvent, and has been
used for both the chemical and electrochemical oxidation of graphite to make GICs.

Reaction of graphite with solutions containing the chemical oxidants NOX (X =
PF6,[13] SbF6[13,14]) or NO2X (X = BF4, PF6,[13,15-18], AsF6,[16}, or SbF6

[13-15]) lead to stage 1 or higher stage GIC of the corresponding anions, along
with cointercalation of solvent molecules. Previous work has also reported on the

use of nitromethane-based electrolytes for graphite oxidation. [19-23] Recently,
ethyl methyl sulfone (EMS) has been reported to have a high oxidation potential,
[24] and has been examined as an electrolyte for graphite oxidation. [25]

The potential-charge curves obtained with graphite electrodes oxidized in
the LiN(SO2CF3)2/CH3NO2 electrolyte show a series of transition points (Figure

2.1, labeled a to

e)

that indicate intermediate stages formed during intercalation of

the graphite electrode according to:

C,

+ N(SO2CF3)j (sol)

-

e

+ CN(SO2CF3)2

(2.1)

Table 2.1 provides the potential and applied charge at each of the labeled transition

points. The average charge on the graphene carbon at each transition point, as
indicated by x in C,, is indicated in Table 2.1 and determined by:
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Figure 2.1

Galvanostatic potential-charge curves for a graphite electrode
oxidized in a 0.33M LiN(SO2CF3)2/CH3NO2 electrolyte. The inset shows the
derivative plot of dQ/dV vs V.

Table 2.1
Electrochemical and diffraction data for products obtained at
transition points a to e in Figure 2.1 during galvanostatic oxidation of graphite in
0.33 M LiN(SO2CF3)2/CH3NO2.

Transition point

a

b

c

d

E

4.53

4.80

4.85

5.13

5.25

in mAh/g
as x in

38
59

77
29

139

170

441

16

13

5

Discharge: in mAb/g
as x in C,

19
118

38
59

60
37

77
29

97
22

Charging efficiency

0.50

0.49

0.44

0.45

0.22

3

2

2,1

2,1

1,2

8.04(2)

8.02(1)

8.01(1)

8.04(2)

8.12(1)

V vs Li'ILi

Charge:

Stage after evac*
d1 / A

* The bold number indicates the predominant stage.
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X = F ifig / (3.6) (12.011) qch&ge

(2.2)

where qcharge is the charge applied in mAh, mg is the mass of graphite in the
electrode in g, and F = 96,485 C

moi1.

Most studies have reported values for x at GIC staging transitions by the
method applied above, that is, using coulometry from galvanostatic charging curves

and a known electrode mass. This is reasonable if the charging process is highly
efficient as is the case in concentrated or anhydrous acids such as H2SO4 [26] or
FIF. [27] When forming low-stage GICs in electrolytes containing organic solvents,

graphite oxidation usually occurs at potentials close to the oxidative stability limit

for the electrolyte. The high charging potentials result from the high chemical
potentials of oxidized GICs, and also perhaps from overpotentials related to slow
intercalation kinetics or surface passivation. In these cases, the fraction of charge
lost due to oxidative decomposition of the electrolyte is appreciable, so that qch&ge

is probably not a reasonable basis for determining x. Discharge of the electrode

involves intercalant removal, i.e. the reverse of reaction (1). The discharge
capacity, qdischarge, for the reverse of reaction (1) can provide a minimum and more

reasonable estimate for x, since reduction occurs at lower potentials and electrolyte

decomposition less important. Table 2.1 also provides qdischge from individual
experiments where the graphite electrode was charged to the given transition point
and subsequently discharged, as well as the charge efficiencies calculated by:
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qdisch&ge

charging efficiency

(2.3)

=
qcharge

Figure 2.1 also shows the discharge (GIC reduction) curve after charging to point

e.

At the C/4 rate used for discharge, a second discharge segment after a cell rest
period did not recover significant additional discharge capacity.

In order to test whether soluble reduction products from the counter
electrode were a factor in the relatively low charging efficiencies obtained,
charge/discharge cycles were also performed in a two-compartment cell with
working and counter electrodes separated by a glass frit. The charging efficiency
measured in the two-compartment cell, however, was only slightly higher than that
in the one-compartment cell, indicating that this is not a significant factor. The data

reported in Table 2.1 are therefore all reported using the one-compartment cells. It
should also be noted that the relative electrolyte and electrode masses limit soluble
electrolyte decomposition

products

formed at the working electrode

to

concentrations of an order of magnitude less than the N(SO2CF3)f anion.

The charging efficiencies are seen to be constant at about 0.45-0.50 up to
point d. The charging efficiency above 5 V in CH3NO2 is very low, with an overall

charging efficiency of 0.22 to point e, and a charging efficiency of only 0.07 along
the

de plateau. Since this process is dominated by side reactions, the length of this

plateau, and therefore the charge at point
experiments.

e,

varied significantly between
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A cyclic voltammogram for the LiN(SO2CF3)2/CH3NO2 electrolyte on a Pt

working electrode is indicated in Figure 2.2. The rate of electrolyte decomposition

increases at 4.7 V vs LI1ILi, and becomes very rapid above 5.4 V. These sidereactions limit the current efficiencies that can be obtained in the preparation of
CN(SO2CF3)2 compounds, and results in very low efficiencies at lower rates. For
example, when the charge and discharge rates were decreased by a factor of 2, the
charging efficiencies were reduced to 0.35 to point a, and 0.27 to point b. It should

be noted that electrolyte decomposition could occur at a lower potential on a
graphite electrode.

Pulse charge

curves

are

shown

in Figure

2.3

for (a)

0.33M

LiN(SO2CF3)2/CH3NO2, and (b) 0.66M LiN(SO2CF3)2IEMS. The pulse charging

method contains frequent short open circuit potential (OCP) measurements. Only

short rest times (5 s) could be included in the charging experiment without
significantly decreasing the cell efficiency, so the rest potentials do not reflect the

equilibrium chemical potential of the GIC. However, the difference between
charging potential and OCP, seen as the width of the potential-charge curve,
provides a relative measure of the interfacial polarization at the working electrode.

The curve widths in (a) are fairly constant and indicate an overpotential of <100

mV to point

d.

Beyond point

d,

the overpotential increases rapidly, and the

increased charging potential does not result in an increase in the cell OCP. This
agrees with the charging efficiency results, oxidation beyond point d has only a
small effect on the discharge capacity and is predominantly due to electrolyte
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-0.20 .
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6.0
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Figure 2.3

Pulse charge curves for graphite electrodes oxidized in (a) O.33M
LiN(SO2CF3)2/CH3NO2, and (b) O.66M LiN(SO2CF3)2IEMS. The current on and
off durations are 60 s and 5 s, respectively.

decomposition. The final plateau, at 5.5 V, corresponds to the oxidative stability

limit for the electrolyte. Beyond an applied charge of 300 mAh/g the cell OCP
decreases and some physical degradation of the graphite electrode is observed. The

decrease in electrode potential for highly oxidized GICs has been noted previously

and ascribed to the formation of covalent graphite fluoride or oxide at the particle
surfaces. [28]

The pulse charge curve in the EMS electrolyte shows higher charging and

rest potentials, and a width of

200 my to point

d.

The greater charging

overpotential is not likely to be related to lower bulk electrolyte conductivity,

which was reported by Xu and Angell to be 1022 Scm' for a 1 M solution at
25°C.[24] The transition points observed occur at similar applied charges, so stage

transitions appear to occur at similar graphene layer charges in both the
nitromethane and EMS-based electrolytes. XRD confirms that the GIC produced
beyond transition point d is stage 1 for both electrolytes (see below). The EMSbased electrolyte was reported to be stable up to

5.9 V,[24] and this agrees with

the final charging plateau at 5.85 V corresponding to electrolyte decomposition.

GIC stage indicate ordered arrangements of intercalate, where the stage
index n indicates the number of graphene layers between intercalated galleries, the
gallery height

d,

indicates the separation of carbon sheet centers in an intercalated

gallery. The structure repeat length along the stacking direction is therefore related
by equation (4):
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= repeat length along c = d1 + (n

1)

3.354 A

With fluorometallate and oxometallate anion intercalates, where
8.0

A,

d,

the strongest diffraction peaks correspond to Bragg index 1

strongest diffraction peak for a stage 1 GIC will be (002) with d
GIC the strongest peak is (003) with d

(2.4)

is often close to

= n+1.

Thus, the

4 A, for a stage 2

3.78 A, and etc.

Figure 2.4 displays the XRD patterns obtained from the starting graphite
powder and from the briefly-dried products obtained at each of the transition points

a - e. Due to preferred orientation, all the diffraction peaks observed correspond to

(001) reflections. The patterns obtained can all be readily indexed as single-stage

GICs or physical mixtures of two stages, with

d1

= 8.0 - 8.1 A in all observed

phases. This gallery height corresponds well with the value of 8.07 A obtained for
stage 2 CN(SO2CF3)2 prepared by a chemical method in hydrofluoric acid.[1 1] By

comparison, the gallery heights reported for CCF3SO3 are 8.04 A (stage 1) and
8.12

A (stage 2).[5] Steric considerations severely restrict the possible

conformations and orientations of the pseudo-cylindrical N(SO2CF3)f anions
within the intercalate galleries. They must form a single layer with the long axis
parallel to the graphene layers as indicated in Figure 2.5. This anion orientation,
with the nitrogen pointing either up or down at the encasing graphene layers, was

previously found to be consistent with the one-dimensional structure refinement
from XRD data.[1 1], and the specific anion conformation indicated was found as a
energy minimum for the isolated anion.[29]
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Figure 2.4
Powder XRD patterns for the products obtained at transition points a
- e in Figure 2.1. The d values and assigned indices are given for some peaks. The
pattern for graphite is provided as a reference at bottom.

Figure 2.5
Structure model indicating anion orientation and conformation in
graphene galleries consistent with d = 8.0 - 8.1 A.
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Previous work on the electrochemical oxidation of graphite has confirmed

the model that plateau regions are associated with the coexistence of different
stages of the GIC, and regions of increasing potential indicate the oxidation of a

single stage.[30,31] For many GICs containing fluoro- or oxoanions, stage
transitions have been observed to occur where x

24n, where n indicates the stage,

so that the average charge on the graphene carbon for stage 1 corresponds
approximately to C24, stage 2 to C48, and etc.[32] The especially sharp transition
at point b is characteristic of the start of stage 1 formation, so that according to this

model the bc plateau should correspond to the conversion of stage 2 to stage 1.

Table 2.2 lists the x values obtained from charging curves with a number of
electrolytes for the onset (point

b)

and end (point c) of this plateau. As can be seen,

curves obtained in concentrated acids (with relatively low plateau potentials and
high charging efficiencies) often correspond to the x

24n model, while x values

obtained in some organic electrolytes are considerably lower. This does not reflect
higher graphene carbon charges at the stage transitions in these GICs, but indicates

instead a significant charging capacity loss due to side reactions. In the present
study, the x values determined from discharge capacities, also reported in Table 2.1,
are probably a better indication of the graphene layer oxidation at these transitions.

The XRD data presented in Figure 2.4(a) and 2.4(b) agree with the model
above, a pure stage 2 GIC is obtained at point b in the charge curve. XRD patterns

taken on products at points c and d, however, are weak, broad, and indicate
physical mixtures of stage 2 and stage 1 GICs. According to the model above, these
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Table 2.2
Average oxidation of graphene carbons in GICs, expressed as x in
C,, at the onset and end of the plateau corresponding to the stage 2 to stage 1
conversion, reported from potential-charge curves in various electrolytes.

x in C for
solvent

anion

CH3NO2

N(SO2CF3)2

stage 2 to 1
conversion
onset
end

potential
IV

reference

26
25
23

4.8
4.75
4.64
4.8

this work
20
20

32

17

5.3

this work

48

24

4.3

33

HS047S042

48

28

S03CF3

52

26

16

AsF6
PF6

29
48
45
39

(C2H5)(CH3)S02
(EMS)

N(SO2CF3)2

C4H80
(THF)

PF6,AsF6,

conc. H2SO4
conc. HSO3CF3

PF

23

SbF6

4.2
4.3

29
5
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products should have been converted to stage 1 along the b - c plateau. Since the

XRD data are obtained ex situ, and require brief handling in air for sample
preparation and loading, one explanation for this discrepancy may lie in GIC
decomposition during handling. To test this hypothesis, the product obtained at
point

e,

where XRD indicate a stage 1 GIC with a small presence of stage 2, was

analyzed after various air exposure times (see Figure 2.6). In air, the stage I
diffraction peaks disappear within a few minutes, and the product is transformed to

a stable stage 2 GIC. When prepared by the chemical method, this stage 2 GIC has

been demonstrated to be stable for days or weeks under ambient conditions.[33]
The products obtained at points c and d appear even more susceptible to reduction

upon exposure to air or electrolyte following the experiment, and therefore the
stage 1 GICs cannot be observed by our ex situ diffraction measurements. Although

the discharge capacity has increased only a small amount from point d to

e,

it may

be that the large capacity loss involves, in part, forming a passive surface that slows
the reduction process.

TGA data are presented in Figure 2.7 and provide additional information
about the composition of the stage 1 GIC obtained at transition point

e.

The steep

mass loss from ambient to 70°C in Figure 2.7(a) is due to loss of residual liquid

electrolyte on the sample (the normal boiling point of CH3NO2 is 101°C). For

comparison, a GIC prepared by chemical oxidation in hydrofluonc acid and
subsequently dried overnight under vacuum, shown in Figure 2.7(b), shows no
mass loss below 110°C. A second, less steep, mass loss region from 70-100°C in
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Powder XRD patterns for the product obtained at transition point
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Figure 2.7
TGA data for (a) the product obtained at point e in Figure 2.1, and
(b) a stage 2/3 CN(SO2CF3)2 obtained by chemical oxidation by K2MnF6 in
hydrofluoric acid (according to reference 11). For (a), temperature and mass
percents are indicated at break points in the curve.

Figure 2.7(a) is ascribed to elimination of the neutral CH3NO2 intercalate. Above

this temperature, the TGA curves appear similar for the samples, with each
showing four additional mass loss regions. The first three, at 100-130°C, 200250°C, and 400-480°C, are ascribed to successive stages of decomposition and
volatilization of the anion intercalate. For comparison, the anion in the lithium salt

of the imide anion degrades and volatilizes at 400-500°C. The onset of the final
mass loss region, ascribed to thermolysis of the graphene carbon layers, is sensitive
to trace levels of 02 in the gas stream, and a control experiment on pristine graphite

shows a mass loss onset at approximately 700°C. Using the ratio of mass loss
above 500°C (32.1 wt%) to mass loss between 100-480°C (32.4 wt%):

x = (32.1) (280.15 g/mol) 1(32.4) (12.011 glmol) = 23.1

(2.5)

where x is the molar ratio of graphene carbon to N(SO2CF3)2 anions. The solvent
intercalate is similarly obtained from the loss at 75-100°C (4.4 wt%). The resulting
composition, C23.1N(S02CF3)20.6CH3NO2 shows good agreement for the graphene

carbon/anion ratios determined by chemical analysis of a stage 1 GIC prepared in a

LiAsF6ICH3NO2 electrolyte (C23AsF61.9CH3NO2) [20], and that obtained from
discharge capacity in Table 2.1.
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3.1 ABSTRACT

The electrochemical oxidation of graphite in a nitromethane solution
containing the (perfluoropinacolato)borate anion,

(B [OC(CF3)2C(CF3)20]fl,

produces a new acceptor-type graphite intercalation compound (GIC). Stage 1-3
GICs are obtained and characterized by electrochemical methods and powder X-ray

diffraction. The gallery height, d1, of 14.0 - 14.5 A indicates a single intercalate
layer between graphene sheets. The GICs are produced at higher charge efficiency,

and are more oxidatively stable, than the previously-reported intercalation of
N(SO2CF3)2 from this solvent. The GICs are more stable to ambient exposure than

most acceptor-type GICs; even the stage 1 material will persist in air for several
hours.

3.2 INTRODUCTION

Acceptor-type graphite intercalation compounds (GICs) can be prepared by

either the chemical or electrochemical oxidation of graphite. [1-111 The chemical

method may be more scalable for commercial production, but electrochemical
oxidation provides additional information on products and can allow greater control
over the reaction progress.

One critical requirement for obtaining stable acceptor-type GICs is the
oxidative stability of the anion intercalate. A typical onset potential for graphite

intercalation is greater than 4.0 V vs. LiILi, and the preparation of low stage
(highly-oxidized) GICs requires applied potentials above 4.6 V vs. Li/Lit Most of
the anion intercalates that are stable at these potentials, and that have been used to
form GICs, are tetrahedral or octahedral fluoro-, chloro-, or oxo-metallates.

More recently, there have been a number of reports on the intercalation of

larger anions, including perfluoroalkylsulfonates (CF2+1SO3, n1,[12] 4, 6, or 8
[5,8-11]), trifluoroacetate (CF3COO),[ 13]
sulfonyl

imide

or

methide

anions,

and the perfluoroalkyl-substituted
N(SO2CF3)f,

N(SO2CF2CF3)2,

N(SO2CF3)(S02C4.F9), and C(SO2CF3)3. [14,15] In these studies, the intercalates

were perfluorinated, which provides an enhanced oxidative stability. The gallery
height, d1, represents the distance between intercalated graphene sheet centers along

the stacking direction. In the case of the perfluoroalkylsulfonate anions, a bilayer
intercalate arrangement can give intercalate gallery heights as large as 34 A.[16]

The generation of highly expanded galleries in GICs may lead to a broader
chemistry and new applications. In the case of pillared clays, the generation of open

gallery structures allows for catalytic activity,[17-19] and the incorporation of

organics and polymers within galleries has been widely studied as a means to
prepare nanocomposite materials for a variety of applications.[20-24] Similar
materials prepared from GICs would offer interesting new properties because
graphene layers have very different electronic, acid/base, and electrochemical
properties than clays or most other layered inorganic hosts. Two major difficulties
that have greatly slowed this chemical exploration, however, are the limited set of

large, oxidatively stable, anion intercalates, and the ambient sensitivity of the
acceptor-type GICs once prepared. The high chemical potential of the oxidized

graphene layers means that acceptor-type GICs are often rapidly reduced by
exposure to ambient water vapor.

We have previously reported on surface passivation and consequent
increase in the ambient stabilities of several GICs with large perfluorinated
anions. [25] Despite this effect, the longer-chain perfluoroalkylsulfonate intercalates

are unlikely candidates for many applications due to environmental concerns
related to their toxicity,[26-28] and the bilayer arrangement in the galleries is
relatively unreactive towards further intra-gallery chemistry. By analogy with the

use of tetraalkylammonium cations in metal oxide intercalation chemistry,[29]
more isotropic perfluoroanions may facilitate subsequent intra-gallery chemistry
for GICs.
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The chemical or electrochemical intercalation of tetrafluoborate and other
anions into graphite from electrolytes using a nitromethane (CH3NO2) solvent was

studied in the 1980's.[1-4,6] Graphite intercalation compounds of composition
CBF4yCH3NO2, with stages n = 2 to 7 were prepared by chemical means with

gallery heights, d, of 7.8-7.9 A.[1,2] The electrochemical method produced
materials with compositions near x = 24n.[6]

Although GICs prepared with the tetrafluoborate anions have been long
known, [1-3,6] we are not aware of any reports on other boro-anion intercalates. In

part, this is due to insufficient oxidative stability, as noted in the introduction,

graphite oxidation requires potentials greater than 4-4.5 V vs. LifLit[30} The
bis(perfluoropinacolato)borate anion B [OC(CF3)2C(CF3)20]f, abbreviated below
as PFPB, was first reported by Allen

et al

in 1968.[31] The anion is perfluorinated

and relatively isotropic in shape (as compared with linear alkylsulfonates), and is
therefore a promising candidate for new GIC chemistry. Xu et

al

recently evaluated

the electrochemical properties of a series of boronbased chelate anions, including

PFPB.[32-34] High ionic conductivities and wide electrochemical stability
windows in some organic solvents indicated that these anions may be suited to
applications in secondary lithium batteries. In dimethylether or propylene carbonate
(PC), the PFPB salts were found to be stable at oxidation potentials above 4.5 V vs.
LiILi'. [32]

In this report, we describe the electrochemical intercalation of PFPB into
graphite, and the electrochemical and structural properties of the GICs obtained.

The relatively high efficiency of graphite electro-oxidation using CH3NO2 as an
electrolyte solvent has been reported,[7,35] so this solvent electrolyte was used to
explore the electrochemical intercalation.

3.3 EXPERIMENTAL

Perfluoropinacol (95%, Indofine Chemical Company, Inc.), sodium borate

(EM Science, >99%) and nitromethane (Aldrich, 99%) were used as received.

CH3NO2 was stirred over 4 A molecular sieve for 48 h and subsequent
maintained under an inert atmosphere. Other reagents-grade materials were used as

received. The graphite reagent was SP-1 grade powder (Union Carbide, avg.
particle dia. = 100 tim). Sodium bis(perfluoropinacolato)borate (NaPFPB) was
synthesized according to the following literature method: [31]

Perfluoropinacol

(12.026 g, 36.0 mmol) was added to 10 ml of a hot aqueous solution containing

0.763 g (2.0 mmol) of sodium borate. After concentration, the colorless gel
obtained was crystallized from ethanol to yield a white solid, then dried in vacuo at
100°C for 48 h. '3C NIvIR (DMSO):

122.4 ppm (CF3, t), J(C, F) 293.3 Hz,

86.0

ppm (C(CF3)2, s); '9F NMR (DMSO): 6 69.8 ppm; 11B NMR (DMSO): 6 14.5 ppm.

Mass spectra: (FAB, Negative) 675 (PFPB), 537 (PFPB-2CF3); (FBA, Positive)
721 (PFPB+2Na), 699 (PFPB+Na+H), 677 (PFPB+2H), 583 (PFPB+2Na-2CF3),
560 (PFPB+Na-2CF3); FIRMS calculated for Na2PFPB 720.9302 found 720.9314.
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Electrochemical experiments were performed under an Ar/He atmosphere at
ambient temperature using a two-compartment cell containing a glass-frit separator.

The electrolyte solution was 0.3 M NaB[OC(CF3)2C(CF3)20]2 in CH3NO2. Cells

employed a lithium metal reference electrode. Working electrodes were prepared

by painting a slurry of graphite and inert polymer binder in cyclohexane onto Pt

mesh and drying to remove solvent, as reported previously.[36] Galvanostatic
oxidations were carried out at 10 mA/g. Cyclic voltammograms were obtained
using a graphite working electrode at a scan rate of 0.1 mV/s.

After the electrochemical reaction, some working electrodes were dried to
remove residual liquid electrolyte at 100 mtorr. Powder X-ray diffraction (PXRD)
data were then collected on a Siemens D5000 diffractometer with Ni-filtered CuK

radiation using a variable slit mode and a detector slit width of 0.2 mm. Data were
collected at 0.02 020 steps by counting 0.1 s/step.

The structural model for PFPB was geometry-optimized using an AM1
model and SPARTAN v5 software package. One dimensional electron density
calculations were performed as described previously. [37]

3.4 RESULTS AND DISCUSSION

The potential-charge curve obtained by oxidation of graphite in the
PBPB/CH3NO2 electrolyte shows a series of plateaus and ascending regions that

are characteristic features associated with graphite oxidation and intercalation
(Figure 3.1). The voltage increases during oxidation of a single phase, indicating
the graphite electrode comprises only one stage. Staging refers to the occupancy of

galleries in the intercalation compound, stage n=2 indicates alternate galleries

occupied, stage n=3 means every third gallery occupied, and etc. The voltage
plateaus indicate the conversion of one stage into another, during oxidation this
means the higher stage converted to the lower stage.[35,381

Previous studies [7,30-38] on the electrochemical oxidation of graphite
have indicated that the transition point labeled a in Figure 3.1 is characteristic of
the onset of stage 2 formation. The sharp transition seen at point b is characteristic
for charging curves for acceptor-type GICs, including the anion/solvent intercalates

PF6 / HF(anhyd), and HSO4 / H2SO4, and corresponds to the onset of stage 1
formation. The feature observed at point

b'

is observed with other intercalates and

solvents, for example in PF6 / HF(anhyd), BF I CH3CN, ClO I PC and HSO4 I

H2SO4, and associated with a change in stage 2 packing rather than a stage
transformation.

The long plateau between points b and c corresponds to a

conversion of stage 2 to stage 1. For comparison, the galvanostatic charge curve in
a LiN(502CF3)2/ CH3NO2 electrolyte is also provided in Figure 3.1.[36]

The GIC stage present at each transition point in the charge curves was
confirmed by ex situ PXRD data obtained from the evacuated graphite electrodes

(Figure 3.2). The GICs are platy particles and show pronounced preferred
orientation effects during sample preparation, so that only (001) peaks appear in
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Galvanostatic potential-charge curves for graphite electrodes
oxidized in (i) 0.3 M NaB[OC(CF3)2C(CF3)20]2 I CH3NO2 at charging rate of 10
mA/g, and (ii) 0.3 M LiN(SO2CF3)2 I CH3NO2 at charging rate of 50 mAJg. The
inset shows the differential charge dQ/dV plotted against V.
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PXRD patterns for the products obtained at transition points a, b, c,
and d in Figure 3.1. The label letter in the figure corresponds to the transition point
examined. Observed d values and assigned (001) indices are provided. Impurity
peaks are marked * in pattern (b). A graphite pattern is provided as a reference at
bottom.

diffraction data. The basal repeat distance determined from diffraction, Ic, can be
used to determine the gallery height,

I

=

d1,

by the following relation:

repeat length along c axis

=

d, +

(n - 1) 3.354 A

(3.1)

where n is the stage. The stage and corresponding gallery height determined at each

transition point are also provided in Table 3.1. The gallery height

d1

of CXPFPB is

found to be 14.0-14.5 A for GICs with stage 1-3, this will be discussed in greater
detail below.

In Figure 3.3, the evolution of the PXRD patterns for the stage 1 GIC
during air exposure over several hours indicates a continued increase in the relative
intensities of two unassigned peaks at d = 6.90 and 3.41

A.

The assigned GIC peak

intensities remain relatively unchanged over this time period, although a shoulder
appears on the high angle side of the (004) peak. The broad shoulder indicates the

presence of high stage GICs or turbostratic graphite. A simple model can explain

these results: the stage 1 GIC decomposes to higher stage plus an unidentified
reaction product slowly during air exposure. The relative GIC peak intensities
indicate that several hours result in less than 50% decomposition. In contrast, when

the stage 1 GIC is collected at the same electrochemical transition point from an
LiN(SO2CF3)2 I CH3NO2

electrolyte, the conversion from stage 1 to 2 is nearly

quantitative in less than 0.5 h,[36] and even more rapid decomposition is seen for
many GICs.[25]

Table 3.1
Electrochemical data from galvanostatic oxidation in CH3NO2
solution of 0.3M NaPFPB, 0.3M LiN(SO2CF3)2 and 0.4 M LiAsF6 electrolytes. The

d) labeled in Figure 3.1.

data are recorded at the transition points (a
CN(SO2CF3)2 data from [36], CAsF6 data from [6].

Intercalate
anion
V vs. Li/Li

PFPB
N(SO2CF3)2
AsF6

Charge (mAh/g)

PFPB

Onset
4.65
4.34
4.27
-

N(SO2CF3)2
AsF6

Stage

PFPB

-

N(SO2CF3)2
AsF6

d

(A)

PFPB
N(SO2CF3)2
AsF6

a

b

c

d

4.83
4.53
4.36

5.08
4.80
4.64

5.11

5.35
5.13
4.92

32
38
29

55
77

105
139

49

92

3
3

1

1

2,la

2,la

3

2
2
2

1

1

14.0
8.04

8.02

14.2
8.01

8.04

8

8

8

8

V

-

a. The bold number indicates the predominant stage.
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Figure 3.3
PXRD patterns for the stage 1 product obtained at transition point d
after air exposure for the times indicated. The bottom pattern is the starting stage 1
material. Arrows indicate the new peaks d = 6.90 and 3.41 A.
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The stage 1 CXPFPB is therefore relatively stable against reduction under

ambient conditions as compared to most GICs. Decomposition can occur by
reaction with ambient moisture according to:

CAn + 1/2 H20 -* higher stage GIC -* C, + 1/4 02 + HAn

(3.2)

The relative stability of CXPFPB may be due to the formation of a passive surface

during decomposition, or may result from the decreased mobility of the larger

anion through the graphene galleries to the particle surface. Under an inert
atmosphere, the stage 1 CXPFPB remains stable for at least one week.

Table 3.1 summarizes the electrochemical and structural properties of the
GICs obtained at the different transition points along the charge curve, along with
literature data from GICs obtained in LiN(SO2CF3)2 I CH3NO2 [361 and

LiAsF6 /

CH3NO2 electrolytes. [6] In all three examples, CH3NO2 is the electrolyte solvent

and similar salt concentrations were employed. The same potential charge curve

features can be observed in all three electrolytes, although the potentials and
charges at the transition points differ significantly. At the charge rates studied
(approx 10 mA/g), the ohmic drops due to polarization are much smaller than the

potential differences observed. Even at a much higher rate (50 mA/g) in
N(SO2CF3)27CH3NO2, pulse current methods indicated an overpotential of less
than 100 mV up to transition point d.[36] Therefore, different transition potentials

are more likely related to the different chemical potentials for generating these
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GICs. The difference in transition point charges may be in part related to the side-

reaction due to the greater rate of electrolyte decomposition above 4.7 V in
LiN(SO2CF3)2/CH3NO2.

The chemical intercalation of PFPB was also attempted. Previous work has
shown that large perfluorinated anions, including N(SO2CF3)2, N(SO2CF2CF3)2,

N(SO2CF3)(S02C4F9), and C(SO2CF3)3, can be intercalated by the reaction of

graphite with MnF62 in hydrofluoric acid containing the appropriate anion
salt.[14,15] The intercalation kinetics, however, vary widely for different anions.

Although the solubility of NaPFPB in hydrofluoric acid is limited at ambient
temperature, heating to 70 °C yields a high solubility and stable solution. This
chemical method, however, did not show any evidence for graphite intercalation,

even after more than 300 h reaction at 70 °C. The intercalation limit for this
chemical method is stage 2 for CN(SO2CF3)2. Figure 3.1 and Table 3.1 show that

the onset for CXPFPB formation is close to this potential, and is therefore
reasonable to conclude that the chemical method is not sufficiently oxidizing to
accommodate the higher intercalation potentials for CXPFPB.

Tetrahedral and octahedral fluoro and oxometallate anions form monolayer

intercalate layers with anion dimensions of approx. 4-5 A and d = 7.5

8.1 A.

Similar dimensions are observed for perfluorinated anions with short carbon chains,

indicating that the orientation of these anions is with long axis parallel to the
graphene sheets. For example, the N(502CF3)f anion gives di = 8.0-8.1 A from
stage 1 to 3.[361 Anions with longer perfluorinated chains arrange into bilayers

with the negative charge functional groups facing the graphene layers, and the
fluorocarbon chain oriented toward gallery center. Examples include the

perfluoroalkylsulfonates (C11F2+1SO3, n = 4, 6, 8,[8-11] and 10 [16]) and
perfluoro(2-ethoxyethane)sulfonate

(CC2F5OC2F4SO3). [16]

In

these

bilayer

structures, d, can be much larger, for example CC8F17SO3 has a d of 25 - 26 A for

stage 2-7.[8]

The geometry-optimized structural model for PFPB, calculated using AM-

1, is displayed in Figure 3.4(a). Anion dimensions, including the van der Waals
radii of outer fluorine atoms, are calculated along x, y, and z to be 8.3, 8.5 and 11.3
A,

respectively. From observed PXRD data, the gallery dimension along the

stacking direction is 10.6-11.1

A.

These dimensions suggest an anion monolayer

with the intercalate anions orientated with z-axis perpendicular to the graphene
sheet surface (Figure 3.4b) with some slight nestling, by 0.1-0.3

A,

of anions into

the graphene pi-layers. A one-dimensional electron density map generated from

this structural model closely agrees with that derived from the observed PXRD

peak intensities (Figure 3.4b); this provides further support for this anion
onentation.

Most generally, intercalate anions in GICs adopt orientations that result in

minimum gallery heights, this observation can be simply understood by the
minimization of separation of positive sheet charges and anion centers, thereby
optimizing lattice enthalpy terms. However, for large or asymmetric intercalates,
their packing densities must also be considered. The orientation shown, with anions
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Figure 3.4
(a) Calculated structure for the PFPB anion, (b) one-dimensional
electron density profiles, (i) derived from experimental PXRD data and (ii)
calculated for the structure model indicated in (4a).

"standing" in galleries, requires sterically that x : 56 for stage 2 (where x is the
ratio of graphene C atoms I anion). The orientation with anions "lying down", i.e.

with yz plane oriented parallel to graphene layers, would decrease the gallery
height, but also requires x

72 for stage 2. A common value for small anions is x =

48 at full stage 2 occupancy. [6] These GICs therefore appear to be limited in anion

packing density by the large anion dimensions, and the "standing" orientation that
maximizes packing, rather than minimizing the gallery height, is observed.

Slow cyclic voltammograms obtained for graphite electrode in the NaPFPB

electrolyte are shown in Figure 3.5, with related electrochemical data listed in
Table 3.2. In the first cycle, there are four anodic peaks due to graphite oxidation
peaks (labeled 1-4 in Figure 3.5), and two broad cathodic peaks due to reduction,

i.e. deintercalation, of the GIC (labeled 5,6). The four anodic peaks match the
transitions determined from the potential-charge curve in Figure 3.1. The inset of

Figure 3.1 shows the dQIdV vs. V derivative plot from the galvanostatic charge
data, with again four main peaks present and labeled 1-4. Peak 1 indicates the onset

of intercalation to form a high stage GIC. The breadth of this peak, and its large

intensity, suggest that it may correspond to multiple stage transitions. Peak 2
correlates with the stage 3 to stage 2 transition, peak 3 with the transition indicated

at point b' in Figure 3.1, and peak 4 is the conversion from stage 2 to stage 1. The

net charges applied during these transitions, as determined from the peak areas,
agree well with those obtained during galvanostatic measurement (Table 3.2).

Table 3.2
Figure 3.5.

Cyclic voltammetry data for graphite in 0.3 M NaPFPB / nitromethane.The peaks are labeled as indicated in

Oxidation
Cyclic
voltammetry

Peak

1

2

3

4

5

6

V

4.75

4.88

5.00

5.14

4.9

4.7 - 4.5

Peak Area
(mAh/g)

30

17

8

51

29

29

Total Charge

Galvanostatic
charge

Reduction

Stage

106

58

3

3I2

2

2I1

V

4.74

4.88

5.01

5.10

Charge
(mAh/g)

32

15

8

50

Total Charge

C,

/

105

-

-

There are at least two broad cathodic peaks in the first cycle. The onset
potential of peak 5, at 5.03 V, is at the potential of the stage 2 to 1 anodic peak, and
this peak is therefore assigned to the reduction of the stage 1 GIC. The broad nature

of both reduction peaks, and their displacement to lower potentials and lower
capacities as compared with the anodic peaks, all point to a poor reversibility for

the intercalation reaction. The total coulombic efficiency (cathodic capacity I
anodic capacity) for the first charge-discharge cycle is 0.55. In previous work using

a N(SO2CF3)2 / CH3NO2 electrolyte, the efficiency of the first charge-discharge
cycle was found to be 0.44. [36] The higher efficiency in the present study might be
attributed to the more oxidatively stable electrolyte.

Additional evidence of the irreversibility of the first intercalation reaction is

found in the second charge-discharge cycle, also shown in Figure 3.5. The total
anodic capacity is reduced from the first cycle, from 106 to 92 mAh/g, while the
cathodic capacity decreases only slightly (from 58 to 55 mAh/g). In addition, the
onset potential for intercalation shifts to lower potential for the second cycle. These

effects can be ascribed to the presence of residual intercalate after the first chargedischarge cycle.[1 1]
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4.1 ABSTRACT

The

graphite

intercalation

compound

(GIC)

containing

the

bis(hexafluorohydroxyisobutyrato)borate anion, B [OC(CF3)2C(0)O]f, is prepared

for the first time by galvanostatic and controlled potential methods. GICs with
stage n=2-4 are characterized by electrochemistry and powder X-ray diffraction.
The anions are oriented in a monolayer arrangement with gallery heights of 13.313.9 A,

and the "standing-up" intercalate orientation is refined using a 1-

dimensional electron density map. Potential-charge curves and structural features
are described and compared with those for CB[OC(CF3)2C(CF3)2O]2 and

CN(SO2CF3)2. The relative anion oxidative stabilities of B[OC(CF3)2C(CF3)20]f

> B[OC(CF3)2C(0)O]f > B[OC(0)C(0)O]f are determined experimentally and
compared with HOMO energy level calculations. Based on these results, a model is

proposed to explain the intercalation limit of n=2 for B[OC(CF3)2C(0)O]f and the

non-intercalation of the bis(oxolato)borate anion, B[OC(0)C(0)O}f. The linear

relation of intercalation potential to reciprocal of gallery height and the steric
effects of large anion intercalates are described.
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4.2 INTRODUCTION

Graphite is a unique layered host structure that can be either oxidized or
reduced to form acceptor-type or donor-type graphite intercalation compounds
(GICs). [1,2] Most donor-type GICs result from intercalation of alkali metal cations,

these result in relatively small intercalate gallery dimensions and therefore a limited

structural complexity for the intercalate galleries. The

LiCX

compound is the

important anodic material employed in all commercial Li-ion batteries.[3,4] In
contrast, acceptor-type GICs have been obtained from a relatively large variety of
anions, but have had a less significant technological impact to date. [5,6]

Intercalate anions, most commonly tetrahedral or octahedral fluoro-, chloroor oxo-metallates, must be sufficiently stable against oxidation to exist in proximity

to positive graphene layers that have a chemical potential of >4.0 V vs. LiILi. This

significantly limits the candidates for intercalate anions. For example, C-H bonds
are not stable in anions at these potentials. The preparation and evaluation of these

GICs is also complicated by their ambient instability. Acceptor-type GICs usually

show a facile reduction on contact with the water vapor in air, the intercalate
content is decreased, or the GIC completely reduced back to graphite, within hours
of ambient exposure. [7,8]

Our group has reported the preparation of GICs with some perfluonnated

anion intercalates, and also found that these GICs with hydrophobic anions are

unusually stable under ambient conditions. These intercalate anions include

I[II

perfluoroalkylsulfonates (CF2+1SO3, n=1, 4, 6, 8),[9-14] and the perfluoroalkylsubstituted

sulfonyl

imide

or

methide

anions,

N(SO2CF3)f '[15-17]

N(SO2CF2CF3)f, N(SO2CF3)(S02C4F9), and C(SO2CF3)3 .[15,16] The longer-

chain perfluoro-alkylsulfonate intercalates adopt a bilayer arrangement in the
graphene galleries. Although such an intercalate arrangement can lead to much
larger and more complex galleries, the bilayer structure also allows a relatively
high graphene layer charge density that appears to inhibit subsequent expansion of
the galleries.

Recently,

GICs containing

B[OC(CF3)2C(CF3)20}f

the bis(perfluoropinacolato)borate

were reported.[18]

anion

The GICs were prepared by

electrochemical oxidation, and these compounds were again more stable to ambient

exposure than most acceptor-type GICs. A larger anion dimension, relatively
isotropic geometry, and monolayer intercalate arrangement, could lead to stenc

constraints for anion packing and therefore hold promise for the generation of

novel properties such as facile intra-gallery chemistry for GICs with lower
graphene sheet charge densities.

The B[OC(CF3)2C(CF3)20]f anion contains two C(CF3)2 moities on
each chelating ligand. Borate chelate anions may also be prepared with carbonyl

C(0)

in place of half or all of the C(CF3)2 moieties, corresponding to

bis(hexafluorohydroxyisobutyrato)borate,

B [OC(CF3)2C(0)O]f,

and

bis(oxalato)borate, B[OC(0)C(0)O]f, respectively. Bonding arrangements and
calculated optimized structures for the three anions are shown in Figure 4.1. The
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B[OC(CF3)2C(CF3)20]2
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Bonding and geometry-optimized structural models
B [OC(CF3)2C(CF3)201f , B [OC(CF3)2C(0)O]2 and B [OC(0)C(0)O]f.

Figure 4.1

of

B[OC(CF3)2C(0)O}f anion was first reported by Price, et al, in a study of a series

of perfluorinated alkoxides.[19] The B[OC(0)C(0)O}f anion has been the subject
of several reports recently, principally due to the interest in new electrolyte salts for

lithium-ion batteries. [20-271 It has been reported that in organic electrolytes, the
oxidative stability limit for B[OC(CF3)2C(CF3)20]f is at least 4.5 V vs. Li/Li,[28]

and that of B[OC(0)C(Q)O]f is close to 4.5 V vs. Li/Lit [20,28]
This report describes the electrochemical preparation and structural details
of CB[OC(CF3)2C(0)O]2 intercalation compounds, and then compares these new
GICs with the previously reported GIC's, especially CB[OC(CF3)2C(CF3)2O]2 and
CN(SO2CF3)2.

4.3 EXPERIMENTAL

SP- 1 grade graphite powder (Union Carbide, average particle diameter is

100 jim), hexafluoro-2-hydroxyisobutync acid (95+%, SynQuest Laboratories,
Inc.), and sodium borate (EM Science, >99%) were used as received. Nitromethane

(Aldrich, 99%) was stirred over dry 4 A molecular sieve for 48 h and then stored

under He/Ar atmosphere. Sodium bis(hexafluorohydroxyisobutyrato)borate was
prepared by the addition of 4.44 g (21.0 mmol) of hexafluoro-2-hydroxyisobutyric

acid to 1.00 g (2.62 mmol) of sodium borate dissolved into 10.0 ml of hot
deionized water. After heating at 80°C for 10 minutes, the solution was
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concentrated and cooled to yield a white solid. The solid was recrystallized from
ethanol, and then dried in vacuo at 100°C for 48 h. For NaB[OC(CF3)2C(0)O]2: 13C

NMR (DMSO), ö 164.1 ppm (CO, s),

121.5 ppm (CF3, quartet), J(C, F) 293.3 Hz,

80.3 ppm (C(CF3)2, septet), J(C, F) 30.2 Hz; 19F NvIR (DMSO, reference:
trifluorotoluene),

75.3 ppm (CF3, quartet), J(F, F) 5.7 Hz,

75.5 ppm (CF3,

quartet), J(F, F) 5.7 Hz; 11B NMR (DMSO, reference: boric acid), ö 13.2 ppm (s).

FAB mass spectroscopy (negative) at 431 = B[OC(CF3)2C(0)O}2, 413 =
B[OC(CF3)2C(0)O]2 - F + H; (positive) at 477 = 2Na + B[OC(CF3)2C(0)O]2.

Lithium bis(oxolato)borate, LiB [OC(0)C(0)O]2, was synthesized according
to a patented procedure [27] and characterized by NMR and mass spectroscopy.

13C

NMR (DMSO), ö 159.0 ppm; 11B NMR (DMSO, reference: boric acid), ö 10.4
ppm; FAB mass spectroscopy (negative) at 187 = B[OC(0)C(0)O]2.

A two-compartment cell with a glass-frit separator was used for

electrochemical experiments. Working electrodes were prepared by painting a
cyclohexane slurry of graphite and 5% inert polymer binder (EPDM, Aldrich) onto
Pt mesh and drying to remove the residual solvent, as reported previously.[17] The

reference electrode in all cases was Li(m). Electrochemical experiments were
performed

at

ambient

temperature

under

He/Ar

using

0.3

M

NaB [OC(CF3)2C(0)O]2 or saturated LiB [OC(0)C(0)O]2 electrolyte solutions in
nitromethane. Galvanostatic oxidation was at 10 mAIg, and cyclic voltammetry at

0.1 mV/s. Linear sweep voltammetry using an inert (Pt flag, approx 1 cm2)
electrode was obtained at 5 mV/s.
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GIC samples were removed from the electrode and dried in vacuo (<100
mtorr) for 30 minutes. Powder X-ray diffraction (PXRD) data were collected on a

Siemens D5000 diffractometer using Ni-filtered CuK radiation at 0.6 s/step in
0.02 020 step increments.

Optimized structures for B[OC(CF3)2C(CF3)20]f, B[OC(CF3)2C(0)O]f

and B[OC(0)C(0)O]f anions were obtained using an AM-i model and
SPARTAN v5 software package; HOMO energy levels were calculated using
B3LYP/6-3 1G* in Jaguar 4.1 (Schrodinger, Inc., Portland, OR, 2000).

A structural model for CB[OC(CF3)2C(0)O}2 was obtained by fitting calculated

one-dimensional electron density maps to that obtained from the PXRD (001)
reflection intensity data. The mole ratio of graphene carbon atoms to intercalate
anions was refined to minimize the crystallographic R factor. Details of this method
have been described previously.[14,15]

4.4 RESULTS AND DISCUSSION

The

potential-charge

curve

for

graphite

oxidized

in

the

B[OC(CF3)2C(0)O]f / CH3NO2 electrolyte is shown in Figure 4.2 (curve ii), along

with charge curves for the intercalation of B[OC(CF3)2C(CF3)20]f (i) and
N(SO2CF3)f (iii). Curves

(i-ui)

show the regions of increasing potential and

potential plateaus that are both characteristic of graphite intercalation. [29,30]
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Figure 4.2

Galvanostatic potential-charge curves for graphite electrodes
M
oxidized in
(ii)
0.3
(i)
M
NaB [OC(CF3)2C(CF3)20]2,
0.3
NaB[OC(CF3)2C(0)O}2, and (iii) 0.3 M LiN(SO2CF3)2. The electrolyte solvent is
CH3NO2. The inset shows the differential charge dQ/dV vs. V for curve (ii). Data
for curve (i) and curve (iii) are from references 17 and 18.
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Rising potentials are ascribed to the oxidation of a single stage GIC, whereas the

plateaus occur where one stage is converted to a lower stage. Stage refers to the

ordered occupancy of galleries in the GIC, stage n=1 indicates that intercalate
occupies galleries between all graphene layers, n=2 indicates alternate galleries
occupied, n=3 means every third gallery occupied, and etc. Transition points

a-d

are labeled at the beginning of potential plateaus, and point e identifies the end of

the longest plateau. These plateaus can sometimes be more readily identified as
peaks in a derivative plot of dQ/dV vs. V as shown in the inset for Figure 4.2. In

the inset plot, peaks 1-4 correspond to the potentials of plateaus starting at
transition

points

ad

in

the

galvanostatic

charge

curve

obtained

in

B [OC(CF3)2C(0)O]f I CHNO electrolyte (curve ii).
GICs products obtained are characterized by PXRD collected ex situ at each

transition point (Figure 4.3). Due to preferred orientation effects, only (001)
reflections from the GICs appear in diffraction data. The basal repeat distance, I, is

determined directly by diffraction, and can be related to the gallery height,

d,

which is the distance between intercalated graphene sheet centers along the
stacking direction by equation (1):

=

where n is the GIC stage.

d,

+

(n-1)3.354A

(4.1)
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Figure 4.3
PXRD data for the products obtained at transitions ad in Figure
4.2. The assigned indices are given for some reflections. The pattern for graphite is
provided as a reference at bottom. The asterisks indicate an impurity phase from the
electrolyte salt.
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Electrochemical

and

structural

data

for

CB [OC(CF3)2C(0)O]2,

CB[OC(CF3)2C(CF3)2O]2, and CN(SO2CF3)2 are summarized in Table 4.1. The

charge region from ab is the conversion to n=3, the charge from bc is the

conversion from n=3 to n=2. The plateau starting at point c, however, does not
involve a stage conversion. This small plateau is commonly observed in graphite

intercalation potential-charge curves, and has been ascribed to the charge
associated with intercalate rearrangement for n=2. [31,32] However, the charge
required

for

this

conversion

(i.e.

the

plateau

length)

is

greater

for

B [OC(CF3)2C(0)O]f than for other intercalate anions, note for example the very
slight plateau at point c in curve (i) for B[OC(CF3)2C(CF3)20]f as compared with
curve (ii). This difference is reproducible, and is further supported by a

corresponding plateau in the galvanostatic reduction (Figure 4.4), so that this
intercalate rearrangement for B[OC(CF3)2C(0)O]f involves a greater change in
packing arrangement than for other intercalate anions. PXRD data, however, are
not of sufficient quality to directly observe details for the structural change.
The long plateau

d-e

involves conversion

of n=2

to

n=1

for

CB[OC(CF3)2C(CF3)2OJ2 and CN(SO2CF3)2,[17,18] but the n=1 product is not
obtained for CB[OC(CF3)2C(0)O]2. For this electrolyte, significant gas evolution
is observed at the working electrode anode beyond point d, and the n=2 product is

obtained even after a very large applied charge (>400 mAh/g). Therefore, the

oxidation beyond point
intercalation.

d involves

electrolyte decomposition rather than

Table 4.1
Electrochemical and structural data for CB [OC(CF3)2C(0)O]2, CB [OC(CF3)2C(CF3)20]2, and CN(SO2CF3)2.
The transition points are labeled in Figure 4.2. CB[OC(CF3)2C(CF3)2O]2 data from reference 18, CN(SO2CF3)2 data from
reference 17.

transition noint in charge curve

V vs. LiILi'
(capacity in
mAh/g)

Stage
(d1 in A)

Intercalate anion

Onset

a

b

c

d

e

B[OC(CF3)2C(0)O]f

4.53

4.61
(25)

4.70
(39)

4.82
(58)

5.03
(80)

5.04

B [OC(CF3)2C(CF3)20]f

4.6

4.73
(16)

4.83
(32)

4.96
(49)

5.08
(55)

5.11
(105)

N(SO2CF3)f

4.33

4.80
(77)

4.85
(139)

B [OC(CF3)2C(0)O]f

B [OC(CF3)2C(CF3)20]f

-

-

4.53
(38)
4
(13.3)
4

-

3

2

2

2

(13.7)

(13.8)

(13.9)

(13.9)

3

2

(14.0)

N(SO2CF3)f

-

3

(8.0)

-

2

1

(14.3)

(14.2)

2

2,1

(8.0)

(8.0)
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Figure 4.4
Galvanostatic oxidation and reduction detail for the
NaB[OC(CF3)2C(0)O]2 / CH3NO2 electrolyte, showing the reversible plateaus
(marked with asterisks) corresponding to n=2 intercalate rearrangement.
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The GICs can also be prepared by controlled voltammetric oxidation. The
cyclic voltammogram of a graphite electrode in CB[OC(CF3)2C(0)O}2 I CH3NO

is shown in Figure 4.5. Peaks labeled as 1-4 during the anodic sweep match the
potentials for transitions observed in the potential-charge plot, and the peaks are
labeled correspondingly. Ex situ PXRD data collected separately from the electrode

at each anodic peak match the stage conversions described above. The broad peak

labeled 4 is again ascribed to electrolyte decomposition, and an inhomogeneous
product is obtained at this point, but no n=1 GIC is observed. The cathodic sweep

displays a complex curve with several peaks, with net cathodic peak areas
significantly less than those for oxidation, and PXRD data indicate inhomogeneous

products in this region. These results indicate that the electrochemical deintercalation is kinetically limited and is not complete during controlled
potentiometry.

The galvanostatic oxidation of graphite in the LiB[OC(0)C(0)O}2
electrolyte shows no features associated with intercalation. The electrode potential

rapidly rises to 4.7 V vs. LiILi, and then remains constant. PXRD data indicate
that the electrode does not form any GIC products.

A surprising result therefore is that, at the limit of oxidation, the three
borate chelate

anions, B[OC(CF3)2C(CF3)20]f, B[OC(CF3)2C(0)O]f, and

B [OC(0)C(0)O}f , have different extents of intercalation (with n= 1, n=2, and only
graphite, respectively).

These differences can be explained by the different

oxidative stabilities of the electrolytes. Figure 4.6 shows linear sweep
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Figure 4.5

Cyclic voltammogram (0.1 mV/s) for a graphite anode in a 0.3 M

NaB [OC(CF3)2C(0)O]2 / CH3NO2 electrolyte.
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Figure 4.6

Linear sweep voltammograms (5 mV/s) for a Pt working electrode
in (i) saturated LiB[OC(0)C(0)O]2, (ii) 0.3 M NaB [OC(CF3)2C(0)O]2, and (iii) 0.3
M NaB[OC(CF3)2C(CF3)20]2 The electrolyte solvent is CH3NO2. Arrows point to
the potentials at transition d in Figure 4.2.
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voltammograms obtained with an inert (Pt) working electrode for solutions of
NaB [OC(CF3)2C(CF3)20]2, NaB [OC(CF3)2C(0)O]2, and LiB (OC(0)C(0)O]2 in
CH3NO2. The electrolyte degradation rates are seen to be B[OC(CF3)2C(CF3)20]f

< B[OC(CF3)2C(0)O]f < B[OC(0)C(0)O]f. Figure 4.6 also indicates the
observed potentials at point d (formation of n=2) in Figure 4.2. From previous
studies, the charging efficiency is

0.55 in the NaB [OC(CF3)2C(CF3)20]2

electrolyte;[18] since the decomposition rate for NaB[OC(CF3)2C(0)012 is much
greater, this appears sufficiently rapid to prevent formation of the n=1 product. For

the LiB [OC(0)C(0)O]2 electrolyte, a comparable decomposition rate is observed
even below 4.5 V, which is close to the predicted intercalation onset for this anion.

(see below) For this reason, only electrolyte decomposition, without intercalated
products, are obtained using the B[OC(0)C(0)O]f anion.

The relative oxidative stabilities of the borate chelate anions were also
investigated by HOMO energy calculations; values of -4.2, -4.2 and -3.7 eV, were
obtained

for

B [OC(0)C(0)O]f,

BIOC(CF3)2C(CF3)20]f,

B[OC(CF3)2C(0)O]f,

respectively. Lower HOMO energies

and

indicate more

oxidatively stable complexes,[33,34] and both B[OC(CF3)2C(CF3)20]f and

B[OC(CF3)2C(0)O]f show higher oxidative stabilities than B[OC(0)C(0)O]f
from HOMO energy levels. We expect a greater electron-withdrawing effect of the

C(CF3)2-- moieties as compared with C(0) in the chelating ligands, and this is
observed in the lower calculated stability of B[OC(0)C(0)O]2. However, these
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calculations

did not predict significant differences between stabilities for

B[OC(CF3)2C(CF3)20]f and B[OC(CF3)2C(0)O]f.

The potentials for the observed transition points (see Table 4.1) vary
significantly for intercalate anions. Because the reaction conditions are similar, and
overpotentials due to intercalation kinetics and associated stage gradients within the

graphite electrodes are minimized by the low charge rate,[18] the observed
potential differences should correlate to the energetics of GIC formation. An
obvious difference between these intercalation reactions lies in the gallery
dimensions for the GICs obtained. In a simple model, lattice enthalpies for these
two-dimensional ionic structures will be inversely proportional to the separation of

ionic charges. Figure 4.7 shows a plot of the potentials for the n=2 GICs vs.

lid1,

where d is the gallery height, for several GICs prepared by electrochemical

oxidation. The approximately linear relation confirms the utility of this simple
model, and therefore helps to explain the relatively high potentials observed for

intercalation of the large B[OC(CF3)2C(CF3)20]f and B[OC(CF3)2C(0)O]f
anions. Extrapolation of the plot to very large d, indicates that electrolytes stable at

>5.2 V vs. LifLi will be required to obtain highly separated graphene layers or
single-sheet graphene layer colloids layers that are analogous to those formed by
many layered hosts, including smectite clays,[37,38] metal disulfides,[39,40] and
titanates. [41,42]

The observed gallery heights,

d,

are in the range of 13.3-13.9 A for the

obtained stages of CB[OC(CF3)2C(0)O]2. Excluding the graphene layer thickness
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Figure 4.7
Relationship between oxidation potential for n=2 and 1/d. CPFo
and CAsF6 data are from reference 35, CHF2 data from reference 36.
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(3.35

A),

this corresponds to a gallery dimension of 10.0-10.6

A,

which is 0.6 A

smaller than that reported previously for CB [OC(CF3)2C(CF3)20]2. [18] Anion
dimensions are listed in Table 4.2. Since B[OC(CF3)2C(CF3)20]f has been shown
to adopt a "standing up" orientation in the intercalate galleries,[18] with the long zaxis aligned perpendicular to the graphene sheet, the slightly smaller expansion and
smaller

anion

"height"

(along

z)

imply

a

similar

for

orientation

B{OC(CF3)2C(0)O]2. The "standing up" model is supported by PXRD structure
refinement. The calculated and observed 1D electron density maps for this anion

orientation are shown to agree closely in Figure 4.8. The mole ratio of graphene
carbon to anion, i.e. x in CAn, was found to be 44 by structure refinement.

The value x in CAn indicates the reciprocal of graphene sheet charge
density. Potential-charge curves also allow coulometric determination of this value
using:

x?

96500 / (3.6) (12.011) (qapp)

(4.2)

where qapp is the charge applied in mAh/g. Graphite oxidation occurs in a potential

range where nonaqueous solvents are only kinetically stable, the charge applied
includes some electrolyte decomposition, and the x value obtained by coulometry

therefore represents a lower limit. Nitromethane generally shows less electrolyte
degradation than many electrolyte solvents (such as propylene carbonate, sulfolane
and etc.). [43] The x values for n=2 GICs determined at point din Figure 4.2 are

Calculated dimensions and graphene carbon atoms to anion molar ratios, x, at n = 2 for GICs. The anion
Table 4.2
dimensions include van der Waals radii of outer fluorine and oxygen atoms. (X, Y and Z are dimensions as shown in
Figure 4.1).

x

X

Y

Z

Gallery
expansion

Intercalate anion

(A)

(A)

(A)

(A)

from
coulometry

from structure
refinement

B[OC(CF3)2C(0)O]f

7.8

7.8

11.1

10.0-10.6

>28

44

B[OC(CF3)2C(CF3)20]f

8.3

8.5

11.3

10.7 11.2

>41

49
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a

b

& density

Figure 4.8
Refined structure model of CB[OC(CF3)2C(0)O]2, including 1D
electron density maps (a) derived from PXRD data and (b) calculated from the
structure model.
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provided in Table 4.2, and can be compared with those obtained from the same
products by PXRD structural refinement.

For GICs containing tetrahedral or octahedral anions, an x value of 45-48

is consistently observed at the very distinctive transition d in potential-charge
curves.[9-12,29,35,44] The invariability of qapp I graphene C at this transition for a

broad range of anions suggests that it is the graphene-layer charge density, rather
than the anion packing, that governs the stage transitions for GICs. Anions such as

MF6 or MCI6 require "footprints" (i.e. areas on the graphene surfaces) that are far

less than the areas available within a

C244

gallery (see Table 4.3). These GICs

therefore can have significant gallery void volumes. It is well known, for example,

that neutral intercalates can be accommodated into these voids with little or no
gallery expansion. [45-48]

For larger intercalates, however, it is important to consider the effect of

sterics. As seen in Table 4.2, the transitions for n=2 to n1 for the larger borate

chelate complexes are within the normal range for x. However, from the
calculations of required anion footprints in Table 4.3, it is evident that these larger
anions are closer to their steric packing limits. This steric argument helps to explain

the "standing-up" orientation of the larger anions: this effect has also been
described previously by Boehm and coworkers.[1 1] With the longer z-axis parallel

to graphene layers, i.e. in a "lying down" orientation where d1 is minimized, the

anions would require a larger footprint than that available at x=48 and n=2.
Therefore, larger x values would be required to allow this intercalate orientation.
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These results also indicate that the intercalation of larger, or more isotropic,
intercalate anions will impose steric limits for x and thus decrease charge density in

the GICs obtained. These GICs would be highly interesting, for a decrease in layer

charge density may lead to chemical properties that occur in other intercalation
compounds but not GICs, such as ion exchange, solvent swelling, or even solutionphase exfoliation.

Although the n=1 GIC cannot be obtained by these electrochemical
oxidations, CB[OC(CF3)2C(0)O]2 is very stable under ambient conditions. PXRD

data show that for n=2, the stage does not change after ambient exposure for over
150 h. This confirms that GICs obtained with borate chelate anions are less readily
degraded than most acceptor-type GICs.
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Calculated anion footprints for known and minimum gallery height
Table 4.3
orientations. The available surface area for C24 (where n = stage) is 63 A2/anion.
Areas were obtained by projection of anion atoms closest to graphene sheets onto a
single plane. The footprint is calculated as the smallest rectangular area containing

all projected atoms. This area does not allow for efficient packing and will
therefore somewhat overestimate the area required for an ensemble.

Anion footrint
area (A)

Anion

known
orientation

for
minimum d

MF6

32

32

MC16

45

45

N(SO2CF3)f

61

61

C8F17S03

39

81

B[OC(CF3)2C(0)O]f

55

79

B[OC(CF3)2C(CF3)20}f

65

92
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5.1 ABSTRACT

The preparation of graphite intercalation compounds (GIC's) of three
and

perfluorinated

alkylsulfonate

C2F5(C6F10)S03

is described for the first time. Pure stage 2 GIC's are obtained by

anions,

C10F21S03,

C2F50C2F4S03

chemical oxidation of graphite with K2MnF6 in a solution containing hydrofluoric

and nitric acids for 72 h. One dimensional electron density maps derived from

powder diffraction data are fit to obtain models for the intercalate gallery
structures: the structure models provide details on anion concentrations,

orientations, and conformations. In all cases, anion bilayers are observed with
anion sulfonate headgroups oriented towards graphene sheets. Compared with
structures calculated for the isolated anions, the intercalated anion conformations
show changes in dihedral angles, involving rotations about C-C or C-O bonds. For
the GIC containing C2F5(C6F10)SO3, the anion conformation change is related to
the more efficient packing of anions in the intercalate gallery.

Keywords: A. Graphite; B. Intercalation; C. X-ray diffraction; C. Modeling
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5.2 INTRODUCTION

Graphite is the one layered host that can be either oxidized or reduced to
form intercalation compounds. [1,2] When the graphene sheets are oxidized, anions

intercalate between the sheets, expanding the structure along the stacking direction.

Almost uniquely for graphite, this intercalation proceeds with long-range ordering
in the sequence of expanded galleries - the phenomenon known as staging. Stage 1
is the most highly oxidized phase, where intercalate occupies galleries between all

graphene sheets, stage 2 has alternate galleries occupied, stage 3 has every third
gallery occupied, and etc. This long-range intercalate ordering has been explained
by energy minimization: for graphite intercalation compounds (GIC's) the required
intercalate rearrangement can be facilitated by the unusual mechanical flexibility of
the graphene sheets. [2,3]

One significant synthetic obstacle to obtaining new oxidized (acceptor-type)

GIC's is the very high potential required for oxidation. The onset of graphite
intercalation typically occurs above 4.0 V vs. LiILi, and the required potentials

increase as oxidation continues and lower stages are generated. These high
potentials limit the synthetic opportunities to the use of very oxidatively robust
intercalate anions and solvents.

Oxidized GIC' s have been prepared with a broad range of intercalate anion

types, including tetrahedral or octahedral fluoro-, chloro-, bromo- or oxometallates, [1,2,4-8] tnfluoroacetate, [9] perfluoroalkyl-substituted sulfonyl imides
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or methides, [10,111 and perfluoroalkylsulfonates. [12-181 The expansion in each

occupied gallery when forming these GIC's ranges from

3.4 A for graphite

bifluoride, CITF2 [19] or graphite nitrate, CNO3, [20] to 22 A for CC8F17SO3.
[14,16-18] Our group has found that the oxidation potential is related to the degree
of expansion required to form the intercalate galleries, so that the highest potentials

(5.5 V vs. LiILI) are required to obtain low-stage GIC's with large intercalate
anions. [21] The intercalation of larger anions, and the associated formation of
highly expanded galleries, however, is a first step in exploring a broader range of
opportunities

in

graphite

chemistry

for

selective

sorption,

catalysis,

nanocomposition, and may even provide a synthetic route to colloidal single-layer
graphene sheets. [21,22]

The first and smallest perfluoroalkylsulfonate intercalate, CF3S03, shows

an expansion of 4.7 A, which is consistent with a monolayer arrangement of
intercalate anions. [12] Subsequent work on the electrochemical oxidation of

graphite in neat CF21SO3H (n=4,6,8) at elevated temperature, or at ambient
temperature in an acid/propylene carbonate electrolyte, produced the first GIC' 5

with a bilayer arrangement of anion intercalates. [13-15] Our group studied the

electrochemical formation of these GIC's [16] and subsequently developed a

simple bench-top method for large-scale syntheses. [17] The same chemical
method has also been employed to obtain new GIC's containing N(SO2CF3),
N(SO2CF2CF3)2, N(SO2CF3)(S02C4F9), and C(SO2CF3)3. [10,11] Due to surface

passivation and the hydrophobic nature of the intercalate anions, these products are
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far more stable under ambient conditions than most oxidized GIC's. [23] The
chemical method easily generates multi-gram quantities and requires no binders or
additives; this combined with the ambient stability of these products allows a more

detailed structural analysis from relatively high-quality powder X-ray diffraction
(PXRD) data. As an example, the degree of helical twisting of fluorocarbon chains
in the intercalate layer in CC8F17SO3 was examined previously. [18]

This

paper

describes

the

chemical

intercalation

of three

new

perfluoroalkylsulfonate anions; C10F21S03, C2F50C2F4S03 and C2F5(C6F10)S03.

The GIC's obtained are characterized by PXRD, and appropriate structural models
are generated by fitting the one dimensional electron density maps generated.

5.3 EXPERIMENTAL

SP-1 grade graphite (Union Carbide, avg. particle diameter = 100 nm),
perfluoro(2-ethoxyethane)sulfonic acid (C2F5OC2F4SO3H, Lancaster, 95%) and
potassium pentadecafluoro-4-ethylcyclohexylsulfonate (C2F5(C6F10)SO3K, Miteni,
98%) were used as received. Potassium perfluoro- 1 -decanesulfonate (C10F21S03K)

was prepared by adding 2.84 g KOH (Mallinckrodt, 88+%) to 100 mL ammonium
perfluoro-1-decanesulfonate (C10F21S03NH4, Aldrich, 25 wt% solution in water/2-

butoxyethanol). After reflux for 8 h, the white precipitate was filtered, washed with
distilled water and dried overnight at 100°C in vacuo. Yellow K2MnF6 powder was
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prepared using a literature method [24] by the reductive titration of KMnO4 (EM

Science, 99%) with H202 (Mallinckrodt, 30% aqu. soin.) in a KF (Lancaster,
99+%) / FIF (Mallinckrodt, 48 % aqu. soin.) solution.

GIC's were all prepared by a chemical oxidation method described
previously. [17] In a typical reaction, stage 2 CC10F21SO3 was obtained in an
ambient environment by stirring graphite powder (10 mmole) into a 30 mL solution

of K2MnF6 (2 mmole) and C10F21S03K (1 mmole) in 48% HF / 69% HNO3 (v/v =

70/30). After 72 h, the product was filtered and rinsed with 48% HF followed by
hexane, then dried in vacuo for 24 h.

Powder X-ray diffraction (PXRD) data were collected on a Siemens D5000

diffractometer using Ni-filtered

CUKa

radiation (1.5418

A).

A variable slit mode

was used; with the detector slit width set to 0.2 mm. Data were collected from 20 =
2° to 60° in 0.02° steps, counting for 9.6 s per step.

Optimal geometries for the isolated anions C10F21S03, C2F5OC2F4S03,
and C2F5(C6F10)S03 were initially calculated using the hybrid density functional

method (B3LYP) with a 321G* basis set and GAUSSIAN 98W software. The

geometries obtained are shown in Figures 5.1 (a), (b), and (c). Subsequent
optimization of the geometries to fit the diffraction results was carried out by
setting C atomic positions according to the desired change and optimizing F atomic
positions using the PM3 model and SPARTAN 02 software.

One-dimensional electron density maps were generated from both the
observed PXRD data sets and the calculated structure models. Structure factors
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Figure 5.1

Isolated anion geometries optimized for anions C10F21S03

C2F50C2F4S03 (b), and C2F5(C6F10)S03 (c).

(a),
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were obtained from the experimental data using:

]1/2

Fobs(OOl) = ± [11(1 +cos22O )/( sin2O cos

(5.1)

where 1 is the Miller index and I is the observed integrated peak intensity. Structure

models were assumed to adopt centrosymmetric unit cells; hence the structure
factors were calculated using:

Fcai

(001)

2fi

=

COS

(5.2)

(27t 1 zi)

i=1

where J is the angle-dependent scattering factor, [25]

Zj

is the fractional coordinate

along z, and n corresponds to half of the total atoms in the unit cell. Electron
density maps were generated from z=OO.5 at increments of O.004z using:

p(z) = (1 I c) [F0 + 2

m

(5.3)

F001 cos ( 2t 1 z)]

1=1

where c is the unit cell dimension, F0 is the zero order structure factor, and m is the
number of observed

reflections

(m=22,

16

and

17

for

CC10F21SO3,

CC2F5OC2F4SO3, and CC2F5(C6F1o)SO3 respectively). Structural refinement
involved minimization of the crystallographic R factor:
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R=

( k IFobs(001)I

I1cai

(001)11) I

(k IFobs(00l)I )

(5.4)

5.4 RESULTS AND DISCUSSION

GIC's

were

obtained

with

C10F21S03,

C2F50C2F4S03

and

C2F5(C6F10)S03 anion intercalates using a simple, bench-top ambient method, with
[MnnTF6]2

serving as the oxidant in a hydrofluoric/nitric acid solution. This

synthetic approach has been shown to generate stage 2 CC8F17SO3, with
intercalate anions forming expanded galleries between alternate graphene sheets.
[17] When a neat hydrofluoric solvent is employed, the oxidation does not proceed

fully to stage 2, resulting in a more complex GIC ordering involving a solid
solution comprising stage 2 and 3. [17] For the three intercalates in this study, all
PXRD reflections obtained after 72 h reactions can be indexed as (00!) reflections

for the pure stage 2 GIC's. (Figure 5.2) For the reaction with C2F50C2F4S03, we
believe this to be the first report of a fluoroether anion intercalate in graphite.

Gallery heights, indicating the distance between intercalated graphene sheet

centers along the stacking direction, were obtained by a best fit of the (00!) peak
positions. The values obtained (range is 22.9-34.5

A,

Table 5.1) indicate a large

expansion during intercalation, consistent in each case with the formation of
intercalate anion bilayers. The gallery height of 34.5 A observed in CC1oF21SO3 is
the largest expansion reported in the formation of a GIC with planar graphene
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Table 5.1

Fitting parameters for structure models of stage 2 CC1F21SO3, and CC2F5OC2F4SO3, and CC2F5(C6F1o)SO3.

Gallery

Graphene C

height,

to 0 plane

d1

Compound

Graphene C

Graphene C to

anion ratio,

F plane

F /0

distance

x

distance

ratio

(A)

(A)

(mollmol)

(A)

(mollmol)

CC11F21S03

34.5

3.20

20

3.5

1.2

CC2F5OC2F4SO3

22.9

3.20

22

3.6

1.2

CC2F5(C6F10)SO3

24.4

3.26

25

3.4

1.0

/
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sheets. A bilayer intercalate anion arrangement was described in detail previously
for CCsF17SO3; [17,18] the negative sulfonate headgroups in each anion layer lie

opposite the positive graphene sheet surfaces, with the fluorocarbon groups
extending into the gallery centers. The intercalate arrangement for the stage 2
GIC's is indicated in Figure 5.3.

After preparation, all three GIC's are relatively stable in ambient
conditions, i.e. no changes in PXRD patterns are observed over several days. This

contrasts the behavior of most acceptor-type GIC's, which are rapidly reduced on
contact with ambient moisture. This unusual stability can be related to the surface
passivity and hydrophobicity of intercalate galleries

for GIC's of large

perfluoroalkylanions, which has been described in detail for other GIC's containing

fluoroalkyl substituents. [23] Because the GIC's are stable, the PXRD analyses

provide a sufficient number and quality of peak intensities for a more detailed
structural analysis. Due to the preferred orientation effect, only (001) reflections are

detected at useful intensities, and structure modeling is therefore limited to fitting
the electron density along the stacking direction.

Several parameters related to intercalate gallery structure can be determined

according to the one-dimensional electron density maps generated from PXRD
data. (See Table 5.1)

Observed and calculated electron density maps are provided in Figures 5.4-

5.6, and will be discussed in detail below. A center of symmetry is assumed along
the stacking direction, therefore Figure 5.4-5.6 each show only a half cell (z=O-O.5),
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Figure 5.3
Schematic diagram of stage 2 CC10F21SO3, indicating the anion
bilayer structure and intercalate orientation within galleries.
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cx

S03/F

C10F21

*

(a)

0

0.1
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0.4

0.5

z

Figure 5.4
One-dimensional electron density maps for CC10F21SO3 derived
from PXRD data and calculated models: linear anion structure (a), dihedral angles
= 5

(b), 8° (c), and 15° (d). Open circles are observed data; solid lines are

calculated from structure models. Asterisks indicate second order peaks from the
graphene C plane. Anion conformations are shown to the right.
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0

0.1

0.2

0.3

0.4

0.5

Figure 5.5
One-dimensional electron density maps for CC2F5OC2F4SO3
derived from PXRD data and calculated models: linear anion structure (a), dihedral
angle=60° (b). Open circles are observed data; solid lines are calculated from
structure models. Asterisks indicate second order peaks from the graphene C plane.
Anion conformations are shown to the right.
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0

0

0.1

0.2

0.3

0.4

0.5

z

Figure 5.6
One-dimensional electron density maps for CC2F5(C6F1o)SO3
derived from PXRD data and calculated models; optimized isolated anion (a), ringC2F5 rotation angle=90° (b), 1000 (c), and 135° (d). Open circles are observed data;

solid lines are calculated from structure models. Asterisks indicate second order
peaks from the graphene C plane. Anion conformations are shown to the right.
Open and solid diamonds indicate F atom z-coordinates for the -CF2- and -CF3
pendant groups, respectively.
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including one of the two graphene sheets per unit cell in a stage 2 GIC.

For all the GIC's obtained, a large peak near z=0.05 arises from the planar

graphene sheets. A smaller peak, near z=0.1O-O.l3, as well as some apparent
density at z<0.02, are higher order effects of truncated Fourier transforms using the

limited number of intensity peaks available, and are ignored in subsequent
calculations. The observable second order effect noted above does not significantly

change calculations at higher z (Figure 5.7). These second order intensities are
indicated with asterisks in Figures 5.4-5.6.

The peaks labeled SO3IF in Figures 5.4-5.6 are related to the position of the

anion SO3 headgroups; these groups are oriented with 0 atoms lying in a plane
parallel to the graphene layer. Fitting this peak position and shape

(vide infra

for

additional details) provides the graphene C to 0 plane distance for each GIC.
Graphite nitrate has planar NO3 anions oriented parallel to the graphene layers,
and therefore has a similar structural parameter. For stage 1 CNO3, the graphene C

to 0 plane distance must be half the gallery height, or ½(6.5A)3.25A, [20] which
provides some useful guidance for expected values in the present study.

Initially, conformations were optimized for the isolated anions using a
hybrid density functional method, and these anions were placed into bilayers to
provide the starting model for each of the GIC's. The average peak intensity for all

the additional (fluorocarbon group) peaks was then used to obtain the ratio (x) of

graphene carbon to intercalate anions; this average intensity is not affected by
subsequent changes in anion orientation or conformation.
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Figure 5.7
Electron density maps along z determined from observed PXRD
data with 22 peaks (a), calculated from model with only graphene C sheets using 22
terms (b), and same calculation using 100 terms (c). Asterisks indicate second order
peaks from the graphene C plane.
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For all GIC's, the intercalate anion concentration, lIx determined as above,

provides a calculated SO3 peak intensity that is significantly smaller than that
observed. Previous work on CC8F17SO3 showed a similar result, and elemental
analysis as well as synthetic conditions indicated that the additional component of
the intercalate gallery was fluoride or bifluoride located near to the graphene layer

surface. The structure models therefore have added an F atom plane. The F plane
position and composition (expressed in terms of mol Ft mol 0 in sulfonate), and the

sulfonate 0 plane position are determined by a best fit to the observed 5031F peak

shape and intensity. The resulting parameters obtained (Table 5.1) are similar to
those reported for CXCSF17SO3, [18] and the graphene C to 0 distances are similar
to the expected value from the graphite nitrate case.

Observed and calculated electron density maps for these initial models are

shown in the bottom set of curves provided in Figures 5.4-5.6, with anion
conformations provided to the right for each case depicted. The peaks associated
with fluorocarbon group closest to the SO3 headgroup show a much better fit to this

starting model than those nearer the gallery center. In each case, the fluorocarbon
peaks at higher z, that is, those associated with groups closer to the gallery centers,

can be fit by adopting a single additional structural parameter that modifies anion
conformations. The best fit structure models developed for each GIC are described
separately below.
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CCjoF21SO3

A linear C10F21S03 chain conformation would display equally sized and
spaced peaks in the electron density maps due to the repetition of nearly co-planar

C2F4 and C2F5 groups (as shown in the solid line calculated from the linear
model in Figure 5.4a). The observed electron density map, however, indicates that
these peaks become more diffuse near the gallery center. The discrepancy suggests

a non-linear chain orientation, the well-known helical chain conformation, as
observed in poly(tetrafluorethylene), leads to decreased co-planarity of these
groups as the chain extends from a fixed point. In this case, the fluorocarbon peak

at lowest z for the linear case matches that observed. A chain twist was therefore

induced after the first C2F4 group bound to S by applying a constant dihedral
(twist) angle about the subsequent CC bonds. The helical models were finally
obtained by minimizing the energy for F-atom positions in each conformation.
Figures 5.4 b-d show the anion conformations and calculated electron density maps

for models with dihedral angles set to 5, 8 and 15°. Larger dihedral angles cause
greater broadening of the peaks closer to the gallery center, most noticeably for the

peaks at O.39z and O.45z. As the chains are more sharply twisted (with larger
dihedral angles), they are also somewhat less extended and anion electron density
shifts slightly towards graphene layers. This result also matches those observed. A

best fit is obtained at a dihedral angle 8°. This result can be compared to that

reported previously for CC8F17SO3 (16°), [18] or that reported in crystal

152

poly(tetrafluoroethylene) (28°), [26] or in isolated molecules of perfluorinated nalkanes (15°). [27]

CC2F5OC2F4SO3

As above, the electron density peak at lowest z (arising from the C2F4
fluorocarbon group) fits well with the linear conformation obtained for the isolated

anion, thus only the dihedral rotation angle about the C-0 and 0C bonds was
optimized. In this case, the shorter chains require more rotation to fit the observed

data. A significant rotation (6O°) about each bond provides the best fit to the
observed data (Figure 5.5).

CC2Fs(C6Fjo)SO3

For the cyclohexyl ring structure and adjacent CF2 group, the changes in
dihedral angles required to affect significant electron density map changes result in

a large conformation energy increase, therefore only the CC bond in the CF2CF3

group was rotated in the structure model. The conformations obtained from three

different rotations about this bond (90, 100, and 130°) are shown in Figure 5.6,
which also indicates the intercalate anion conformations and z-coordinate positions

of F atoms in the CF2CF3 group. For the isolated anion, the calculated lowest
energy conformation has CF3 tail oriented towards the SO3 headgroup. The high
electron density that results from the z-coordinate overlap of CF3 atoms with ring

atoms (calculated peak at z=0.35 in Figure 5.6a) does not fit the observed data.
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Also absent are calculated peaks at z=0.41 and 0.48 arising from the ring atoms,
and the adjacent

CF2 group, respectively. Rotation of the CCF3 bond by

1000

towards the gallery center results in both the decrease of electron density near

z=0.35, and a shift and merging of the two higher z peaks, which agrees with
observed data. Upon further rotation (Figure 5.6d), however, the calculated density

map again shows the separation of this broad single peak into two discrete peaks

due to the extension and reorientation of the terminal CF3 group. The anion
conformation in this GIC is therefore changed markedly from the isolated anion
calculation, with the CF3 group rotated outwards towards the gallery center.

Graphite intercalates generally form monolayers in galleries and are
oriented so as to minimize the gallery height. This minimum expansion optimizes

the electrostatic attractions of positive graphene sheets to anions, and therefore
provides the most favorable lattice enthalpy term for GIC formation. In a few cases,

where the intercalates are large or highly asymmetric, their arrangement or
orientation appears to be influenced by the steric limits associated with fitting
larger anions into an appropriate packing density. Two specific examples are the
bilayer arrangement observed with longer-chain alkylsulfonates, [13-18] and the
"standing up" orientation adopted by the borate chelate intercalates. [21,28] In the
present study, the observed conformation change in C2F5(C6F10)S03 may also be
related to the steric requirements of intercalate packing.
Using
C2F5(C6F10)S03

space-filling

models,

the

closest

approach

of

different

conformations in an anion bilayer was determined along two
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orthogonal dimensions (one corresponding to the longest in-plane anion
dimension), as shown in Figure 5.8.

Table 5.2 lists the calculated anion repeat distances, along with the required

anion footprint (the product of these distances, which corresponds to the
rectangular area required to enclose the anion), and the required overlap of the two

anion layers at the gallery center. The figures and calculations indicate a decrease

in anion footprint upon rotation of the CC bond to orient the CF3 away from the
SO3 headgroup. On the other hand, this rotation also increases the overlap of the
anion bilayers. A small overlap (1-3

A),

corresponding to nestling of the two anion

layers, has been observed previously. [13-18] On the other hand, the negative value

obtained for the isolated anion case indicates that the layers are not in contact,
which, apart from the poor fit to observed electron density map, clearly rules out
this structure solution. The final conformation appears to represent a compromise

between higher packing efficiency and minimum gallery height.

This then

represents a unique case for GIC's, where intercalate conformation changes are
related to packing requirements.
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d

d

d

d

(a)

(b)

Figure 5.8
Illustration of anion closest approaches for C2F5(C6F10)S03
conformations with CF2-CF3 dihedral angles 0 (top set) and 1000 (bottom). The
rotation of the terminal CF3 allows a closer approach along x.

ILi1

Table 5.2

Effect of CF2CF3 rotation angles on calculated anion spacing (d
in Figure 5.8), footprint, and overlap between anion layers for

and d

CC2F5(C6F10)SO3.

Isolated

1000

135°

180°

anion

rotation

rotation

rotation

d

(A)

7.8

6.9

6.5

6.6

d

(A)

7.7

7.7

7.7

7.7

Anion footprint (A2)

60

53

50

51

Bilayer overlap

-0.8

0.1

0.5

0.6
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CHAPTER 6
CONCLUSION

The

graphite

intercalation

(perfluoropinacolato)borate

anion,

bis(hexafluorohydroxyisobutyrato)borate

compounds

(GICs)

containing

(B [OC(CF3)2C(CF3)20]f),

B [OC(CF3)2C(0)O]f,

anion,

the
and
are

obtained for the first time by the electrochemical oxidation of graphite. GICs up to

stage n=1 containing B[OC(CF3)2C(CF3)20]f have been prepared, but only GICs
with stage n=2-4 in the B[OC(CF3)2C(0)O]f electrolyte. These two GICs have the

gallery height of 14.0

14.5

A and 13.3-13.9

A,

respectively. The 1-dimensional

electron density map indicates that the intercalate anions adopt "standing up"
orientation in the gallery, leading to much lower layer charge density than most
other acceptor-type GICs. The GICs containing B[OC(CF3)2C(CF3)20]f are more

stable when exposed to ambient condition than most acceptor-type GICs; even the
stage

1

material will persist in air for hours. The stability requirement for

electrolytes is also extrapolated for highly separated graphene layers or single-sheet

graphene layer colloids from the linear relation of intercalation potential to
reciprocal of gallery height of large anion intercalates.

Pure stage 2 GICs of three perfluoroalkylsulfonate anions, C10F21S03,
C2F50C2F4S03 and C2F5(C6F10)S03, are prepared by the chemical oxidation of

graphite. The structure models derived from the fitting of 1-dimensional electron

density maps provide details on anion concentrations, orientations, and
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conformations. All these GICs adopt bilayer arrangement of intercalates with anion

sulfonate headgroups oriented towards graphene sheets. Compared with structures

calculated for the isolated anions, the intercalated anion conformations show
changes in dihedral angles, involving rotations about C-C or C-O bonds.
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