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The electrochemical oxidation of porous graphite powder electrodes in

CH3NO2, CH3CN, and propylene carbonate (PC) electrolytes containing PF6 or

CI04 are examined. The efficiencies of the galvanostatic charge process in the

different electrolytes are estimated from potential-charge plots. The stabilities

of the intercalation compounds are also evaluated by a recharge method. The

CH3NO2-based electrolytes with both anions yield charge efficiencies greater

than 90% up to a charge input of 4 C /mmole carbon (C24+), and the oxidized

products are stable in the electrolyte solution. Air-stable graphite compounds,

CAF17S03, x = 11 - 55, are prepared by electrochemical oxidation of highly

oriented pyrolytic graphite (HOPG) chips or SP-1 graphite powder in

LiC8F17S03 (sat.) / CH3NO2 electrolyte. The graphite compounds obtained are
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characterized by XRD, SEM, TGA, mass and thickness changes. The

intercalated gallery height, di, is 24.6 A indicates that C8F17S03" forms a bilayer

structure within the intercalated galleries.

Photo luminescent surfaces are formed by the electrochemical oxidation of

irradiated n-Si in an anhydrous hydrogen fluoride (AHF)/KF electrolyte. The

oxidized surface exhibits an efficient visible photoluminescence (PL) at room

temperature. The peak wavelength occurs at 580 nm, blue-shifted in

comparison with peaks obtained on samples etched in aqueous hydrofluoric

acid. The exclusion of water and oxygen, and the chemical instability of Si-0 in

AHF, indicates that the formation of siloxene is not required for

photoluminescence in porous silicon. The stability and luminescence of

siloxene in AHF is described and supports this conclusion. A porous,

luminescent surface is also produced on n-Si by photochemical reaction. The

photoluminescence spectra of the resulting surfaces are similar to those

obtained by the anodization method. A porous surface is only produced when

electrical contact is made between the n-Si disc (unirradiated side) and a metal

surface such as Au or Hg.
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Electrochemical Synthesis and Characterization of Graphite
Intercalation Compounds and Luminescent Porous Silicon

Chapter 1

Introduction

1.1 Thesis Organization

This thesis is divided into 7 sections. Chapter 1 gives a general

introduction of graphite intercalation compounds and porous silicon along with

the basic goals and details of the experimental methods utilized. Chapter 2

describes the electrochemical synthesis of CXPF6 and CXCIO4 in organic

electrolytes. Stabilities of the products and current efficiencies have been

investigated. Chapter 3 concentrates on preparation, characterization and

exfoliation of graphite perfluorooctanesulfonate. A novel bilayer intercalation

structure with a gallery height of 24.6A is identified for these compounds.

Chapter 4 covers a scanning-tunneling microscopy study on pressed graphite

and TaS2 powders. Chapter 5 and 6 focus on photo-assisted electrochemical

and photochemical synthesis of photoluminescent porous silicon. The

mechanism of the formation of porous structure and the photoluminescence are

described. Chapter 7 summarizes the overall results.
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1.2 Introduction of Graphite Intercalation Compounds(GICs)

1.2.1 Structure of graphite and GICs

The hexagonal graphite structure consists of flat planes of carbon atoms

(graphene sheets) stacked parallel to each other in a sequence of (AB), [1].

Within each layer, carbon atoms are linked at a distance of 1.42 A by sp2

bonding along with n-bonding to form a hexagonal network. The layer planes

are weakly bonded at a longer distance of 3.35 A, as shown in Fig. 1.1.

Because of its two-dimensional structure, graphite exhibits anisotropic

properties. In the direction parallel to the layer planes, it exhibits metallic

properties, while in the c direction it behaves like a semiconductor. For

example, the electrical conductivity [2] parallel to the planes is at least 2 - 3

orders of magnitude greater than that along the c axis (5 S-cm-1 at 25°C) due to

the conjugation extended through the carbon planes. A simplified band model

is shown in Fig. 1.2. The empty conduction band and fully-occupied valence

band are formed by the overlap of anti-bonding n orbitals and bonding n

orbitals, respectively. The band gap of graphite is close to zero, therefore

graphite can serve as either an electron donor or an electron acceptor. When

the filled valence band is partially depleted or the empty conduction band is
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Fig. 1.1 Structure of hexagonal graphite
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Fig. 1.2 Energy band representation of (a) graphite, (b) acceptor-type GIC,
and (c) donor-type GIC
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partially filled, the conductivity increases dramatically due to an increase in the

carrier concentration near the Fermi level.

Intercalation compounds is the staging phenomenon, which refers to the

ordering of occupied layers in a partially intercalated compound. It is a common

practice to classify graphite intercalation compounds (GICs) by a stage index,

n, which denotes the number of graphite layers between adjacent intercalate

layers, as is illustrated in Fig. 1.3. I, denotes the unit cell repeat distance, and

d, is the gallery height of intercalated layer along the c axis. It can be seen the

following relationship holds for GICs:

I, = di + 3.354 A (n - 1) (1)

1.2.2 Chemical Synthesis of Graphite Intercalation
Compounds

The two-dimensional carbon network formed in graphite is held together by

strong covalent interactions. However, graphite can undergo intercalation

reactions because of the relatively weak bonding between sheets. The

intercalation reaction always involves a redox process, electrons can be

removed from the valence band by oxidation and anions inserted between

sheets to satisfy the neutrality condition, this produces acceptor-type graphite

intercalation compounds. Alternatively, donor-type compounds with cationic

intercalants can be synthesized using strong reducing agents that donate

electrons into the graphite conduction band (Fig. 1.2b, 1.2c). In both cases, the
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Fermi level is moved into a higher density of states, forming a metallic

conductor. For example, reaction of graphite with pentafluorides, such as SbF5

and AsF5, gives rise to hexafluorometallate salts (eqn. 2) with very high room

temperature electrical conductivity along ab plane - up to 108 S-m-1 to GICs [3,

4], much higher than metallic copper. In equation 2, AsF5 is the oxidizing

agent, the typical value of x = 24 corresponds to a first-stage compound which

is dark blue in color. A donor-type compound can be synthesized by heating

graphite with potassium at 200°C in a sealed tube [5], the first-stage product

(x = 8) has a gold color (eqn. 3).

2Cx (s) + 3AsF5 (g) = 2CxAsF6(s) + AsF3 (g) (2)

C,, (s) + K (g) = C,K (s) (3)

Insight into the energetic aspects of graphite intercalation reaction can be

gained by consideration of a Born-Haber cycle (Fig. 1.4). AH for the oxidative

intercalation reaction equals the sum of the expansion energy of graphite, the

ionization energy of graphite, the electron affinity of intercalant and the lattice

enthalpy. Notice .6,H must be negative for spontaneous reactions since AS for

the intercalation reaction is always negative.
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1.2.3 Electrochemical Preparation of Graphite Intercalation
Compounds

Aside from chemical preparation using strong oxidizers and reducers,

GICs can also be formed electrochemically (Table 1.1). In fact, there are some

advantages in the electrochemical method. Electrochemical reactions are more

readily controlled so that intermediate phases not obtained by chemical

reactions can be isolated, also, a related series of intercalation compounds

Table 1.1 Electrochemical intercalation of GICs

General reactions Examples* Reference

oxidative intercalation:

nC + A- --+ CnA + e'

reductive intercalation:

nC + A++ e- --+ CnA

24C + HF2 -+ C24HF2 + e_

8C + Li+ + e -+ c8Li

* In most cases, intercalated ions are solvated, although the solvating molecules are not shown

in the formulae.

can often be achieved by simply changing the ionic species in the electrolytes

employed. With the electrochemical method, the extent of intercalation
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reaction (and often the stage of the compound) can be continuously monitored

by potential-charge plots and coulommetry. During the reaction, the graphite

electrode generally will undergo a series of phase changes corresponding to

the formation of successively lower stages, until a first-stage compound is

achieved, Fig. 1.5a shows a hypothetical galvanostatic charging curve for a

graphite oxidation reaction. Notice that the electrode potential does not

increase monotonically with charge input. The plateaus indicate stage

changes that fix the electrode potential for a certain range of charge. For

example, second-stage to first-stage conversion starts at point I and ends

at point J, where an abrupt potential change means the second-stage

compound has been completely consumed. If the charge density (or intercalant

concentration within occupied galleries) for all stages is equivalent, the charge

required to form a first-stage compound should be twice that for a second-

stage, three times that for a third stage, and so on. For comparison, an actual

charging curve is obtained by galvanostatically oxidizing graphite in anhydrous

HF containing LiPF6 ( Fig. 1.5b). Anhydrous HF and PF6 are chosen because

of their high oxidative stabilities, which provide for a high charging efficiency

(>99%). The resulting oxidation curve fits reasonably well to that expected by

the above model.

Since a high electrode potential (about +1.5V vs SCE for low-stage

graphite compounds) is required to oxidize graphite, the selection of
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electrolytes requires careful consideration. Oxidative ly-stable anions such as

CI04 , PF6-, Cr,F2.S03 must be employed and the solvent must also be stable

towards oxidation at these potentials. Except for concentrated acids like 98%

H2SO4, aqueous solutions are not suitable due to decomposition of H2O

according to the following reaction,

2H20 = 02 + 4H+ + 4e- (4)

E° = 1.23 V vs NHE at pH = 7.

Anhydrous HF (AHF) is highly stable against oxidation, E°(F-/F2) = 2.8 V vs

NHE, but its toxicity and corrosive nature make it an inconvenient and

hazardous solvent. However, several polar organic solvents, such as

propylene carbonate (PC), acetonitrile (CH3CN) and nitromethane (CH3NO2),

are also known to be quite stable against oxidation. L. Bonnetain and A.

Metrot have reported the preparation of CXMF6 (M=P, As and Sb) in PC and

nitromethane [8, 9]. In chapter 2 of this thesis, we examine the stabilities and

efficiencies of these solvents and CH3CN in the formation of graphite

intercalation compounds with PF6 and CI04.
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1.2.4 Battery Applications of GICs

1.2.4.1 Advantages of Graphite-based electrodes

The development of low-cost, high-energy-density batteries has become

an increasingly significant issue. The performance of the rechargeable power

supply is a key restriction in the development of many microelectronic systems

such as mobile workstations, communication devices and electrical vehicles.

Graphite has the appropriate structure to permit ionic and molecular

species to diffuse between the layer planes and form intercalation compounds,

suggesting that useful electrode materials for electrochemical energy storage

can be derived. Low-cost, light-weight and non-toxicity also make graphite

attractive for battery applications. For example, the theoretical capacity for the

discharge reaction of graphite fluorides to carbon and F- is 864 Ah/kg for (CF).

A high performance GIC-based primary Li/LiCI04,propylene carbonate/(CF),

cell was first commercialized in 1982 [10]. The specific advantages of this cell

are (a) high specific energy (i.e., 360 Wh/kg), (b) high cell voltage (i.e.,

nominally 3V), (c) low self-discharge (i.e., about 0.5% per year at room

temperature), and (d) flat discharge potential. Graphite can also be

considered for use in high performance secondary batteries because the

intercalation/de-intercalation process is highly chemically reversible [11].
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1.2.4.2 Our Research Goals and Strategies

Despite these basic useful properties for graphite-based electrodes, there

have been problems associate with the application of these electrodes. One

difficulty has been associated with the stability of electrolytes towards the high

electrochemical potentials of the oxidized acceptor-type compounds.

Electrolyte stability is a significant issue in that some cell parameters such as

shelf-life (or self-discharge rate), cyclability, and charge efficiency are directly

related, and parameters such as power density can be affected if the

decomposition occurs in a manner to increase the overall cell impedance. One

goal of this thesis, detailed in Ch. 2, was to examine the electrolyte stabilities,

and related charge efficiencies, for some of the known electrolytes employed in

GIC synthesis.

The power density for a battery (measured in units of W/g) is directly

related to the intercalation/de-intercalation reactions at the electrodes.

Unfortunately, most intercalation reactions are relatively slow due to the slow

diffusion of intercalates within the galleries. The most significant effects on

kinetics are reaction temperature, active electrode areas (related to the particle

dimensions for the active materials) and the sizes of the intercalant. The

reaction rate can be increased by increasing temperature, but this is

undesirable due to following two reasons: first, it is inconvenient to let a battery
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work at elevated temperatures, and secondly, GICs will decompose at high

temperature ( > 200°C). An effective way to improve reaction rate is to use

graphite powder as the host material which dramatically increases the active

surface area. The diffusivity of intercalates (anions) will decrease as the anion

size increases. These effects can be investigated by measuring the cyclic

voltammetry curves and the overpotentials against the anion size. An

alternative approach to improve the kinetics is to find a new GIC structure that

provide a higher diffusivity, such as a pillared structure in which a small portion

of larger sized intercalates open up the galleries permanently and, therefore,

smaller intercalates can move freely inside the galleries. The details of the

synthesis of GICs with a very wide gallery-opening (- 25 A) will be described in

Ch. 3.

Air stability is also important in many GIC applications. So far, no GIC has

been reported to be air-stable. In this thesis, synthesis of air-stable GICs will

be carried out. The strategy to approach this goal is to insert anions with long

alkyl tails which may aggregating together and become immobile in the

galleries due to the interaction of alkyl chains.
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1.3 Introduction to Electrochemical Synthesis of Porous Silicon

1.3.1 Background

Silicon is one of the most important technological materials and is most

widely used in the semiconductor industry. However, the development of

silicon-based optoelectronic integrated circuits has been inhibited due to an

inability to fabricate efficient light emitting devices. This is a direct

consequence of the indirect band structure of the material, the maxima of the

valence band and minima of conduction band are located at different regions in

k space [12], so that electronic transitions require a change in momentum that

can not directly exchange with a photon. Recent observations of efficient

photoluminescence [13] from anodized porous silicon have stimulated

considerable research interest on the physical mechanisms of the light

emission.

A porous silicon surface layer can be formed by electrochemical and

chemical oxidation of a Si wafer. The most common method is to

electrochemically oxidize doped Si in hydrofluoric acid (48% HF). The size of

pores generated can range from micrometers to nanometers [14, 15].

The origin of the observed luminescence remains highly controversial.

Several different mechanisms have been proposed in literature [16 - 28]. The
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first one is based on the quantum confinement arising from the microstructure

of the surface [16 - 21]. Due to its high porosity, the surface silicon layer

appears to consist of isolated Si dots or columns with nanoscale dimensions

and the energy band structure therefore may differ significantly from that of

bulk Si. In support of this theory, the energy of the photoluminescence and its

variation with porosity are found to agree well with predictions for a quantum-

size effect and the transmission electron microscopy (TEM) data obtained also

support the existence of crystalline Si domains in the etched surface with

dimension small enough (5 nm) to expect such phenomena [16]. Another

proposed mechanism ascribes photoluminescence to the formation of siloxene

(Si6H603) or related molecular species whose photoluminescence spectrum is

similar to that observed for the porous silicon [22 - 24], Finally, others [25 - 30]

have suggested that the presence of an amorphous silicon (Sill)) in the porous

silicon layer may be responsible for the observed photoluminescence.

1.3.2 Research Goals and Strategies

In general, the photoluminescent characteristics of quantum-sized Si,

siloxene and amorphous Si are quite similar to that of porous silicon, namely,

broad spectra with peak energies in the range of 650 -750 A. For the typical

etching in HF aqueous solution, the dangling Si bonds in the porous silicon
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layer may be terminated by H, 0, or F, which may make the surface

composition complicated. The first goal of our research was to simplify the

synthetic route by excluding oxygen from the preparation, thereby, eliminating

the presence of Si-0 bonds, and potential formation of siloxenes. This was

accomplished by using an anhydrous electrolyte (KF in anhydrous HF).

The second goal was to investigate the photosynthesis of porous silicon,

namely, an electrochemical etching process without applying an external

potential. It is well known that a liquid/semiconductor junction forms when a

semiconductor is put into a liquid electrolyte [31]. A band structure

representation of the semiconductor/liquid interface is shown in Fig. 1.6.

Usually, the Fermi energies (electrochemical potentials) of the semiconductor

and the redox reaction are located at different levels (the difference is labeled

as Av in fig. 1.6 (a)) prior to junction formation. When the semiconductor and

the electrolyte contact each other, electrons flow through the interface from

high energy level to low energy level until reaching an equilibrium state. At

equilibrium, the Fermi energy of the semiconductor surface is moved to the

same level of the redox reaction, so that no further net charge transfer can

proceed. Because of shift of the Fermi level, the energy band is bent with a

depth of w, in the semiconductor surface region which results in an internal

electric field, E, as is shown in fig. 1.6 (b). If such a semiconductor/liquid

junction is illuminated, photons with energy higher than band gap energy, Eg,
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Fig. 1.6 Band structure of liquid/n-semiconductor junction. (a) before contact, (b) after contact
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can be absorbed by the semiconductor and generate electron-hole pairs. If

generated in the depletion region (w.), these e-- h+ pairs will be separated by

the internal electric field and produce a voltage between the illuminated (front)

and unilluminated (gold coated) Si surfaces. For the n-Si, holes will move

towards front surface and generate a positive potential on the illuminated Si

surface. We found this photo-induced voltage (- 0.5V) sufficient to oxidize Si

to form a porous layer. One obvious advantage of photochemical synthesis is

that no electrical leads are needed which simplifies the sealing of the reaction

system. Ch. 6 reports the first example of the electroless generation of porous

Si in AHF.

1.4 Experimental

1.4.1 Electrochemical Oxidation of Graphite

1.4.1.1 Electrochemical cell for anhydrous organic electrolytes

A two compartment glass cell with a coarse glass frit separator was

employed; the working compartment volume was 30 ml (Fig. 1.7). Graphite

electrodes were formed by painting a cyclohexane slurry of about 50 mg of

graphite (Union Carbide SP-1 grade, avg. part. dia. =100 urn) and 3-6 wt %

binder (ethylene propylene terpolymer, Exxon Chemicals, Houston, TX) onto Pt
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mesh (nominal area =1 cm2) or folding HOPG (5 mm x 5 mm x 1 mm) into a Pt

mesh. Cells were assembled under dry N2 and an airtight seal was maintained

during the experiment. The preparation of electrodes and the cells is described

in detail in subsequent chapters.

1.4.1.2 Cell for anhydrous hydrogen fluoride (AHF) electrolyte

The working electrodes were prepared as described above. The reference

electrode was freshly-cleaned Cu wire. CuF2, which is not appreciably soluble

in AHF, is spontaneously generated at the Cu surface. The counter electrode

was formed from a coiled lm length of freshly-cleaned Cu wire. Electrode leads

were heat sealed into 3/8 " FEP Teflon tubing and connected via Swagelok

compression fittings to a Kel-F union cross. NaPF6 was loaded into the cell in a

drybox, and AHF was condensed into a flexible reservoir and poured into the

cell (Fig. 1.8). Since the electrochemical products may have a limited stability

in the organic electrolytes following oxidation, samples from the graphite

electrodes were immediately evacuated and loaded into 0.5 mm capillaries

(Charles Supper Co., glass for CI04 salt, quartz for PF6 ). The capillaries were

plugged with halocarbon grease in an inert atmosphere and sealed with a

micro torch. The exposure of these samples to the electrolyte following the
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oxidation was thereby minimized. In a dry atmosphere, other samples were

loaded into 0.7 mm capillaries along with a small amount of the electrolyte, and

similarly sealed. These samples were therefore exposed to the electrolyte for

the duration of the diffraction experiment (approx. 12 hrs). Powder X-ray

diffraction data were collected using the Debye-Scherrer method (Cu Ka

radiation) or an Enraf-Nonius Guinier camera.

1.4.1.3 Synthesis of CAO3CyF2y0 and Electrochemical Characterization

NaSO3CF3 (Aldrich, 98%) and KSO3C4F9 (Aldrich, 98%) were dried by

heating in vacuo at 80 °C for 48 hrs. LiSO3C8F17 (3M, experimental product)

was dried by reacting with F2 under 1 atm at room temperature for 24 hrs. All

electrolytes were nitromethane (Aldrich, 99+%) with saturated salt. The

preparation of electrodes and cells is the same as described previously. Cyclic

voltammetry and current pulse methods are employed to characterize the size

effect on the kinetics. The voltage sweeping rate was 0.2 mV/s for cyclic

voltammetry. A 50% duty cycle was used for current pulse with a period of 120

secs. Structural analyses were carried out by Debye-Scherrer method (Cu Ka

radiation). GIC powder was sealed into a 0.7 mm quartz capillary under an inert

atmosphere. HOPG samples were found to be stable in air within the
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measurement period, therefore, an X-ray diffractometer with standard sample

cell was employed for analysis.

1.4.1.4 High temperature X-ray diffractommetry and TG Analysis

Since graphite compound intercalated with very large anions (C8F17S03)

are quite stable in air, a high temperature X-ray diffractommetry can be

conveniently set up. An aluminum sample holder with a buit-in heating element

filled with aluminum powder was used for high temperature X-ray diffractometry

measurement. The sample was mounted on the top of aluminum powder and

the temperature was sensed directly underneath the sample with a Pt/Pt-Ru

thermal couple. A thin layer of GIC sample was employed to avoid too much

thickness change due to temperature increasing.

1.4.1.5 Electrochemical exfoliation

An HOPG sample (4 mm x 4 mm x 1 mm) was folded into a Pt mesh as a

working electrode. It was first oxidized in 98% H2SO4 to insert HSO4 , then,

the electrode was rinsed with acetone for 5 secs and the weight uptake was

measured (Occasionally, the structure was checked by running XRD analysis).
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The electrolyte was then replaced with nitromethane containing saturated

LiC8F17S03 for the next step oxidation to exfoliate graphite.

1.4.2 Synthesis of Photo luminescent Porous Silicon

1.4.2.1 Electrochemical synthesis

Working electrodes were prepared from laser-cut n-Si discs with a

polished (100) surface (Vacker Siltronic, R = 0.4 - 0.7 Q cm, dia. = 12 mm,

thickness = 0.5 mm) by vacuum deposition of a thin layer of gold on the

unpolished surface. A Pt lead was press-contacted to the gold layer, and a Pt

counter/reference electrode employed. The I-V characteristics of the Au-Si

contact was obtained by running cyclic voltammetry from -1V to 1V. The leads

were heat-sealed into 3/8 " FEP Teflon tubing and connected via Swagelok

compression fittings to the teflon or Kel-F cell body. KF (Aldrich, 99%, flamed

in vacuo, 0.2 M in AHF) was loaded into the cell under Ar. Anhydrous HF

(AHF, Mattson, dried over SbF5) was condensed through a metal vacuum

system into a flexible reservoir and poured into the cell (Fig. 1.9). Several

freeze-pump-thaw cycles were then performed to remove traces of volatiles

such as 02. In other experiments, HF was dried by an electrolytic method, with
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similar results obtained. The residual water content of AHF was tested by

conductance measurement.

The n-Si electrodes were etched at ambient temperature by galvanostatic

oxidation at 0.2 mA/cm2 for 2 hrs using a PAR M362 potentiostat/galvanostat.

An incandescent microscope lamp (tungsten filament bulb, incident irradiance

approximately 100 mW/cm2) was focused onto the disc surface during the etch.

The pressure of the cell was monitored by a Helicoid gauge (0 - 1500 torr)

connected to the metal vacuum line. After the etching process, AHF was

removed by evacuation, and the discs were washed with fresh AHF to remove

traces of KF. PL spectra were then either acquired in situ AHF or after

transferring the discs into a quartz cell containing an inert atmosphere.

Aqueous cells consisted of a plastic beaker or tube filled with 48 % hydrofluoric

acid (Mallinckrodt, AR grade) and the electrodes described above, except that

the gold-coated surface was contacted to a Pt lead with In-Ga alloy. The alloy

was protected from the electrolyte with a silicone epoxy.

1.4.2.2 Photochemical Synthesis

Laser-cut discs of (100) n-Si (R = 0.4 - 0.7 0 cm, dia. = 12 mm, thickness

= 0.5 mm), polished on one side, were obtained from Vacker Siltronic. A thin

gold layer was vacuum deposited on back of some of the discs; others were
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untreated. For experiments using anhydrous HF (AHF), the n-Si discs were

placed in a teflon tube and liquid AHF (Mattson, dried over SbF5 or by

electrolysis) was condensed in. Dissolved volatile species were removed by

evacuation of the anhydrous system at -80 °C. The polished surfaces were

irradiated at ambient temperature with an incandescent microscope lamp

(tungsten filament bulb, incident irradiance approximately 100 mW/cm2).

Unless otherwise reported, irradiation times were 1 - 3 hours. PL spectra were

acquired after dry-box transfer of the discs into a quartz cell containing an inert

atmosphere. For other reactions, aqueous HF (48 %, Mallinckrodt) was used

as supplied.

1.4.2.3 FTIR analysis

The stability of molecular silicon-oxygen compounds in AHF was examined

via FTIR spectroscopy of siloxene prepared by Wohler's method before and

after exposure to AHF at ambient temperature. The spectra were obtained

using a white-oil mull pressed between NaCI discs. After AHF exposure the

mull was prepared in an inert atmosphere, and the salt disk edges sealed with

Teflon tape to prevent air from contacting the sample.
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1.4.2.4 Photoluminescence Measurement

Luminescence (PL) and photoexcitation (PLE) spectra were digitally

recorded with a spectrometer assembled at O.S.U. Excitation light from a 300

W Xe lamp is dispersed with a Cary Model 15 double prism monochromator

and focused to a 5 mm2 image at the sample. Luminescence is passed through

an Oriel 0.125-m monochromator and detected with a Hamamatsu R636 PMT.

Spectra are corrected for the spectral output of the excitation setup and the

throughput of the detection system.
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2.1 Abstract

A systematic evaluation of the electrochemical oxidation of porous

graphite powder electrodes in CH3NO2, CH3CN, and propylene carbonate (PC)

electrolytes containing PF6 or CI04 is described. The graphite compounds

obtained are characterized by X-ray powder diffraction while in the electrolyte

solution and following evacuation. The potential-charge curves reveal a

number of common features which are used to estimate the efficiency of the

galvanostatic charge process in the different electrolytes. The stability of the

intercalation compounds are also examined by a recharge method. The

CH3NO2-based electrolytes with either anion yield charge efficiencies of greater

than 90 % to a charge input of 4 C/mmole carbon (C24+), and the oxidized

products are stable in the electrolyte solution. The CH3CN-based electrolytes

are far less efficient and the oxidized compounds produced decompose rapidly.

Low-stage products can be isolated following oxidation in PC saturated with

NaPF6, but not when the 0.5 M LiClO4, PC electrolyte is employed.
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2.2 Introduction

Graphite can be chemically or electrochemically oxidized to form

intercalation compounds. The preparation of graphite salts via the chemical

route allows for the rapid production of relatively large and homogeneous

samples; however, electrochemical syntheses offer other advantages. The

oxidation can be controlled and intermediate phases not readily obtained by

chemical methods can therefore be isolated. The progress of the

electrochemical oxidation may be continuously monitored by potential-charge

plots, and, if side-reactions not significant, coulommetry unambiguously

provides the charge borne by carbon. The latter point is especially important

as the nature of the charge distribution in chemically-prepared intercalation

compounds has been a source of controversy for some time [1-3].

The oxidative electrochemistry of graphite is also of practical interest.

The charge/discharge cycle associated with graphite intercalation has been

suggested as a positive electrode for reversible, high energy density cells.[4-5]

The stability of the oxidized products formed is therefore a technologically

important issue.

Suitable electrolytes must be stable to the high potentials required to

remove electrons from the carbon n-bands. The required electromotive force is

a function of the charge on carbon (related to the work function of graphite),
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which, for highly charged compounds, can exceed +1.5 V vs SHE.

Nevertheless, a number of electrolytes have been investigated, including the

concentrated aqueous acids H2SO4,[6-10] HCIO4,[6,7,11] HNO3,[6,12] and HF,

[13,14] and those based on anhydrous solvents such as SO2CIF,[15] HF,

[13,16] and organics[17-24]. In the latter class of electrolytes the intercalating

anion is provided by the dissolved salt; therefore, the preparation of a number

of graphite compounds can often be accomplished simply by changing the salt

employed.

Graphite electrochemistry in organic electrolytes was first explored in the

early 1970's.[17,18] Most of the subsequent research has focused on the

incorporation of MF6 (M = P, As, Sb, Ta) or CI 04 anions in propylene

carbonate (PC) [18-21] or CH3NO2.[21 -23] In addition, the intercalation

chemistry of FeCI4 has been investigated in CH3NO2.[24] A considerable

amount of data have therefore been presented for these electrolytes. The goal

of this report is to systematically compare the efficiency of the galvanostatic

charge, and the structure and stability of the intercalation products obtained, in

different organic electrolytes.
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2.3 Experimental

LiPF6 (Aldrich, 98%), NaPF6 (Aldrich, 98%), and NaC104 (Aldrich, 99%),

were dried by heating in vacuo at 70, 130, and 170 °C, respectively, for at least

72 hrs. LiC104 (Aldrich, ACS Reagent grade) was melted in vacuo for 1 day.

CH3CN (Mallinckrodt, HPLC grade) was distilled over CaH2; PC (Aldrich,

99+%), CH3NO2 (Aldrich, 99%), and DMSO (Mallinckrodt, AR grade) were dried

over 4A molecular sieve for at least 48 hours and handled in an inert

atmosphere. The lithium salts are highly soluble in these solvents and 0.5 M

solutions were employed as electrolytes. Saturated (10 - 100 mM) solutions of

the Na salts were also employed. Anhydrous HF (Matheson) was dried in a

Kel-F trap over SbF5.

2. 3. 1 Anhydrous organic electrolytes

A two compartment glass cell (working compartment volume = 30 ml) with

a coarse glass frit separator was employed. Slow cyclic voltammetry on a 1

cm' Pt flag electrode was used to evaluate the oxidative stability of each

electrolyte (Figure 2.1, Table 2.1).

Working electrodes were formed by painting a cyclohexane slurry of

graphite powder (15 - 40 mg, Union Carbide SP-1 grade, avg. particle
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diameter = 100 pm) and 3 - 6 wt % binder (ethylene propylene terpolymer,

Exxon Chemicals, Houston, TX) onto Pt mesh (nominal area = 1 cm2). The

Table 2.1 Oxidative stability limits for organic
electrolytes on a Pt electrode

electrolyte solvent salt stability limit
(V vs SCE)

1 CH3NO2 0.5 M LiC104 2.60

2 CH3NO2 sat. NaPFs 2.66

3 CH3CN 0.5 M LiCIO4 2.72

4 CH3CN sat. NaP F6 2.60

5 PC 0.5 M LiC104 2.30

6 PC sat. NaPF6 2.51

7 DMSO 0.5 M LiCIO4 1.46

porous graphite powder electrodes obtained when the slurry dries are readily

wetted by organic electrolytes and therefore present a large active surface.

Homogeneous intercalation products are readily obtained with these electrodes

and greater confidence can be placed in coulometric analyses. Conversely,

unless the charge rate is very low, electrode inhomogeneity can be a serious
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impediment when either highly-oriented pyrolitic graphite (HOPG) or pressed-

powder electrodes are employed.

A reference electrode (0.01 M Ag+/Ag) was separated from the working

compartment by a Vicor glass plug. To minimize contamination, the reference

electrode was filled with the organic electrolyte used in the cell and

subsequently calibrated against an SCE electrode. All reported potentials refer

to V vs SCE. The counter electrode was Pt mesh. Cells were assembled

under dry N2 and an airtight seal was maintained during the experiment.

2. 3. 2 Anhydrous hydrogen fluoride (AHF) electrolyte

Working electrodes were prepared as described above. The reference

electrode employed was freshly-cleaned Cu wire. CuF2, which is not

appreciably soluble in AHF, is spontaneously generated at the Cu surface.

The Cu/CuF2 redox couple has been found [13,25] to be stable in AHF at +0.03

V vs SCE. The counter electrode was formed from a 1 m coiled length of

freshly-cleaned Cu wire. Electrode leads were heat sealed into 3/8 " FEP

Teflon tubing and connected via Swagelok compression fittings to a Kel-F

union cross. NaPF6 was loaded into the cell in a drybox, and AHF was

condensed into a flexible reservoir and poured into the cell. These

experimental details have been described previously.[13,16]
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Electrochemical experiments were controlled with a Princeton Applied

Research M362 potentiostat/galvanostat under computer control.

Galvanostatic charge curves were recorded at a charge rate of 10 - 20 A/g

carbon. All experiments were performed at ambient temperature.

Since the electrochemical products may have a limited stability in the

organic electrolytes, samples from the working electrodes were immediately

evacuated after oxidation and loaded into 0.5 mm capillaries (Charles Supper

Co., glass for CI04 reactions, quartz for PF6 ). The capillaries were plugged

with halocarbon grease in an inert atmosphere and sealed with a microtorch.

The exposure of these samples to the electrolyte following oxidation was

thereby minimized. In a dry atmosphere, other samples were loaded into 0.7

mm capillaries along with a small amount of the electrolyte, and similarly

sealed. These samples were therefore exposed to the electrolyte for the

duration of the diffraction experiment (approx. 12 hrs). The data so obtained

are summarized in Table 2.4, with products labelled either immediate evac. or

in solution. Powder X-ray diffraction data were collected using the Debye-

Scherrer method (Cu Ka radiation) or an Enraf-Nonius Guinier camera.

A recharge experiment consisting of a galvanostatic charge to 4 C/mmole

carbon, a rest period at open circuit, and recharge of 4 C/mmole was also

performed in several electrolytes (Figure 2. 4, Table 2. 3).
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2.4 Results and Discussion

The oxidative stabilities of the PC, CH3NO2, and CH3CN-based

electrolytes (Figure 2. 1, Table 2. 1) are sufficient to allow the progress of the

graphite reaction to be monitored without significant electrolyte oxidation on the

Pt mesh current collector. The DMSO-based electrolytes decompose on a Pt

electrode at potentials very close to the onset of graphite oxidation, so these

electrolytes were not further studied. The electrochemical stability of the

electrolyte may be different, of course, in the presence of a graphitic surface.

The potential-charge curves obtained (Figures 2. 2 and 2. 3) show

common features which are identified by a series of transition points (labelled

a d in Figure 2. 2). The input charges required to reach these transition point

in the different electrolytes are compiled in Table 2. 2. The curve obtained for

the sat. NaPF6 in CH3CN electrolyte is markedly different from the others

(including sat. LiC104 in CH3CN) beyond a charge input of 1.7 C/mmole carbon,

at which point the potential decreases before stabilizing at 1.6 V. This peculiar

result is reproducible and suggests an electrocatalytic phenomenon since (1)

the stability limit for the electrolyte measured against Pt is at a much higher

potential (+2.60 V), and (2) the onset potential in the galvanostatic oxidation

with graphite also occurs at a higher potential. The electrolyte in the working

compartment of these cells becomes yellow and then deep brown upon
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Figure 2.2 Galvanostatic charge curves (j z 1 mA/cm2) for
graphite in sat. NaPF6 in AHF, 0.5 M LiCIO4 in CH3CN,
and 0.5 M LiCIO4 in PC. The x-axis units are
coulombs input/mmole carbon. The transition points
(a through d) indicated in the text and in Table 2 are
labelled.
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prolonged oxidation. IR spectra of this deep brown solution, however, failed to

indicate the nature of the product(s) formed.

The similarity in the features of the remaining potential-charge curves also

extends to the oxidation of graphite in aqueous acids, AHF, and other

electrolytes. A simple staging model [26] has been previously developed to

explain the features observed and also verified by in situ X-ray diffraction in

both the concentrated H2SO4 [9,10] and 1M NaF in AHF [13] electrolytes.

Plateau regions of the potential-charge curve are associated with the co-

existence of two phases. These are a higher-stage and lower-stage

intercalation compound, with the higher-stage compound being converted to

the lower-stage compound as oxidation proceeds. For example, the plateau

between transition points c and d corresponds to the conversion of a 2nd-stage

compound (where alternate carbon galleries contain intercalant) to a 1st-stage

compound (where all the carbon galleries contain intercalant). Ascending

regions of the potential-charge curves involve the oxidation of a single stage.

At the transition point marked a the graphite salt is 3rd-stage in situ, and at c it

is 2nd-stage. The "bump" at b does not correspond to a stage change.[9]

Beyond d, oxidation of the 1st-stage salt occurs with increasing potential. For

aprotic solvents, oxidation of carbon is then complete and other oxidative

processes, such as solvent or Pt oxidation, ensue. In aqueous electrolytes,

and those containing bifluoride, a final plateau is observed where graphite
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fluoride or graphite oxide is formed. The results obtained in this project agree

with this model.

An additional feature can be seen between points b and c in the potential-

charge curves for organic electrolytes containing PF6 , this feature may

correspond to intercalant rearrangement, but also does not involve a change in

stage.

It should be noted that the above stages only correspond to the in situ

products. Higher stages are generally observed after evacuation of graphite

salts because incorporated solvent molecules are removed, and therefore a

smaller intercalant volume remains. In addition, if the graphite product is

unstable in the electrolyte, the reduction of carbon and associated loss of

anions and intercalated neutrals can occur.

The transition points described above are found at similar charge inputs in

efficient cells, and this is evidence that the staging phenomenon is primarily

dependent on the electronic structure of the carbon sheets. Steric factors,

including anion size and the extent of anion solvation undoubtedly contribute,

but to a lesser extent, so that the transition points occur at similar, but not

identical, charges for different electrolytes. The efficiency of the charge

process for the organic electrolytes (Table 2. 2) can be approximated by

comparison of transition points with those obtained in an sat. NaPF6, AHF

electrolyte, which is already known to be highly efficient up to a charge input of



Table 2. 2 Charge input (C/mmole carbon) and charge efficiency (relative to those obtained in
saturated NaPF6, AHF) at transition points a - d in potential-charge curves during
galvanostatic charging at 1 mA/cm2 in organic electrolytes.

electrolyte

1 0.5 M LiCIO4 in CH3NO2

2 sat. NaPF6 in CH3NO2

3 0.5 M LiCIO4 in CH3CN

4 sat. NaPF6 in CH3CN

5 0.5 M LiCIO4 in PC

6 sat. NaPF6 in PC

sat. NaPF6 in AHF

input charge (relative efficiency, %)

a b c d

broad broad 2.27 (113) 3.73 (106)

1.30 (113) 1.90 (117) 2.46 (104) 4.27 (92)

1.90 (77) 3.02 (74) 3.60 (71) not present

1.70 (86) not present not present not present

1.92 (77) 2.85 (78) 3.43 (75) not present

1.41 (104) 2.30 (97) 3.02 (85) 6.52 (60)

1.47 (100) 2.22 (100) 2.56 (100) 3.94 (100)
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5 C/mmole carbon [16]. The approximation is then made that relative

efficiencies less than 100 % largely reflect the loss of charge to side-reactions.

The few relative efficiencies greater than 100 % must be accounted for by

compositional variation in the staging model for different electrolytes.

The data presented in Table 2. 2 indicate that the oxidation in CH3NO2-

based electrolytes is highly efficient, which agrees with previous observations

using this solvent.[22] The PC- and CH3CN-based electrolytes show lower

efficiencies at all points along the charge curve. Electrolytes (3) and (5) are

fairly constant at 70 - 80 % relative efficiency up to point c, but then oxidative

side reactions dominate so that the end of the c - d plateau (point d) is never

observed. Electrolyte (6) shows a steadily loss in charge efficiency as the

oxidation proceeds, but the electrochemical oxidation is significantly more

efficient than for electrolytes (3) and (5).

Charge losses arise from electrolyte decomposition can result from either

(1) direct electrochemical oxidation of the electrolyte, or (2) chemical oxidation

of the electrolyte via interaction with the graphite electrodes. The instability of

the graphite compounds in the electrolyte, i.e., self-discharge of the electrode,

is related to the latter process. The recharge experiments (Figure 2. 4,

Table 2. 3) indicate that self-discharge is limited to less than 10 % in the

CH3NO2 -based electrolytes; these data are presented as maxima and may
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Figure 2.4 Graphite recharge experiment in 0.5 M LiCIO4 in CH3NO2 and
0.5 M LiC104 in CH3CN. Experiments consist of an initial galvanostatic
charge to 4 C/mmole carbon, several hours rest at open circuit,
and a recharge of 4 C/mmole.



Table 2. 3 Data summaries for recharge experiments. V1 and V2 are labelled in Figure 4 and refer
to the graphite electrode potential at the end of the first charge and at the end of the
rest period, respectively.

electrolyte

1 0.5 M LiCIO4 in CH3NO2

2 sat. NaPF6 in CH3NO2

3 0.5 M LiCIO4 in CH3CN

4 sat. NaPF6 in CH3CN

5 0.5 M LiCIO4 in PC

j
A/g

charge Vi
C/mmole V vs SCE

rest time
hrs

V2
V vs SCE

Q lost
%

15.5 4.02 1.55 22 1.15 < 3

10.0 4.02 1.47 13 1.35 < 8

17.1 4.11 1.9 19 1.55 83

16.7 1.61 1.65 17 0.78 100

18.1 4.03 1.65 18 1.20 95
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represent much smaller losses. Self-discharge is substantial or complete for

electrolytes (3), (4), and (5). The coulombic losses observed during

galvanostatic oxidation can thus be explained in part by electrode instability.

The diffraction data for the wet graphite products in CH3NO2 -based

electrolytes are consistent with the staging model described above, and a 1st-

stage salt produced by charging to 4 C/mmole carbon shows only slight

decomposition (to a mixed 1st and 2nd-stage product) after standing for two

months in the electrolyte. This is further evidence of electrode stability in

CH3NO2 -based electrolytes. Higher stages are observed after evacuation; for

the CxC104 salts these are consistent with the loss of neutral intercalants;

however, the CXPF6 salts undergo partial decomposition. The graphite

products from the CH3CN-based electrolytes are far less stable in the

electrolyte solution. In each case, the products are largely decomposed during

the 12 hrs required to obtain the diffraction pattern. A simple graphite pattern

is observed with electrolyte (4), this is consistent with the complete self-

discharge observed in the recharge experiments. A high-stage 5th) salt can

be isolated if the product is immediately evacuated. The products from

electrolyte (3) are partially decomposed in the electrolyte solution and also

following evacuation.

First-stage CXPF6 salts can be obtained from the PC electrolyte, and the

salts have gallery heights (c = 8.0 A) similar to those obtained in other



Table 2. 4 X-ray diffraction data for graphite compounds

electrolyte charge stage, c-spacing (A) comments
C/mmole immediate evac. in solution

1 0.5 M LiC1O4 in CH3NO2 2.03 3rd, 14.6 2nd, 11.34
4.07 3rd, 14.6 1st, 7.96 a
9.30 2nd, 11.4 (+ 3rd) 1st, 7.96
11.64 1st, 7.92 1st, 7.98

2 sat. NaPF6 in CH3NO2 2.01 3rd - 5th 2nd, 11.32 b
4.05 ,. 1st, 7.95 (+ 2nd) b
7.44 II 1st, 7.95 b
9.28 ,. b

3 0.5 M LiC1O4 in CH3CN 2.06 approx. 5th approx. 5th
2.73 " ,.

3.87 ., 3rd, 7.98 (+ 2nd) c
12.53 II 2nd, 3rd



Table 2. 4 (cont'd.)

electrolyte charge stage, c-spacing (A) comments

C/nunole immediate evac. in solution

4 sat. NaPF6 in CH3CN 2.03 II graphite

5 0.5 M LiCIO4 in PC 2.16 graphite

2.91 ..

3.82 u approx. 5th

7.11 approx. 5th

15.97 "

6 sat. NaPF6 in PC 2.02 4th - 6th b

7.29 3rd, 7.98 (+ 2nd) 1st, 8.02

7.81 3rd, 7.96 (+ 2nd) 1st, 7.99 d

(a) 1st and 2nd stage after 2 months in electrolyte solution

(b) broad pattern after evacuation

(c) graphite pattern only after 2 months in electrolyte solution

(d) 2nd & 3rd stage after 2 months in electrolyte solution
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electrolytes.[27]1 The recharge experiments were not performed with this

electrolyte, but diffraction of the graphite salts after two months exposure to the

electrolyte shows that a 2nd and 3rd-stage product remains. The CxC104 salts

placed in the electrolyte are substantially decomposed, which is consistent with

observations from the recharge experiments. Evacuation of the products leads

to complete decomposition of the CxC104 salts produced in PC, the CxPF6 salts

are only partially decomposed.

2.5 Conclusions

Graphite intercalation salts may be prepared with high efficiency up to a

charge input of 4 C/mmole carbon in CH3NO2-based electrolytes, and low or

high-stage products are stable in these electrolytes. Electrolytes based on PC

or CH3CN show less efficient charging. Of these, the CxPF6 salts prepared in

PC are the most stable, but the others show substantial or complete

Self-discharge of the graphite electrodes within a day. For these electrolytes,

1 The unusual gallery heights (2 = 17.3 A) reported previously [19] are not reproduced by the

methods employed here. In preliminary tests, where unevacuated products were examined on

a powder diffractometer in an unsealed cell, a pattern similar to those described in [19] was

sometimes obtained. These results were not repeated when the sealed-capillary method was

employed, so these compounds might result from the interaction of the electrochemical

products with air.
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low- stage salts may be obtained under some conditions if the cells are quickly

evacuated. The oxidation of graphite in a saturated NaPF6 in CH3CN appears

to lead to the electrocatalytic decomposition of the electrolyte.
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3.1 Abstract

Air-stable graphite compounds with perfluorooctanesulfonate,

CxC8F17S03, are prepared by electrochemical oxidation of HOPG chips or SP-1

graphite powder in LiC8F17S03 (sat.) I CH3NO2electrolyte. XRD patterns of

several single-stage products indicate that highly-ordered intercalation

compounds form with di = 24.6 - 24.9 A for stages (n) = 3 - 7 or 26.6 A for n = 2,

supporting the model of a bilayer of perfluoroalkylsulfonate anions within the

intercalated galleries. Gravimetric and thermogravimetric data provide x for

n = 2 - 6. Consistent with the bilayer model, the C / anion ratio is found to be

much lower than in small-anion intercalation compounds. Ambient temperature

exfoliation occurs when a high-stage graphite sulfate is anodized in the

C8F17S03 -containing electrolyte.

3.2 Introduction

The anodization of graphite to form intercalation compounds has been

known in both concentrated acids [1, 2] and organic electrolytes for several

decades [3 - 7]. A variety of anion types have been incorporated by the

electrochemical route, including primarily oxoanions (ex. S042- or HS042-,

CI04-, and NO3) and fluoroanions (ex. F-, HF2 , BF4 , and PF6) [8 - 10]. The



incorporation of anions is accompanied by the reversible uptake of

coordinating neutral molecules, as indicated in the following reaction

formulations:

C,

C,
40-, LiPF6> CxpFts-nPC

PC
[refs 4-6]

-e- , NaHF2
> CxHF2-nHF [refs 9,10]

anhyd. HF

(1)

(2)
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(PC = propylene carbonate). The various combinations of anions and co-

intercalating neutral species provide a large number of intercalation reactions

for study, and by the electrochemical method alone several dozen different

systems have been explored. Additionally, some complexity is introduced by

systems (examples include sulfate/bisulfate and fluoride/bifluoride) where

multiple anionic species are possible. Taken together with the larger number

of reports on chemical oxidation of graphite, acceptor-type intercalation

compounds constitute a large and widely-studied family.

Despite the breadth of the chemistry indicated above, it is notable that the

anionic intercalants are almost always small, hard (low polarizability), and of

high symmetry. The "height" of the intercalated carbon gallery (d1 in Figure 3.1)
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Figure 3.1 Relation of distance parameters, di and lc
associated with intercalation compounds.
A 2nd-stage compound is pictured.
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relates to the packing of these anions and coordinating solvent between the

carbon sheets - di is usually close to 8 A for the fluoroanion and oxoanions

compounds, and the largest values for di, associated with chlorometallates of

Fe, Al, and other metals, is less than 7 A [8].

After a long history of work in the area, the intergallery structures and

host-guest chemistry observed for graphite compounds are not nearly as varied

as those with other layered hosts. Expansions in layered metal disulfides,

metal oxides, and clays can be 20 - 30 A or more [11 - 13], and the complete

exfoliation of layered hosts into single-sheet colloids are well known for some

layered oxides (for example, the smectite clays or Mo03) and metal disulfides

[14, 15]. Nanocomposition, complex intercalant structures, ion and solvent-

exchange, and catalytic properties have been studied for many of these

layered hosts [11 - 17]. The reason for the relatively limited extent of the

chemistry of oxidized carbon layers is well known - it is the high potential

associated with graphite oxidation. Only the most oxidatively-robust species

remain stable at these potentials, and water (except in highly-concentrated

acids), air, and most organic solvents must be excluded.

In 1986, Ruisinger and Boehm extended earlier work on the formation of

graphite trifluoromethanesulfonates [18] with the investigation of graphite

intercalation by perfluorobutanesulfonate, C4F9S03- [19]. Graphite compounds

were prepared by anodization of graphite in the anhydrous acid C4F9SO3H or in



62

a PC/acid solution. Based on diffraction data which indicated very large values

for di ( > 20 A), a structural model was proposed with bilayers of C4F9S03

arranged with nonpolar ends oriented into the gallery centers. These bilayer

structures are well known when surfactants are intercalated to form

"organoclays" [11, 12] and with other layered hosts [13] but had not been

previously seen in graphite compounds. In addition, the expansions reported

greatly exceed those known for other graphite compounds. The same research

group subsequently communicated that related structures can develop from

intercalation of a series of sulfonates (CH2,,,,S03, n = 1-5) and

perfluorosulfonates (CF2,S03, n = 4,6,8) [20]. The larger anions are also

reported to form bilayer intercalation structures, with di = 34.21(50) A noted for

2nd-stage CxC8F17S03.

In this paper, we report fully on our previous descriptions of the structural

details for the CxC8F17S03 compounds obtained by anodization of graphite in

an organic electrolyte [21]. Some double-ion reactions are investigated, and

we describe conditions where some of these graphite compounds delaminate

at ambient temperature.
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3.3 Experimental

Nitromethane (Aldrich, 99%) and H2SO4 (Aldrich, 98%) were used as

received. LiC8F17S03 (3M, experimental product) was treated with 1 atm of F2

at ambient temperature for 24 h. to destroy traces of oxidizable impurities, and

then evacuated for 24 h. The color of the salt changed from light brown to

white following this treatment. In all reactions, the salt was added in excess to

form a saturated electrolyte solution.

Electrochemical analyses and syntheses were performed at ambient

temperature in a two-compartment, sealed glass cell which has been described

previously [22]. Two types of graphite were used in working electrodes; (1)

HOPG, Atomgraph Co., 0.63° mosaic and (2) SP-1 powder, Union Carbide, 100

pm avg. particle diameter. HOPG electrodes were fabricated by folding a chip

(approx. 0.3 x 0.5 x 0.2 - 1.0 mm) into a square of Pt mesh welded to a Pt lead.

For the graphite powder, 5 - 10 % inert binder (EPDM, Exxon) was dissolved in

cyclohexane and stirred with the graphite. The resulting slurry was painted

onto a Pt mesh electrode (geometric surface z 1 cm2) and dried.



Galvanostatic oxidation was carried out by applying a current density

between 1 and 4 mA / g carbon, resulting in the formation of the graphite

compound via:

C,
-e-, LiSO3C8F17

CH3NO2
> C SO3C8FifyrnCH3NO2 (3)

Volatile species were subsequently removed from products by evacuation for

12 h. at ambient temperature.

CzSO3C8Fi7yCH3NO2 evac>
CxSO3C8F17 (4)
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The dried products obtained were found to be very stable to ambient conditions

- identical Diffraction patterns were unchanged after exposure of the sample to

air for several weeks. Mass and thickness changes were determined on the

dried products obtained from HOPG electrodes.

In some experiments, graphite sulfate or perchlorate was formed by

controlled galvanometry (10 mA / g C) in concentrated sulfuric or perchloric

acids. The product was rinsed with acetone briefly (approx. 3 s) to remove

excess solvent, and dried in vacuo for 15 minutes. Graphite sulfate was then
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further anodized in the LiC8F17S03 (sat.) / CH3NO2 electrolyte until no changes

were observed in a potential / charge curve.

X-ray powder diffraction (XRD) data were collected at ambient

temperature on a Siemens D5000 powder diffractometer (2° < 28 < 60°) at

0.02 ° / s using Cu Ka radiation (1.5418 A). HOPG samples were mounted

directly on a sample holder and cleaved to expose fresh surfaces and test for

product homogeniety. Pressed pellets of the reaction products using SP1

powder were employed. TGA data were obtained using a Netzsch, Inc. STA

419 C thermal analyzer. Samples were loaded into aluminum pans, the sample

chamber was evacuated and back-filled with He. Thermal scans from ambient

to 400 °C were performed at 10 °C / min. An AMRAY 1000A scanning electron

microscope was employed for microscopic imaging.

3.4 Results and Discussion

The intercalation reaction is rate-limited by ion diffusion into the graphite

galleries, where the rate of anion uptake is controlled by ion size and charge.

The current observed in slow cyclic voltammetry (Figure 3.2) with the large

perfluorosulfonate anions is dampened relative to that corresponding to

intercalation of trifluoromethanesulfonate (triflate), and a long current tail on the
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Figure 3.2 Slow cyclic voltammetry for graphite in (a) LiCF3SO3 /
nitromethane, and (b) LiC8F17SO3 (sat.) / CH3NO2.
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reverse scan indicates a cathodic reaction (de-intercalation) back to the

endpoint (+ 0.5 V). These changes in cv shape are consistent with the slower

kinetics for intercalation and de-intercalation expected for the larger anions. A

comparison of pulsed charge experiments for graphite oxidation of triflate and

C8F17S03 (Figure 3.3) evinces a similar conclusion; in this case a much

greater overpotential is associated with the incorporation of the larger anions.

The oxidation overpotential is approximately equal to the potential difference

between charging and resting modes, i.e. the potential width of the traces

displayed. The overpotential increases from approximately 25 mV for triflate to

over 200 mV for the larger anion.

Two effects arising from the slower reaction kinetics and associated larger

overpotentials are significant in these experiments. Firstly, although

nitromethane was chosen as a solvent in these syntheses due to its high

oxidative stability, the overall charging efficiency (calculated as charge on

graphite / charge applied) is relatively low. The intercalation of small anions in

nitromethane can proceed with efficiencies greater than 0.95 [6, 22], whereas

an efficiency near 0.2 can be estimated from mass changes for the LiC8F.17S03

(sat.) / CH3NO2electrolyte. Electrolyte decomposition therefore is the dominant

reaction during the electrosynthesis of these graphite compounds. At higher

charging rates the graphite electrode becomes passivated with an insulating

surface; the syntheses must be carried out slowly to prevent this effect. The



68

2.1

1.7

1.3

2.1

1.7

1.3

0 1 2 3 4

Charge / Coul/mmol of carbon

5

Figure 3.3 Pulsed galvanostatic charge curves (to, = 60 s,
toff = 60 s) for graphite in (a) LiCF3S03 / CH3NO2,
and (b) LiC8F17S03 (sat.) / CH3NO2.
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low charge rates and low charge efficiencies combine to require very long

reaction times, often greater than 1 week, to obtain highly-intercalated (low-

stage) products. One advantage of the slower reactions is that homogeneous

products are obtained even with HOPG: this is concluded from XRD analyses

at several different locations in all the HOPG samples.

A second effect of the high overpotentials in these electrosyntheses

relates to the transitions in the galvanostatic charging curve that arise from

stage changes. These features are characteristic of the quasi-equilibrium

curves obtained with small ions,' and provide an in situ indication of the stage

of the graphite compound during anodization. In the reactions with these large

anions, however, the staging transitions are masked by the large overpotentials

and the stage of the product is not apparent during the reaction.

For the reasons described above, the stage of the product cannot be

reliably deduced from either the amount of charge applied or features present

in the charge curve itself. Most experiments therefore lead to mixed-stage

products. By repeated trials and an empirical correlation of applied charge with

mass uptake and XRD data, several single-stage and nearly single-stage

products have been successfully obtained (Table 3.1). A 1st-stage compound

could not be prepared, however, due to delamination of the graphite anodes.

The products obtained are well-ordered along the stacking directions, and

typically exhibit 10 - 20 (00i) reflections. Representative diffraction patterns of
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Table 3.1 Diffraction, expansion, and gravimetric data obtained on
products of the electro-oxidation of graphite in LiC8F17S03 (sat.) I CH3NO2.

is / A stage di / A t/to
obs calc

w / Imo x in CAO3C8F17

44.7 7 24.6

41.3 6 24.6 1.9 2.1 1.5 55

38.1 5 24.7 1.8 34

34.9 4 24.9 2.5 2.6 2.4 20

31.8 3 25.1 3.2 3.1 2.5 18

29.9 (s) 2 26.6 5.0 3.5 11
31.6 (m) 3 24.9

a single-stage (Figure 3.4a) and a mixed-stage product (3.4b) are shown, and

these patterns are indexed in Table 3.2.

Since these are new graphite compounds, with much different (larger)

values for cli than compounds with small, harder anions such as CF3S03 or

SO2,4- the relation between the experimentally-determined c-repeat distance

(la) provided in Table 3.2 and di is not apparent for any single product. The

equation, di = I, - (n -1) 3.354 A, where n = stage, cannot be used to determine

d, unless both I, and the product stage are known. In this study, I, is measured

directly by experiment and the stage is determined from comparison of several

different patterns of single-phase products, where a solution is sought that
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Figure 3.4 X-ray diffraction patterns for (a) a single-phase product containing a 3rd-stage compound, =
31.77(11) A, and (b) a product containing a mixture of 3rd-stage, = 31.78(10) A, and 2nd-stage,
I, = 29.99(8) A compounds. Starred peaks in (b) arise from the 3rd-stage compound.

N
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Table 3.2 Indexing of diffraction patterns in Figures (4a) and (4b)

(a) rel. I d(obs) / A d(calc) / A index

0.9 31.79 31.77 (001)

1.5 10.42 10.59 (003)

1.2 7.976 7.942 (004)

5.4 5.249 5.295 (006)

36 3.945 3.971 (008)

100 3.520 3.530 (009)

92 3.175 3.177 (0010)

25 2.896 2.888 (0011)

1.3 2.454 2.443 (0013)

1.0 1.873 1.869 (0017)

3.1 1.763 1.765 (0018)

5.1 1.676 1.672 (0019)

2.2 1.598 1.589 (0020)

(b) rel. I d(obs) / A d(calc) / A index
3rd-stage 2nd-stage

17 31.02 31.78 (001)

3 15.82 15.89 (002)

23 10.59 10.59 (003)

11 6.400 6.356 (005)
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Table 3.2 continued.
rel. I d(obs) / A d(calc) / A index

3rd-stage 2nd-stage

8 5.937 6.000 (005)

8 5.326 5.297 (006)

11 4.521 4.540 (007)

18 4.277 4.284 (007)

66 3.989 3.973 (008)

33 3.743 3.749 (008)

95 3.541 3.531 (009)

39 3.325 3.332 (009)

100 3.186 3.178 (0010)

24 2.988 2.999 (0010)

45 2.896 2.889 (0011)

9 2.738 2.726 (0011)

19 2.450 2.444 (0013)

8 2.263 2.270 (0014)

7 2.148 2.142 (0014)

7 1.985 1.986, 1.999 (0016) (0015)

9 1.872 1.869, 1.874 (0017) (0016)

12 1.765 1.766, 1.764 (0018) (0017)

11 1.668 1.672, 1.666 (0019) (0018)

8 1.594 1.589, 1.578 (0020) (0019)
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provides a relatively constant value of di for the different stages. The

independence of di and stage, as has been generally observed in other

graphite compounds, is expected if these intercalant structures are relatively

similar. lc, stage assignments, and calculated di values for single-stage and

nearly single-stage products are displayed in Table 3.1. The value of di is

nearly constant at 24.6 - 24.9 for n = 3 - 7, but is larger for n = 2 (26.6 A). An

increase in di for first-stage compounds of = 0.2 - 0.5 A has been noted in other

graphite compounds, although the difference observed here is significantly

larger and arises where n = 2.

The stage assignments can be further substantiated by relating the

macroscopic observation of ratio of HOPG sample thickness after anodization

to that of the starting sample, t / to, to the ratio that is calculated from changes

in the microscopic structure for a known di and n:

(n-1)(3.35A)
to n (3.35A) (6)

Observed and calculated values for t / to are listed in Table 3.1. The HOPG

samples swelled dramatically at high charging, and began to delaminate when

a second stage compound was formed. Powder samples swelled and fell off

the Pt mesh when oxidized beyond the second stage. It should be noted that
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this is not unreasonable considering the dramatic change in electrode volumes

associated with low-stage compounds: an 8-fold volume expansion is

calculated for the first stage compound relative to graphite.

In molecular modeling of the bilayer structure [24], an inclination angle of

the fluorocarbon chain relative to the graphite sheets of approximately 60° was

employed as this allows the oxygens in the -803 unit to lie flat on the carbon

surface. An all trans conformation for the carbon chains is also employed as

the lowest energy state for the perfluorinated anions. When anions are

allowed to nestle by 2 3 A where the perfluorocarbon chains meet at the

gallery centers (Figure 3.5), a value of d, ... 24 - 25 A is obtained, in good

agreement with the experimentally derived values for higher-stage compounds.

The generation of very large galleries in these compounds agrees qualitatively

with Boehm and coworkers' reports, although the gallery heights found in this

study are considerably less than that reported previously (di = 34.21) for

preparation of the 2nd-stage compound directly from the acid [18]. The

stoichiometries obtained experimentally (vide infra) indicate that the anions are

not closely-packed within the intercalated galleries, which should allow for the

significant nestling of anions suggested in the Figure. The increase in di for the

2nd-stage compound might reflect an increase in the angle of inclination or

decrease in nestling associated with increased anion packing density.
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Figure 3.5 Molecular model for the intercalant structure in
C,C8Fi7S03. The inclination angle is set at 60°,

and anions nestle by 2 - 3 A at the gallery center.
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The incorporation of nitromethane within the galleries during anodization

was not directly evaluated, but the evacuated products contain very little of the

solvent. Weight losses in TGA below 120 °C (b.p. of CH3NO2 = 101 °C ) are

less than 1%. The compound stoichiometries are therefore formulated as

C,C8F17S03, and values calculated for x from gravimetric analyses are provided

in Table 3.1. The anion content is clearly much larger than that for other

graphite compounds. For comparison, the approximate values of x for 2nd-

stage graphite compounds prepared by electrochemical oxidation in H2SO4,

HCIO4, and HCF3SO3 are 48, 48, and 52, as compared with x = 11 for 2nd-

stage C,C8F17S03. This difference is partly a consequence of the bilayer

structure, where there are two anionic layers per gallery instead of one. As a

first approximation, therefore, x might be expected to be half that for small-

anion intercalation compounds. A second difference lies in the incorporation of

solvent, which occurs to a much greater extent for the smaller anions. As an

example, a typical formulation for graphite nitrate formed in nitric acid can be

CxNO3 3HNO3, so that 3/4 of the intergallery volume is occupied by neutral

species. The low polarity of the associated perfluorocarbon chains within the

gallery centers apparently disfavors solvent incorporation, which provides more

space for anions. As a result of these two effects, we have the unexpected

result that these very large anions are about 4 times as abundant (relative to

graphitic carbon) than in other graphite compounds prepared anodically.
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Molecular model simulations indicate that in a closely-packed gallery, one

C8F17S03 anion can be accomodated for every 4-5 carbons in a 2nd-stage

bilayer structure. The experimental values obtained indicate that the anions

are not nearly closely-packed within these intercalated galleries. Another

means of evaluating intercalant packing is to compare the "packing density" of

the intercalant layer derived experimentally from the mass uptake and volume

increase (0.9 g / cm3) to that of a closely-related liquid C8F17S03H (- 1.9 g /

cm3). From this comparison, it is evident that the galleries contain a significant

volume of unoccupied space.

The large, relatively porous, galleries obtained lead to several other

interesting questions. For instance, it may be that these compounds will exhibit

chemistry similar to that of the organoclays. As a starting point, it should prove

interesting to determine whether non-polar molecules can be introduced into

the hydrophobic region of the intercalated galleries.

Exfoliated or delaminated graphite is an important commercial material,

used for applications such as high temperature linings and gaskets. Aside from

this consideration, the development of new methods for exfoliation, especially

at ambient temperature, is important as a gateway into a new chemistry for

graphite or graphene layers. Other workers have recently investigated a novel

method to achieve exfoliation at ambient temperature using an electrolyte

containing trifluoroacetic acid [25]. As described above, the HOPG chip and
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graphite powder electrodes utilized in our and previous studies [20] swell

dramatically and then exfoliate during oxidation beyond the 2nd-stage

compound for CS8F17S03. Long reaction times are required however, to apply

the > 30 C / mmole C required to exfoliate by direct anodization, which proves

inconvenient for the generation of useful quantities of the exfoliated material.

As an alternative, the formation of mixed-anion compounds is investigated,

where sulfate or perchlorate is initially incorporated at high rate into the

galleries (anodization 1) and the large perfluorooctanesulfonate is introduced

in a subsequent oxidation (anodization 2) in LiC8Fi7S03 (sat.) / CH3NO2. The

idea is to co-intercalate the two anion types and find an appropriate ratio such

that the expanded structure and consequent exfoliation occur during

anodization 2. The first step is rapid (and can be performed even more rapidly

by chemical methods), and if the small anions constitute the majority of

incorporated species, the overall reaction sequence is considerably faster than

in preparation of low-stage C,C8F17S03.

Initial results obtained are summarized in Table 3.3. The perfluoroanions

are taken up only into the high-stage graphite sulfate or perchlorate

compounds: at x = 44 (2nd stage) for sulfate and x = 50 for perchlorate no

perfluoroanions are incorporated. These results can be understood by the

presence of molecular acid that co-intercalates with the small anions. As

prepared, the graphite sulfates and perchlorate compounds contain a



81

Table 3.3 Coulometric and gravimetric data for oxidation of
(a) graphite sulfate or (b) graphite perchlorate in LiC8F17S03 (sat.) I
CH3NO2_ ql is the charge applied to form graphite sulfate or
perchlorates, Awl and Aw2 refer to weight changes measured
following these oxidations. The mole ratios of carbon to intercalant,
x, are calculated from gravimetry as `C,(1-12SO4 , `C,1-1C104 and
`C,C8F17S03.

in conc. H2SO4 in LiC8F17S03 (sat.) I CH3NO2

ql
C / mmol C

(a)

Awl
mg / mmol C xl

Aw2
mg / mmol C x2

0.48 (C200+) 2.1 47 7.1 93

1.4 (C70+) 4.9 20 0.7 700

2.2 (C44+) 6.6 14 - 0.1

(b)

1.4 (C70) 4.9 21 4.1 120

1.9 (C50+) 5.5 18 -0.1

2.4 (C41+) 7.9 13 - 0.3
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significant quantity of the neutral acid, for example, the formulation for the

product following the first oxidation step in the first experiment would be

approximately C200SO4 mH2SO4, where m . (200/47) -1 = 3.3. These neutral

molecules are not removed during the brief drying step, and can be converted

to anionic form during anodization 2. If a fully intercalated compound can be

obtained by converting these neutral intercalants, then no additional anions are

incorporated by subsequent anodization. The most interesting behavior is

observed during the second oxidation of C70SO4mH2SO4, in which the

compound exfoliates after the incorporation of only a relatively small amount of

the perfluoranion. In this manner, ambient-temperature exfoliation may be

realized much more rapidly than by direct formation of low-stage CxC8F.17S03.

SEM images of a pristine HOPG sample and the electrode following exfoliation

of CmSO4mH2SO4 in the L1C8F17S03 (sat.) / CH3NO2electrolyte (Figure 3.6)

indicate that exfoliated product contains dissociated platelets approximately 1

iim thick, comparable in dimension to the thermally exfoliated graphites [26].

Finally, an interesting observation is made during exfoliation of low-stage

C,C8F,,S03 upon heating in an N2 atmosphere. The accordian-like expansion

of HOPG-based samples is partially reversible - samples (original thickness =

to) expand to - 100 to at 200 °C and then collapse to - 10 to upon cooling to

ambient temperature. The samples can undergo 20 or more alternations

between 10 to and 100 to on temperature cycling. The graphite oxymetallates,



83

20KU X35 10001.1 002 25214 513

(a)

20KV X 5000 11.1 901 09214 810

(b)

20KV X36 1000U 003 09214 810

(C)

20KV X 5000 1U 006 09214 FI10

(d)

Figure 3.6 SEM images of (a,b) HOPG, and (c,d) HOPG
delaminated at ambient temperature by oxidation of a
graphite sulfate (C70) in LiC0F17S03 (sat.) / CH3NO2
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tested here under similar conditions, never undergo a reversible exfoliation

process. The chemistry underlying this phenomenon has not been examined in

detail; however, it seems likely the exfoliated platelets retain a surface coating

of the perfluorooctanesulfonate surfactant and a hydrophobic cohesive

interaction acts as a driving force for the re-assembly of exfoliated platelets.

The reversible exfoliation is not observed upon heating in air, which is

consistent with the displacement or decomposition of organoanions in the

presence of water and 02.
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4.1 Abstract

Low and high resolution STM images have been obtained in air on

pelletized graphite and TaS2 powders. Low resolution images show different

topographies, which include broad, flat areas similar to those observed on

highly-oriented or single-crystal samples. High resolution images show, in

atomic detail, the trigonal or honeycomb pattern for the graphite surfaces and a

hexagonal pattern for TaS2.

4.2 Introduction

Scanning tunnelling microscopy (STM) has become a reliable method of

characterizing surfaces. A large number of reports have now been published

on STM analyses of layered materials such as graphite and transition metal

chalcogenides. Studies of the surfaces of intercalated graphite and metal

disulfides have shown STM to be a valuable tool in the characterization of

physical and electronic structures of intercalation compounds derived from

layered host structures [1 - 6].

The great majority of STM analyses on graphite to date have been

performed on highly-oriented pyrolytic graphite (HOPG). Work on other

layered materials has similarly focussed on single or quasi-single crystals.
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This is especially true in work including high resolution, i.e. atomic scale,

images. While single crystals offer the obvious advantage of possessing

macroscopically planar and highly ordered surfaces, they are neither common

nor readily prepared forms of most solids. In addition, due to the slow diffusion

processes through highly crystalline solids, preparative chemistry involving

these materials often results in inhomogeneous products. For these reasons it

would often be advantageous to perform surface analyses such as STM on

micro-crystalline powders.

A few groups have described STM analyses of graphite in forms other

than HOPG. These reports include work on Kish (single crystal) graphite [7,8],

flakes [9], fibers [10, 11], and graphite-containing composites [12]. In addition,

glassy carbon and other carbon films have been examined [13, 14]. The

authors are unaware, however, of any work which details results of STM

analyses on pellets pressed from free-flowing powders. As noted above, it is in

this form that many materials are readily available in high purity and from which

homogeneous intercalation products may easily be prepared.

The pelletized powders of a large number of layered compounds are

conducting or semi-conducting, and will therefore permit the flow of a tunnelling

current. Pellets may be readily formed with macroscopically flat and smooth

surfaces. As is well known from X-ray powder diffraction studies, the particles
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within such pellets commonly exhibit a strong preference towards orientation

with basal planes parallel or nearly parallel to the pellet surface.

Microcrystalline powders with mean particle sizes in the range of 1 - 100 pm

range contain crystalline faces with ordered regions that are certainly very

large on the scale of the STM experiment. For these reasons, there seems to

be no reason why STM images cannot be readily obtained on pellets pressed

from these powders. This communication describes results of STM analyses of

pellets pressed from graphite and TaS2 powders.

4.3 Experimental

SP1 grade graphite powder (Union Carbide, 99.999%, avg. particle dia. =

100 pm), TaS2 (Aesar, 99.8%, particle dia. < 44 pm), and MoS2 (Aldrich, 99%,

particle dia. < 1 pm) were used as received and pellets pressed in a standard

hydraulic press. Teflon or highly-polished stainless steel disks were placed

between the metal die faces and the powder to produce smooth pellet faces.

When some pellet surfaces were imaged at high resolution the tip did

occasionally crash into the surface, but this was not a significant obstacle when

care was taken to first locate a flat and smooth area under low resolution.

Overall, no significant experimental difficulties associated with a rough sample

surface were observed. HOPG samples (Union Carbide, Advanced Ceramics
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Division, Z9B grade) were also imaged for comparative purposes. An HOPG

sample was generally imaged immediately before and after the pressed

powders to ensure that the tip was not damaged or altered during the

experiment.

STM analyses were performed on a Nanoscope 1 (Digital Instruments,

Inc., Goleta, CA) that had been modified to operate with an in-house data

collection and image processing system. Commercial Pt/Ir alloy tips (Digital

Instruments) were employed. Experiments were all run in air on untreated

surfaces.

4.4 Results and Discussion

Figure 4.1 shows a topologically complex region imaged by STM at low

resolution. The image is representative of those obtained and contains smooth

regions suitable for high-resolution imagimg. The dimensions and nature of the

atomic structure near the grain boundaries are of considerable interest and

currently under investigation but are not further considered in this report. High

resolution images of smooth areas on the pressed graphite powder and HOPG

(for comparison) are shown in figures 4.2a and 4.2b. As can be seen, the

images obtained on the pressed graphite powder are similar to those from

HOPG at both low and high resolution. These images are similar to those



Fig. 4.1 Low- resolution STM image (750 A x 750 A) of the surface of a
pellet pressed from SP1 graphite powder, tip bias = 86 mV,
current = 2.5 nA. The images displayed are of raw data.
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(a) (b)

Fig. 4. 2 High-resolution STM images (50 A x 50 A) of (a) an SP1 pellet, and (b) HOPG. Scan conditions
for both images were tip bias = -45 mV, current = 1.8 nA. The images correspond to software-
zoomed, but unfiltered, data.
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obtained by previous workers, and show the trigonal pattern typically observed

on the graphite surface. The alternate honeycomb pattern described

previously, where all atoms within the graphite layer are imaged, has also been

observed in both high and low resolution on the graphite pellet surface. A high

resolution image of the honeycomb pattern is shown in Figure 4.3.

Images from the TaS2 powder at low and high resolution are shown in

Figures 4.4a and 4.4b, respectively. Figure 4.4a reveals a broad flat region

similar to those observed on single crystal surfaces, and figure 4.4b shows, in

atomic resolution, the hexagonal array of surface S atoms. The spacing

between S atoms in the image is near 3.1 A, close to the 3.3 A which has been

determined crystallographically in bulk TaS2 [15]. Long-range, periodic

changes in tunnelling current, which have been associated with charge density

waves [5], were not observed in these experiments.

MoS2 pellets could not be imaged under the constant current method

employed in these experiments. The high electronic resistance across the

pellet surface (approx. 20 MO) appears to limit this experiment.

4.5 Conclusions

The data obtained demonstrate that STM images may readily be obtained

from pressed powders of graphite and TaS2. Work is now ongoing to image
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Fig. 4. 3 High-resolution STM image (25 A x 25 A) of an SP1 pressed
pellet surface showing the hexagonal pattern. Scan conditions
Were tip bias = -45 mV, current 2.4 nA. The image is software-
zoomed but not filtered.



(a) (b)

Fig. 4. 4 (a) Low-resolution (750 A x 750 A) and (b) high-resolution (50 A x 50 A) images of a TaS2 pellet.
Scan conditions were (a) tip bias = -50 mV, current = 0.8 nA and (b) tip bias = -50 mV,
current = 1.3 nA. The images are software-zoomed but not filtered.
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other pressed powders, including those of other layered transition metal

sulfides, and intercalation compounds of some of these layered hosts.
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5.1 Abstract

Photo luminescent surfaces are produced by the electrochemical oxidation

of irradiated n-Si in an anhydrous hydrogen fluoride (AHF)/KF electrolyte. The

oxidized surface emits a strong orange luminescent glow when irradiated with

UV light in liquid HF and displays a spectral profile with a maximum intensity at

580 nm that is blue-shifted in comparison with peaks obtained on samples

etched in aqueous hydrofluoric acid. The exclusion of water and oxygen, and

the chemical instability of Si-0 in AHF, indicate that the formation of siloxene is

not required for photoluminescence in porous silicon. The stability and

luminescence of siloxene in AHF is described and supports this conclusion.

5.2 Introduction

Although Si has been the dominant active material in semiconductor

devices, its use in optoelectronics has been limited by a poor radiative

efficiency. Recent observations [1 - 7] of intense visible-light emission from

porous Si surfaces and a potential for use in optical devices have stimulated

considerable research interest in the production and nature of the luminescent

phase. We here report that the electrochemical oxidation of irradiated n-Si in

an anhydrous hydrogen fluoride (AHF)/KF electrolyte generates a
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photoluminescent surface similar to those obtained by anodization using

aqueous hydrofluoric acid. The silicon surface is etched by this method and

acquires a porous structure.

Quantum confinement was proposed initially as a mechanism for the

observed photoluminescence (PL) in porous silicon [1], although others have

suggested that the formation of SiHx [2], an amorphous phase [3], or siloxene

[4] may be involved. Certainly, the Si surface presents a complex structure

following oxidation in hydrofluoric acid, and many phases, containing H, 0, or

F, might be included in the porous layer that develops. Hummel and Chang

have recently reported [5] on the generation of PL films using a spark-erosion

method in which 0, F, or H-containing species can be excluded. The

occurrence of siloxene in their products appears highly unlikely. The method

described below is similar to that utilized by most researchers, but excludes

from the solution, to the greatest extent possible, all sources of oxygen and

water and involves a reaction medium in which Si-0 and Si-OH bonds are

unstable. It therefore offers further support that siloxene or other oxygen-

containing compounds are not responsible for PL in these materials.
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5.3 Experimental

Working electrodes for photoelectrochemical cells were prepared from

laser-cut n-Si discs with a polished (100) surface (Vacker Siltronic, R = 0.4 -

0.7 0 cm, dia. = 12 mm, thickness = 0.5 mm) by vacuum deposition of a thin

layer of gold on the unpolished surface. The Au-Si contact displayed an

approximately linear current - voltage response between + 1 and -1 V,

corresponding to a 1000 0 resistance. A rectifying metal-semiconductor

interface does not form due to the large number of defects associated with the

unpolished Si surface. A Pt lead was press-contacted to the gold layer, and a

Pt counter/reference electrode employed. The leads were heat-sealed into 3/8

" FEP Teflon tubing and connected via Swagelok compression fittings to the

teflon or Kel-F cell body. KF (Aldrich, 99%, flamed in vacuo, 0.2 M in AHF) was

loaded into the cell under Ar. Anhydrous HF (AHF, Mattson, dried over SbF5)

was condensed through a metal vacuum system into a flexible reservoir and

poured into the cell. These experimental details have been described

previously [6], the procedure provides a rigorously anhydrous solution which

can be utilized with extremely moisture-sensitive reagents. Several freeze-

pump-thaw cycles were then performed to remove traces of volatiles such as

02. In other experiments, HF was dried by an electrolytic method [7], with
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similar results obtained. Conductance measurements on the dry AHF indicate

< 0.01 % residual water content.

The n-Si electrodes were etched at ambient temperature by galvanostatic

oxidation at 0.2 mA/cm2 using a PAR M362 potentiostat/galvanostat. An

incandescent microscope lamp (tungsten filament bulb, incident irradiance

approximately 100 mW/cm2) was focused onto the disc surface during the etch.

Caution: pressure may develop in sealed cells due to local heating or hydrogen

generation. AHF was removed by evacuation, and the discs were washed with

fresh AHF to remove traces of KF. PL spectra were then either acquired [8] in

situ AHF or after transferring the discs into a quartz cell containing an inert

atmosphere. Aqueous cells consisted of a plastic beaker or tube filled with 48

% hydrofluoric acid (Mallinckrodt, AR grade) and the electrodes described

above, except that the gold-coated surface was contacted to a Pt lead with In-

Ga alloy. The alloy was protected from the electrolyte with a silicone epoxy.

The stability of molecular silicon-oxygen compounds in AHF was

examined via FTIR spectroscopy of siloxene prepared by Wohler's method [9]

before and after exposure to AHF at ambient temperature. The spectra were

obtained using a white-oil mull pressed between NaCI discs. After AHF

exposure the mull was prepared in an inert atmosphere, and the salt disk

edges sealed with Teflon tape to prevent air from contacting the sample.
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5.4 Results and Discussion

The electrochemical etch of the Si surface in the anhydrous cell produces

a colored surface within minutes, as has been previously reported in aqueous

systems [10]. The surface color cycles between violet and red for some time;

these colors are attributed to the formation of films approximately 100 - 1000

nm thick. After anodization for one hour or longer, the irradiated surface has a

complex coloration including concentric rings of various colors. SEM images

[11] following irradiation in AHF (Figure 5.1) reveal a homogeneous surface

layer of porous material, with an average pore diameter from 10 - 50 nm. The

profile of a cleaved disc shows that the porous layer is uniform and

approximately 500 nm thick.

The porous surface generated is highly susceptible to contamination, and

X-ray emission studies of the porous layer from even these anhydrous systems

show significant levels of C, 0, and F after brief contact with air. These

observations are reasonable given the well-known surface reaction of Si with

air and the large relative surface area of the porous layer. IR spectra of

siloxene, Si6H603, closely resemble those from a silicon surface following

anodization in aqueous HF [4a, 12]. In order to eliminate the possible

formation of such species in these experiments, data were obtained on the

porous layer submerged in liquid AHF.



(a)

062299 1010 X20.0K 1.50um

(b)

Figure 5. 1 SEM images of n-Si wafer following anodization in AHF / KF electrolyte; (a) cross-
sectional view, (b) wafer surface. Both images are 20,000 magnification with the
sample tilted by 60°.
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PL is easily observed as an orange glow when the etched surfaces are

illuminated by a UV source. Under the experimental conditions employed, the

PL spectra remain similar once the surface has been become colored,

regardless of the reaction time. A representative spectrum recorded in situ

AHF is displayed.(Figure 5.2) The emission is of similar intensity and blue-

shifted relative to PL peaks from the porous surface obtained here and

reported by others in aqueous electrolytes [1 - 4, 13]. The emission spectrum

is not altered by exposure of the product to AHF for several hours, but the

surface is further etched by the incident laser light during PL measurements.

The position of the PL spectrum maxima has been shown to depend on a

variety of experimental parameters, and blue-shifted peak maxima have also

been observed following thermal oxidation and chemical treatment [14]. The

blue-shift observed in this study may derive from a surface which contains

more fluorine than that obtained under aqueous conditions, or the dimensions

of the quantum particles generated may be different.

In order to further evaluate the possibility of siloxene or similar species

occurring on the surfaces studied, the stability and PL properties of siloxene in

AHF was examined. IR absorptions arising from Si-0 and 0-H, at 1063 cm-1

and 2900 - 3600 cm-1, respectively, disappear or are greatly attenuated

following treatment with AHF.(Figure 5.3) Both reappear after the powder is

exposed to air. The Si-H stretch at 2113 cm-' is present in all three spectra,
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Figure 5. 2 PL spectra from porous silicon (a) in situ liquid anhydrous HF, and (b) in air after
electrochemical oxidation in 48 % hydrofluoric acid. Curve (c) corresponds to the
spectrum of an unetched n-Si disc. PLE indicates photoluminescence excitation, and PL
corresponds to photoluminescence. The intensity scales in (a) and (b) are comparable.
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Figure 5. 3 FTIR transmission spectra of (a) siloxene, (b) siloxene following exposure to anhydrous
HF, and (c) the sample in part (b) after 1 day in air. Spectra were obtained from a Nujol
oil mull.
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Figure 5. 4 PL spectra for siloxene in (a) aqueous HCI, and (b) liquid AHF. PLE indicates
photoluminescence excitation, and PL corresponds to photoluminescence. The
intensity scales in (a) and (b) are comparable.
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and the new absorbances that appear between 800 and 1000 cm-1 after AHF

exposure are ascribed to Si-F stretches. The Si-0 linkages are largely or

entirely displaced from siloxene by AHF. For these reasons, we conclude that

the PL surfaces are generated under conditions where siloxene is not stable.

In addition, the PL spectrum obtained from the AHF-treated siloxene shows

diminished PL intensity and an emission peak at 510 nm, (Figure 5.4) which is

consistent with a fluorinated analog to siloxene rather than porous silicon.

The experiments described above have additionally afforded an

unexpected observation - that similar PL surfaces can be obtained by

irradiation of n-Si in AHF without the application of an external potential. The

Si wafer must be back-coated with a metal such as Au or Hg, but no external

circuit is required. These results have been described in detail elsewhere [15].
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6.1 Abstract

A porous, luminescent surface is produced on n-Si by irradiation in

anhydrous or aqueous hydrogen fluoride without an externally applied

potential. The photoluminescence spectra of the resulting surfaces are similar

to those obtained by the anodization method. A porous surface is only

produced when electrical contact is made between the n-Si disc and a metal

surface such as Au or Hg, and, in the aqueous system, when dissolved 02 is

present.

6.2 Introduction

Recent reports of photoluminescence (PL) following oxidation of n- or p-

type silicon have generated great interest [1 - 4, 7, 10]. The preparative

methods reported include the oxidation of silicon via anodization [1], the use of

a chemical oxidant (stain etching) [2], and ion bombardment [3]. PL develops

coincident with the formation of a porous surface layer, although the

mechanism involved in PL is still uncertain [4]. For n-Si, the rate of oxidation is

enhanced by irradiation because of the photogeneration of holes at the n-

Si /liquid interface. In our work with an anhydrous hydrogen fluoride (AHF)/KF

electrolyte [5], we observed that, even when the electrical circuit was not
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closed, irradiated n-Si working electrodes are etched and display PL. The

performance of anodized n-Si as a photoanode has been described [6], but we

are unaware of any previous report that PL surfaces can be generated by

irradiation of n-Si in these electrolytes without anodization or addition of a

chemical oxidant. We have extended our initial observations with additional

experiments, and here describe the results obtained.

6.3 Experimental

Laser-cut discs of (100) n-Si (R = 0.4 - 0.7 0 cm, dia. = 12 mm, thickness

= 0.5 mm), polished on one side, were obtained from Vacker Siltronic. A thin

gold layer was vacuum deposited on back of some of the discs; others were

untreated. For experiments using anhydrous HF (AHF), the n-Si discs were

placed in a teflon tube and liquid AHF (Mattson, dried over SbF5 or by

electrolysis) was condensed in. The water content of AHF was estimated to be

< 0.01 mol % by the conductance method. Dissolved volatile species were

removed by evacuation of the anhydrous system at -80 °C. The polished

surfaces were irradiated at ambient temperature with an incandescent

microscope lamp (tungsten filament bulb, incident irradiance approximately 100

mW/cm2). Unless otherwise reported, irradiation times were 1 - 3 hours.

Caution: pressure may develop in sealed tubes during irradiation because of
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local heating or hydrogen generation. PL spectra were acquired [9] after

dry-box transfer of the discs into a quartz cell containing an inert atmosphere.

For other reactions, aqueous HF (48 %, Mallinckrodt) was used as supplied.

6.4 Results and discussion

No reaction is observed at the n-Si surface when the untreated discs are

irradiated in either aqueous or anhydrous HF, and the wafer surfaces do not

photoluminesce. Irradiation of the gold-backed discs in either liquid, however,

rapidly produces color changes in the n-Si surface (as described previously

[5, 7] for anodized n-Si), and the surfaces display PL. The colors that arise are

attributed to surface films of optical thickness and are always associated with

the formation of photoluminescent surfaces in these experiments. The surface

colors regularly oscillate from green through violet, which likely corresponds to

cyclical changes in the thickness of the porous surface layer [8]. Figures 6.1

and 6.2 indicate that the PL spectrum [9] of the porous surface layer is similar

to that observed on disks etched by photo-assisted anodization or chemical

oxidation.

Structural investigations indicate that the luminescent surfaces are highly

porous [1, 11]. SEM images [10] following irradiation in AHF reveal a

homogeneous surface of porous material, with an average pore diameter from



Figure 6. 1
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PL and PLE spectra from n-Si surfaces following (a) irradiation and anodization in AHF,
(b) irradiation only of n-Si in AHF. The discs were gold-backed in each experiment.
Curve (c) corresponds to the spectra obtained from an unetched n-Si disc. PLE
indicates excitation, and PL corresponds to luminescence. The intensity scale is linear
and luminescence intensities from (a) and (b) are comparable.



Figure 6. 2

(a)
PLE PL

(d)
300 460' 560 600 7601 800 900

Wavelength (nm)
PL and PLE spectra of n-Si after treatment in 48 % aqueous HF; (a) disk not gold-backed but
resting on Hg pool, irradiation only; (b) as above, with a Pt wire added to the pool; (c) anodized
surface, disk gold-backed with In -Ga connection to Pt lead; and (d) untreated disc, irradiation only.
PLE indicates excitation, and PL corresponds to luminescence. The luminescence intensities
from (a), (b), and (c) are comparable to eachother and to those in Figure 1.
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10 - 50 nm. The profile of a cleaved disc shows that the porous layer is

uniform and approximately 300 - 500 nm thick. Although the morphologies and

PL spectra of these films indicate that they are chemically similar to those

produced by anodization, direct spectroscopic evidence for the composition of

the AHF-produced films has not been obtained at this point.

As a further test, an untreated n-Si disc was floated on a mercury pool in

aqueous HF and irradiated. Again, a cyclic change in the surface coloration

was observed, and a luminescent surface produced (Figure 6.2). The etch rate

at the n-Si surface, as indicated by the color changes described above, is

slower than with the Au-backed disks. The slower reaction might be ascribed

to poor contact between n-Si and Hg, as Hg does not wet the disc surface, or to

the slow kinetics of H2 generation on Hg. In order to test the latter supposition,

a Pt wire was placed into the Hg pool. Bubbles immediately streamed off the Pt

surface and portions of the n-Si surface rapidly turn black. It is well known that

Pt provides a favorable surface for H2 formation which here allows for an

increase in the photocurrent.

Etching does not occur in aqueous HF when the solution is thoroughly

purged with nitrogen, indicating that 02 is involved in the oxidation mechanism

in this electrolyte. In this case, a model which combines electrochemical and

chemical potentials can be employed. The spontaneous photoelectrochemical

cell reaction involves the chemical oxidation of the irradiated Si surface by 02
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coupled with the generation of H2 at Au or Pt. The reaction does not proceed

without the presence of both 02 and irradiation, which combine to provide a

favorable potential for Si oxidation. In the anhydrous system, however, etching

and PL are observed despite the use of freeze-pump-thaw method to remove

traces of 02. These results are consistent with a photocatalytic cell for the

anhydrous electrolyte [12], where the photoanodic reaction is oxidation of Si.

The oxidation reaction in the anhydrous cell can only involve the generation of

silicon fluorides.
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Chapter 7

Summary

This thesis deals with the electrochemical oxidation of group IV elements,

C and Si. The oxidation of graphite results in an intercalation reaction, while

the oxidation of Si forms a porous, surface layer. The important experimental

results are summarized in this chapter.

Acceptor-type graphite compounds, CXCIO4, CXPF6 and CxC8F/7S03 can be

prepared by electrochemically oxidizing graphite in some common organic

electrolytes such as propylene carbonate, acetonitrile and nitromethane. The

decomposition potentials for these three organic solvents are all above 2.0 V

vs SCE, however, a high charge efficiency for the intercalation process can be

obtained only in nitromethane-based electrolyte. The recharge experiment

reveals that the self-discharge of CXCIO4 electrode is less than 3% in

nitromethane, but greater than 75% in PC and acetonitrile. The results indicate

that graphite-based cathode may be employed in some organic electrolyte such

as nitromethane.

C8F17S03 is an anion with a long perfluoroalkyl chain, it can be inserted

into graphite gallery by anodization of HOPG chips or SP-1 graphite powder in

LiSO3C8F17 (sat.) / CH3NO2 electrolyte. XRD results show that CxC8F17S03 has
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a porous, bilayer intercalation structure with the occupied gallery height around

24.6 -24.9 A. The compound is highly air-stable with the thermal decomposition

temperature around 130 °C. No first stage compound was obtained by this

method due to the exfoliation of graphite. These highly porous, pillared

intercalation compounds may show applications in batteries and ion-exchange

reactions.

The electrochemical oxidation of irradiated n-Si in an anhydrous hydrogen

fluoride (AHF)/KF electrolyte results in a porous Si layer on the surface which

give off strong visible photoluminescence under UV light. The peak wavelength

of the luminescence occurs at 580 nm. FTIR analysis supported that Si-0

bonds are eliminated by the exclusion of water and oxygen during the

anodization. Therefore, the existing of siloxene is not necessary for the

photoluminescence in porous silicon.

The preparation of the photoluminescent surface on n-Si can be simplified

by irradiation only. The experimental results show that the photo-generated

potential (- 0.5 V) is sufficient to etch Si in HF electrolyte. The

photoluminescence spectra of the resulting surfaces are similar to those

obtained by the anodization method. A suitable metal contact on the Si surface

is required to act as a cathode.
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