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Abstract Iron fluoride–carbon nanocomposites

(FeF2–C and FeF3–C) are newly developed materials

for positive electrodes in Li–ion batteries. These new

composites represent high-capacity and reversible

conversion electrode materials with capacity close to

theoretical value and four times that of lithium cobalt

oxide; the most widely used compounds as positive

electrode. In this paper, we report detailed chemical

and structural analysis of FeF2–C nanocomposite

electrode at different discharge states. The FeF2–C

nanocomposite was prepared by high-energy ball

milling at ambient conditions and further processed

in helium environment. The as synthesized electrode

consists of FeF2 nanodomains with crystallite size

ranging from 2 to 18 nm in an amorphous carbon

matrix. The electrode material was analyzed by the

electron energy loss spectroscopy (EELS) composi-

tional imaging with nanometer resolution, and

selected area electron diffraction (SAED) at 36 %,

75 %, and fully discharged states. The high-resolution

EELS elemental maps and intensity line profiles of Fe

and F were obtained to investigate phase transforma-

tion during discharge. Valence maps of Fe were also

produced based on the Fe L3/L2 white line intensity

ratios. The 2-nanometer scale EELS elemental maps

reveal that Fe in the as processed electrode consists of

a mixed valence states (2? and 3?). The discharged

samples at 36 and 75 % demonstrate compositional

modulation with F-rich and F-depleted areas with the

fully discharged material consisting of nanoscale

regions of LiF and Fe in agreement with the cathodic

conversion reaction.
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Introduction

The energy density of Li–ion batteries is directly

related to the capacity of positive and negative

electrodes (Badway et al. 2003a; Badway et al.

2003b; Nazri 2003a; Plitz et al. 2005; Dupin et al.

2001; Chen et al. 2011). The current positive electrode

such as LiCoO2 uses the intercalation reactions to

obtain high-energy Li–ion batteries. Lithium cobalt

oxides are the most widely used compounds in

intercalation due to their good capacity, cycle life,

and storage performance (Amatucci et al. 1996; Wan

et al. 1999; Chen et al. 2002; Badway et al. 2003a;

Markovsky et al. 2004; Kosova et al. 2003; Nazri

2004; Gabrisch et al. 2005). However, the capacity of

this layered structure is limited due to the dependency

of Li intercalation on vacancy concentration (Shao-

Horn et al. 2003) and incomplete reversibility at high

degrees of delithiation/specific capacity (Cosandey

et al. 2005; Cosandey et al. 2006). In addition, almost

all intercalation material reversibility is limited to one

electron per 3d transition-metal ion. Therefore, there is

a need for a new generation of positive electrodes with

higher capacity. A pathway toward lithium batteries

with a significant improvement in capacity can be

obtained with transition-metal materials, which favors

high-oxidation state and utilize all oxidation states

according to the following reaction.

nLiþ þ ne� þMenþXn $ nLiX þMe0; ð1Þ

where Me is transition metal.

A few researchers have explored new routes that

have led to promising results (Arai et al. 1997; Poizot

et al. 2000). Recently, carbon metal fluoride nano-

composites (CMFNC) such as FeF3–C and FeF2–C as

new materials for positive electrodes in Li–ion batter-

ies (Badway et al. 2003a; Badway et al. 2003a–c; Plitz

et al. 2005) have been introduced. The FeF2–C material

demonstrated excellent performance with energy

capacity 4 times that of classical LixC6–Li1-xCoO2

system with full reversibility (Badway et al. 2003a;

Plitz et al. 2005). Although bulk FeF2 is an insulator

material, excellent properties were obtained by the

synthesis of FeF2–C nanocomposites consisting of

FeF2 nanostructured domains in a high-conductivity

carbon matrix (Badway et al. 2003a; Plitz et al. 2005).

The electrochemical reaction in a charging/discharg-

ing reaction can be described as follows:

2Liþ þ 2e� þ Fe2þF2 $ 2LiF þ Fe0 ð2Þ
Based on this reaction, the calculated theoretical

specific capacity is 546 mAh/g while the best exper-

imental value was 500 mAh/g (Badway et al. 2003a;

Plitz et al. 2005). At the present time, the exact

reaction path mechanisms and phase transformation

which accompany the charging and discharging pro-

cesses are still not fully understood. There is therefore

a need to obtain information on chemistry, structure,

and electronic properties at the nanometer scale. In

this regard, high-resolution EELS (HR-EELS) spec-

troscopy is a powerful technique which can provide

nanometer scale chemical composition information

(Reimer 1995; Egerton 1996) as well as chemical

environment of the exited atoms (Saifullah et al.

1999). The chemical composition can be measured

directly from core-loss edges which result from the

transition of core electrons to unoccupied states in the

conduction band (Garvie et al. 1994), while valence

state of Fe and other transition elements can be

determined from the ratio of white lines, L3 and L2

intensities and their energy (Saifullah et al. 1999;

Cosandey et al. 2005; Cosandey et al. 2006).

In a previous study (Cosandey et al. 2005; Cosa-

ndey et al. 2006), we have investigated FeF2–C and

FeF3–C nano composites electrodes at different dis-

charged and recharged values. These samples have

been characterized using high-resolution TEM

(HRTEM), selected area electron diffraction (SAED)

and electron energy loss spectroscopy (EELS) (Cosa-

ndey et al. 2005; Cosandey et al. 2006). However, the

analyses from our previous EELS study were collected

from individual raster areas 30 by 30 nm in size giving

rise to only average information as the FeF2 nano

domains are in the range of 2–30 nm. At the present

time, there is a need to study this materials on a scale

smaller than the nano domains to provide a deeper

insight into the lithiation reaction. Understanding of

the special distribution of the converted phases is

paramount to gaining an insight on both the ionic and

electronic diffusion.

Therefore, in order to gain further insight into the

structural and chemical changes occurring during

discharge, we have studied FeF2–C nanocomposite

electrodes at various stages of discharge (36 %, 75 %,

and fully discharged) by means of 2D STEM-EELS

compositional and Fe-valence mapping. Because the

starting material FeF2 and the transformed material
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after discharge (LiF and Fe) have similar EELS edges,

an analysis of elemental edges for each compound is

presented showing the characteristic EELS signal that

allow identification of specific compounds.

In addition, as fluoride compounds are electron

beam sensitive, a time-dependent EELS analysis of

FeF2 is presented to understand the decomposition

kinetics and F loss during EELS analysis and to

determine the optimal STEM experimental parameters

in terms of beam size and electron dose.

Experimental procedure

The carbon metal fluoride nanocomposites (CMNC)

were fabricated in He by high-energy ball milling. In

this technique, stoichiometric mixtures of FeF2 (Alfa)

and activated carbon (15 wt%), ASupra (Norit) were

placed inside a hardened-steel milling cell along with

hardened-steel media. All cell assemblies were per-

formed in a He-filled glove box. More details on the

synthesis of the FeF2–C nanocomposites, preparation

of the cathodes and testing procedures can be found

elsewhere (Badway et al. 2003a; Plitz et al. 2005).

The TEM samples were prepared from the disas-

sembled electrodes by dispersing the milled powder in

‘‘trichlorotrifluoroethane’’ and releasing a few drops

of the liquid on an amorphous, ‘‘lacey’’ carbon film

supported on copper grid. Then, the mixture was

allowed to dry leaving behind particles dispersed on

the TEM grid. All preparations were accomplished in

an anhydrous He atmosphere. The grids were sealed

under helium and transferred to the TEM chamber.

The final transfer to the TEM chamber consisted of

less than 30 s exposure to ambient atmosphere.

HR-EELS spectrum imaging was conducted using

a Philips CM200 FEG TEM equipped with Gatan

imaging filter (GIF) operating in STEM-mode at

197 kV. All spectra were acquired and processed with

Emispec Vision and also exported for further analysis

with Gatan EL/P software. Initial data were taken with

an in-focus STEM probe of *1.0 nm at FWHM and

1.2 nA probe current. However, the beam intensity

was too high causing a severe loss of fluorine. This

problem was minimized using an under-focused

STEM probe with a diameter of *2 nm. This assured

a dose rate of less than 5 9 103 Ccm-2 s-1. With this

setup, an energy resolution of 1 eV was routinely

obtained using a collection half angle beta of 10 mrad,

convergence angle alpha of 8 mrad, and the EELS

spectra were collected with 0.1 eV dispersion per

channel. All EELS spectra were automatically cor-

rected for sample drift. The optimum exposure time

with statistically significant counts and minimum

damage was found to be 10 readout in 10 ms for the

low-loss spectra while for the core-loss the exposure

time was increased to 0.1 s leaving the number of read

out unchanged (i.e., 10 readouts/second).

A three-window polynomial background-fit was

used to remove the background and extract the

intensity of the Fe–L2 and Fe–L3 white lines. The Fe

L3/L2 white line intensity (WLI) ratios were deter-

mined by taking the ratio of the sum of intensities of the

L3 and L2 white lines. For the Fe L3 and L2 white lines,

the width of the energy window was 9 eV. For the

F(K) an Li(K) edges, a conventional inverse power-law

background fit and an energy window of 15 eV were

used to obtain the F–K edge intensity. In view of the

beam sensitivity of the material, the corresponding

zero-loss peak was not collected and therefore, these

spectra were not corrected for plural scattering.

Results

A typical voltage curve for lithiated FeF2–C cell

cycled between 1.5 and 4.5 V is shown in Fig. 1 for a

discharge rate of 7.5 mA/g. During the first discharge,

a plateau-like feature is observed at approximately

3 V for the first 6 h or so. This could be attributed to a

small degree of Fe3? in the starting material, however

no evidence for its presence could be given by XRD.

Fig. 1 Voltage discharge profile for the FeF2–C nanocomposite

electrode at 37 �C and for a discharged rate of 7.5 mA/g. The

vertical red lines indicate the samples studied. (Color figure online)
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This observation will be investigated in further detail

below. The second plateau at approximately 2 V

initiates with a bit of over potential which arises with

the nucleation of the 2LiF ? Fe discharge process. As

per theory, the conversion reaction proceeds until 56 h

(424 mAh/g of composite, which is equivalent to

500 mAh/g of FeF2). Samples which were investi-

gated by STEM-EELS are marked in Fig. 1 with

vertical lines on the voltage profile corresponding to

discharge times of 20 (152 mAh/g), 42 (318 mAh/g)

and 56 h (424 mAh/g; fully discharged).

TEM characterization

Phase identification process from EELS spectra

Upon total discharge, LiF and Fe are expected to be the

final product of the initial FeF2 positive electrode. As

the F–K and Fe–L2/3 core-loss signal will always be

present regardless of the discharge state, there will not

be sufficient information to assess whether the ele-

ments are in the form of unreacted FeF2 or discharge

reacted products LiF ? Fe. Therefore, it is essential to

collect the low-loss spectra to detect in addition to F,

the simultaneous presence of Li. Moreover, identifi-

cation of oxidation state of Fe in either Fe2?F2,

Fe3?OF, Fe3?F3 or metallic Feo can be obtained from

the energy position of the L3 and L2 white lines and

from their intensity ratio (Egerton, 1996). In a previous

study (Cosandey et al. 2006), we have been able to

uniquely identify Fe2?F2 from Fe3?F3 from the 1.5 eV

decrease in the Fe–L3 line energy. The Fe–L3 line

energies in Fe2?F and Feo are almost the same and

cannot be used for phase identification. However, a

unique Fe2? versus Feo oxidation state determination

can be obtained from the decrease in L3/L2 line

intensity ratio. Exact value in Fe L3/L2 intensity ratio

between various Fe oxidation states is strongly depen-

dent on EELS acquisition parameters and methodology

to extract the L3 and L2 white line intensities (Egerton,

1996). However, regardless of the specific methodol-

ogy, the Fe L3/L2 intensity ratio decreases with

reduction in oxidation state from Fe3? to Fe2? and

Feo. Examples of low-loss and core-loss spectra of as

synthesized FeF2–C electrode material are shown in

Fig. 2a, b respectively. The Fe–M23 edge is observed in

Fig. 2a with peak intensity at 60 eV. On the other hand,

F–K (693.4 eV), Fe–L3 (708.7 eV), and Fe–L2

(721.5 eV) of FeF2 are visible in Fig. 2b (curve b1).
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Fig. 2 Phase identification

process used in EELS

analysis. a Low-loss, and

b core-loss spectra of FeF2.

Curve b1 is from a region

with homogenous di-

valence state, Fe2?, while

curve b2 is from an area

containing mixed di- and tri-

valence states, Fe?2 and

Fe?3. c Low-loss with Li–K

and Fe–M2,3 signals, and

d core-loss spectra with Fe–

L2,3 and F–K signals (curve

d1) of an area containing

mixed LiF and Fe phases.

The standard F–K EELS

signal from LiF with unique
post F–K peak is also shown

in Fig. 2d, curve d2
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In Fig. 2b (curve b2) a broadening/splitting in L3 white

line is indicative of co-existence of multiple valence

states of Fe (Fe2?, and Fe3?). In other words, EELS has

the capability of differentiating between FeF2 (curve

b1) and the coexistence of multiple valence states (2?

and 3?) such as between FeF2 and FeF3 or FeOF (curve

b2). This Fe L3/L2 ratio method will be used later for

quantitative analysis of valence state mapping.

The low-loss and core-loss spectra from a fully

discharged sample are shown in Fig. 2c, d (curve d1)

respectively. The F–K core-loss from LiF standard is

shown in Fig. 2d. In addition to the presence of the Li–

K edge, identification of the LiF phase can be based

also on a unique feature of the F–K edge with post F–K

peak located *5 eV to the right of the main F–K edge

located at around 704 eV. This post F–K peak is

marked with an asterisk (*) in Fig. 2d (curve d2),

taken from the standard LiF compound. Therefore, in

the spectra shown in Fig. 2d (curve d1) the presence of

post F–K peak together with Li–K signal are indica-

tions that F and Li are combined as LiF despite the

presence of Fe in the EELS spectra in Fig. 2c, d. The

above procedure was followed to analyze our spec-

trum images and to uniquely identify all phases in our

EELS compositional maps.

Time series and radiation damage experiment

Owing to the high sensitivity of fluorine compounds to

electron beam irradiation, the impact of beam damage

on measured EELS data was determined from drift-

corrected time series experiments. These experiments

were essential because they allow investigating the

effect of electron beam damage on phase decomposi-

tion, chemistry, and bonding with accurate estimation

necessary for quantitative analysis. Therefore, in each

damage experiment, the beam remained stationary for

50 s and the EELS spectra were recorded every second

at a dose rate of 1.5 9 105 C/cm2/s. Figure 3a is a time

series plot of the fluorine F–K and iron white lines Fe–

L3 and Fe–L2 intensities recorded as a function of time.

Figure 3b shows the relative intensities of Fe–L3 to Fe–

L2 and F–K to Fe–L3 (Fe–L3/Fe–L3 and Fe–L3/Fe–L2)

of the EELS spectra collected in Fig. 3a. Although

both F and Fe–L3/L2 ratios decrease exponentially with

time, the Fe–L3/Fe–L2 represent the reduction in

oxidation states from Fe2? to Feo, while the F–K/Fe–

L3 represent a fluorine loss phenomenon. The plot also

shows the fluorine content initially decreases at rate of

8 % per second which is *4 times faster than the

decrease in the Fe–L3/L2 intensity ratio. After *35 s

which is equivalent to a total dose of 1.3 9 106 C/cm2,

the fluorine is completely depleted. This is obviously

an indication that the initial FeF2 structure will undergo

transformation into FeF2-x accompanied with valence

state reduction (Fe2? ? Fe0) and after *35 s the

remaining material will be metallic Fe. The measured

decrease of the Fe L3/L2 ratio from 5.8 to 3.8 upon the

reduction in valence state from Fe 2? to Feo will be used

later to determine the Fe valence of various discharge

samples.

As mentioned above the fluorine content with 1 nm

probe and a dose rate of 1.5 9 105 C/cm2/s decreases
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Fig. 3 Radiation damage experiment in FeF2–C nanocompos-

ites. a Time series experiment of F–K, Fe–L3, and Fe–L2 EELS

peak intensities taken with a stationary electron beam, and b Fe–

L3/L2 and F–K/Fe–L3 intensity ratios of data in a
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rapidly at rate of 8 % per second. Therefore, in order to

collect maps and individual spectra, we used a 2 nm

de-focused beam conditions corresponding to a dose

rate of 3.8 9 104 C/cm2s. Under these experimental

conditions, the F loss is less than 2 % per second.

Table 1 summarizes the investigated probe conditions

with their dose rate and resulting fluorine loss.

HR-EELS maps of the as-prepared FeF2–C

nanocomposite electrode

A HRTEM lattice image, selected area electron

diffraction (SAED) pattern, and corresponding dark

field image of the as-prepared FeF2–C nanocomposite

electrode are shown in Fig. 4. The lattice fringes in the

HRTEM image and d-spacings from SAED confirm

the tetragonal crystal structure of FeF2 with P42mnm

space group. Crystallite size of the as synthesized

material is ranging from 2 to 18 nm as can be observed

from the nanodomains in the HRTEM, Fig. 4a, and

from the dark field image in Fig. 4c.

A STEM image of the as-prepared FeF2–C (unre-

acted) FeF2–C electrode and corresponding composi-

tional EELS maps are shown in Fig. 5. The Fe–L3

white line intensity map is shown in Fig. 5b. The white

line intensity ratio map of Fe (Fe–L3 divided by Fe–L2)

is displayed in Fig. 5c. The intensity of the F–K map

and the intensity ratio of fluorine to iron (F–K divided

by Fe–L3) are displayed in Fig. 5d, e respectively. The

average Fe L3/L2 ratio from map in Fig. 5c was

calculated to be 4.8 with standard deviation of 0.5

corresponding to the expected Fe2? oxidation state.

Some regions however, show higher Fe–L3/L2 intensity

ratio in the range of 5.5–6.6 indicating a higher Fe3?

valence state. These regions correspond to tri valence

state of Fe (Fe3?) in addition to the di valence state

(Fe2?), as can easily be recognized from the Fe L3/L2

map as they appear in yellow color. Typical spectra

from these two areas are shown in Fig. 5f, curves f1 and

f2. The presence of mixed Fe?2 and Fe?3 valence states

can be seen also in curve f2 from the presence of two

overlapping L3 edges from the presence of two valence

states. The fraction of area with Fe3? oxidation state

based on the relative yellow area to the total area is

about 4 %. The presence of the Fe3?-based compounds

(FeF3 or FeOF) can be related to an induced oxidation

while high-energy milling to create nanodomains of

FeF3, or an oxidation process caused by reaction with

residual oxygen to form FeOF, or even the formation of

Fe3? within the pure fluoride rutile structure manifested

as areas of trirutile. Iron in Fe?3 valence state will

provide an extra charge during the total reduction to

pure iron (Fe0). However, reduction of FeOF or FeF3

during the discharging process will occur in a two-step

reaction (Fe3? ? Fe2? ? Fe0) process instead of one-

step reaction (Fe2? ? Fe0).

Table 1 Probe conditions with corresponding dose rate and

fluorine loss in STEM-mode

Probe condition (size

(FWHM), current)

Mode Dose (C/

cm2/s)

Fluorine

loss in 1 s

1 nm, 1.2 nA Spot 1.5 9 105 8 %

2 nm, 1.2 nA Spot 3.8 9 104 2 %

Fig. 4 a High-resolution TEM image. b Selected area electron diffraction (SAED), and c dark field image of the as synthesized FeF2–C

electrode

Page 6 of 12 J Nanopart Res (2013) 15:1500

123



The fluorine map, Fig. 5c, shows almost homoge-

nous intensity across the mapped area except for few

spots, which are fluorine depleted. The F/Fe–L3

intensity ratio image also shows uniform intensity

with an average of 0.46 and standard deviation of 0.1

corresponding to Fe2? oxidation state. Low-loss

spectra from this region show only core signal from

FeM2,3 indicative of the presence of only FeF2.

Line intensity profiles of electrodes discharged

for 20, 42, and 56 h (fully discharged)

In order to further investigate the phase decomposition

and structural inhomogeneity during discharge, EELS

line profiles were collected from samples discharged

for 20, 42, and 56 h (fully discharged). Thirty-two data

points were collected along a line of 64 nm length with

5 nm spacing between the points. At each data point a

full spectra of low-loss (zero-100 eV) and core-loss

regions (650–750 eV) were collected. Furthermore,

the Fe–L3, Fe–L2, and F–K intensity were obtained

after background removal. Typical spectra from the

sample discharged for 20 h showing partial trans-

formed into LiF and Fe are displayed in Fig. 6. In the

core-loss spectra, both F and Fe are present, however,

only FeM2,3 edge is present in the low-loss region

without any Li signal. Therefore, this is a FeF2

compound with an energy line of the Fe–L3 located at

709.0 eV consistent with the location of Fe2? energy

position. Figure 7 compares the intensity profiles of

F–K/Fe–L3 for samples discharged for 20, 42, and

56 h (fully discharged). All samples show variations

in the F to Fe relative intensities. This variation can be

related for two reasons. First, it can be caused by the

variation in the Fe and F contents due to the reaction

with Li ions and second due to the presence of the

conductive carbon matrix. Taking these two factors

into consideration, a modulation in the Fe L3/L2 ratio

with period of *5 nm for the 20 h and 10 nm for the

42 h samples are measured. Fully discharged sample,

however, showed large modulation (*16 nm) with

respect to the partially discharged electrodes. This

Fig. 5 EELS analysis of the as synthesized FeF2–C nanocom-

posite electrode. a STEM image, b Fe–L3 intensity map, c Fe L3/

L2 intensity ratio map, d F–K intensity map, e F–K/Fe–L3 ratio

map, and f Individual EELS spectrum taken from regions 1 and

2 marked in c (each map is 256 by 256 nm2)
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increase in chemical inhomogeneity as the discharge

time increases can be related directly to an increase in

the volume fraction and size of Fe and LiF phases.

HR-EELS maps of FeF2–C discharged for 42 h

A STEM image and corresponding EELS intensity

maps of FeF2–C electrode discharged for 42 h are

shown in Fig. 8. The Fe–L3 intensity map, and the Fe

L3/L2 white line intensity ratio are displayed in

Fig. 8b, c respectively. The F–K intensity map and

the fluorine to iron ratio map (F–K divided by Fe–L3)

are shown in Fig. 8d, e respectively. Figure 5f repre-

sents individual EELS spectra extracted from marked

areas in the F–K/Fe–L3 ratio map in Fig. 8e.

The elemental intensity maps of Fe and F show that this

sample, as expected, exhibit chemical inhomogeneity.

Higher F intensities were observed at the edges while

interior regions have lower F content or even nanodomains

depleted of fluorine. Two representative EELS spectra

taken from areas with large variation in F are shown in

Fig. 8f. The spectra, which has been collected near the

center (marked 1) shows a signal from Fe only, while the

second spectra (marked 2) shows a significant amount of F

in addition to Fe. The spectra which displays signal from

iron only suggest that these regions have completely

transformed into metallic iron (FeF2 ? Fe ? LiF). This

can also be confirmed from our measured energy position

of Fe–L3 of 708.5 eV and from the low Fe L3/L2 ratio

(*3.9) indicating of metallic Fe0 as shown in our previous

study (Cosandey et al. 2005; Cosandey et al. 2006). The

F-signal depicted in curve f1 with small post peak is

another indication that F is combined with Li to form LiF

as mentioned earlier in the phase identification section.

HR-EELS maps of the fully discharged FeF2–C

electrode

The fully discharged electrode (56 h) has also been

analyzed using selected area electron diffraction

(SAED), Fig. 9, and EELS compositional mapping,

Fig. 10. Analysis of the d-spacings of the indexed

SAED pattern confirms the presence of mixed Fe and

LiF phases. In addition, there is a weak intensity

corresponding to (110) reflection of the FeF2 phase

(\ 10 %), which is an indication of a trace of unreacted

(retained) FeF2 material. In order to reveal the chemical

composition and elemental distribution, EELS compo-

sitional mapping were collected from the fully dis-

charged sample. A representative STEM image is

displayed in Fig. 10a. The Fe–L3 intensity map and

fluorine to iron (F–K divided by the Fe–L3) intensity

map ratio are shown in Fig. 10b, c respectively. The Li–

K/Fe–L3 intensity map ratio is displayed in Fig. 10d.

The F–K/Fe–L3 intensity map shows a higher and

relatively uniform F/Fe relative intensity at the core

surrounded by strong Fe signal, which appeared in dark
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Fig. 6 EELS spectra from

FeF2–C nanocomposite

electrode discharged for

20 h. a Core-loss spectra

with F and Fe signals, and

b low-loss spectra where the

Fe–M2,3 and Li–K are

located

Fig. 7 Line profiles of F–K/Fe–L3 intensity ratios of the FeF2–

C electrode discharged for 20, 42, and 56 h (fully discharged)
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blue color. Individual spectra from various regions

were also collected from this sample and a typical core-

loss and low-loss spectra are presented in Fig. 10d, e

respectively. The spectra from a standard LiF sample

(Ahn and Krivanek 1983; Saifullah et al. 1999;

Cosandey et al. 2005; Cosandey et al. 2006) is also

displayed in Fig. 10e. The results form this sample

reveal that most of the fluorine is combined as LiF as

can be seen from the similar F edge features in both

spectra. In the low-loss region (Fig. 10f), the Li–K

edge is located at *62 eV with a second peak located

at *68 eV. An energy window, which includes both

edges (15 eV), was utilized to extract lithium signal

from low-loss spectra with best intensity, Fig. 10d. The

first peak which can be seen before the Li–K edge at

around 58 eV is the onset of the FeM2,3 signal. By

comparing Li map with F map it is very clear that there

is a strong correlation between both maps, which is an

indication of the formation of LiF nanodomains.

Discussion

Despite the beam sensitivity of FeF2–C, EELS elemen-

tal maps have been obtained with a 2 nm de-focused
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Fig. 8 EELS compositional maps of the 42 h discharged

electrode. a STEM image, b Fe L3 intensity map, c Fe L3/L2

intensity map ratio, d F–K intensity map, e F–K/Fe–L3 intensity

map ratio, f EELS spectra taken from positions marked 1 and 2
in e showing phase separation with high F and Fe (position 1)

and only Fe signal (position 2) (each map is 64 by 64 nm2)

Fig. 9 An indexed selected area electron diffraction (SAED)

pattern from the fully discharged FeF2–C electrode, which

confirms the decomposition of FeF2 into LiF and Fe upon

discharging
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probe and a dose of 3.8 104 C/cm2. The results obtained

from elemental maps show that upon discharge, there is

a gradual transformation of FeF2–C positive electrode

into LiF and Fe, Fig. 11. The EELS spectrum imaging

analysis presented here were capable of providing

information on Fe, F, and Li signals. Although, the Li–

K edge signal was in close proximity with the Fe–M2,3

edge and also located too close to the Plasmon peaks,

Li–K maps can still be obtained. In addition, low-loss

spectra from individual spots were also frequently

collected to check qualitatively for the presence of Li–

K and Fe–M2,3 signals allowing clear differentiation

between F signal in LiF from unreacted F in FeF2.

The gradual transformation of the FeF2–C electrode

upon lithiation (discharging) is displayed schematically

in Fig. 11. The corresponding F/Fe ratio maps from this

study are also included for comparison. Before discharg-

ing, a nearly homogenous FeF2 nanocomposite is present

in a conductive carbon matrix. The F/Fe spectrum

image also shows an almost uniform intensity. During

discharging, gradual phase transformation of FeF2–C

nanocomposite electrode into LiF and Fe is initiated

upon reaction with Li. This process can be observed from

the spectrum images of the sample discharged for 42 h

showing a shrinkage of the FeFe2 phase at the expenses

of the LiF and Fe phases, Fig. 11. The corresponding

F/Fe ratio spectrum image, also shows regions with pure

Fe surrounded with LiF and FeF2 regions.

The fluorine and F/Fe–L3 relative intensity maps

and line intensity profiles from electrode materials

discharged at 20, 42, and 56 h (fully discharged)

exhibits chemical inhomogeneities. For instance, the

sample discharged for 20 h showed partial transfor-

mation with small compositional variations. However,

increasing the discharge time to 42 h has resulted in

chemical inhomogeneity and phase segregation on

larger scale. This can be observed from the F and Fe

line intensity profiles shown in Fig. 7, where the

sample discharged for 20 h exhibits modulation with

period of about 5 nm, which increases to about 10 nm

in case of 42 h discharge. Chemical inhomogeneity in

the fully discharged sample is in the range of 16 nm.

This probably is an indication that under these reaction

conditions the maximum domains will be no larger
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Fig. 10 EELS compositional maps of the fully discharged

FeF2–C nancomposite electrode. a STEM image, b Fe–L3

intensity map, c F–K/Fe L3 intensity map ratio, d Li–K/Fe–L3

intensity map ratio, e core-loss signal with F–K and Fe–L2,3

edges and, f low-loss spectra corresponding to Fig. 5e with Fe–

M2,3 and Li–K signal (each map is 64 by 64 nm2)
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than 16 nm due to diffusion kinetics. However,

detailed experiments with higher spatial resolution

are needed to confirm this observation. A recent in situ

TEM study (Wang et al. 2011, Wang et al. 2012)

confirms the modulation structure at the nanoscale.

When the FeF2–C nanocoposite is fully discharged,

the cathode material at this stage is fully decomposed

into LiF and Fe phases as expected from the chemical

reaction with Li (Eq. 1) and confirmed recently by

other researchers (Rangan et al. 2012). The SAED,

Fig. 9, and EELS results displayed in Fig. 10a–d

confirm the presence of LiF and F phases. Detailed

analysis of EELS maps combined with individual

spectra from core-loss and low-loss regions, as

typically shown in Fig. 10d–e, confirm that almost

all the F in this sample is presented as LiF.

Conclusions

EELS spectrum imaging has been used to investigate a

newly developed FeF2–C nanocomposite used as

positive electrode material for Li–ion batteries. Elec-

trochemical data have shown that this new cathode

material reacts with Li through a fully reversible

process. In this study, EELS compositional as well as

valence maps were used to investigate chemical

inhomogeneity that accompanied the lithiation (dis-

charged) process. Selected samples at different dis-

charge values showed a decomposition of the FeF2 into

Fe and LiF upon reaction with Li ions. The FeF2–C

nanocomposite electrode material is highly beam

sensitive to electron beam and about 2 % of the fluorine

content was lost by radiation during the analysis.

Nevertheless, this study was able to provide spectrum

imaging of Fe, F, and Li, which allow deep insight

regarding electrochemical reactions. In addition, this

study is the first attempt to analyze iron fluoride

materials using EELS mapping and the results show

promise with sufficient resolution to reveal changes

occurring during various electrodes discharged times.

Atomic scale compositional mapping in electron beam-

sensitive materials will be possible with minimum

radiation damage and enough detectability.

Fig. 11 Schematic with

corresponding high-

resolution EELS maps

showing gradual

transformation of the FeF2

electrode into LiF and Fe

upon discharging. Each map

is 64 by 64 nm2
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