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Abstract—High-resolution transmission electron microscopy (HRTEM), selected-area electron diffraction
(SAED), annular dark-field scanning transmission electron microscope (STEM) images, and electron nano-
diffraction were used to examine structures of synthetic 2- and 6-line ferrihydrite specimens. HRTEM
images of 2-line ferrihydrite (2LFh) show scattered small (~1-3 nm) areas with lattice fringes surrounded
by areas free of fringes. All SAED patterns show two bright rings corresponding to d-values of ~0.15
and 0.25 nm; each ring has a conspicuous shoulder on each side. Faint rings corresponding to d-values
of 0.08, 0.095, 0.100, 0.106-0.114 (very broad ring), and 0.122 nm are visible in strongly exposed SAED
patterns. Nanodiffraction patterns show conspicuous streaks and a lack of superlattice formation.

HRTEM images of 6-line ferrihydrite (6LFh) display larger crystallites (typically ~5-6 nm) with lattice
fringes visible in many thin areas. SAED patterns show rings corresponding to d-values of 0.148, 0.156,
0.176, 0.202, 0.227, and 0.25-0.26 nm and a shoulder extending between d-values of ~0.25 and 0.32
nm. Faint rings corresponding to d-values of 0.086, 0.093, 0.107, 0.112, 0.119, 0.125, and 0.135 nm are
visible in strongly exposed SAED patterns. Small quantities of hematite, magnetite or maghemite, and
an acicular material tentatively identified as goethite were observed in the 6-line ferrihydrite, but these
quantities do not contribute significantly to the overall diffracted intensity from the sample.

Key Words—Ferrihydrite, High-Resolution Transmission Electron Microscopy (HRTEM), Nanodiffrac-

tion, Selected-Area Electron Diffraction (SAED).

INTRODUCTION

Ferrihydrite is a common iron oxide mineral in low-
temperature surface environments such as soils, lake-
bottom sediments, drainage ditches, and hot- and cold-
spring deposits (e.g., Chukhrov et al., 1973; Schwert-
mann and Fischer, 1973; Childs et al., 1986; Schwert-
mann e? al., 1987; Schwertmann, 1988; Schwertmann
and Taylor, 1989). Because of its small grain size (<6
nm) and large surface area (hundreds of square meters
per gram), even small amounts of ferrihydrite can have
important consequences for many soil properties (Cor-
nell and Schwertmann, 1996; Jambor and Dutrizac,
1998; Childs, 1992). Ferrihydrite also occurs as an
aqueous alteration product in meteorites (Li et al,
1999; Brearley, 1997; Lee et al., 1996), and it is an
important corrosion product of iron and steel. Natu-
rally occurring ferrihydrite can be formed by biologi-
cal processes (e.g., Chukhrov et al, 1973; Schwert-
mann and Fischer, 1973; Konhauser, 1997).

Ferrihydrite is important in environmental geolegy
because of its common occurrence in mine-waste en-
vironments and its demonstrated ability to adsorb or
form coprecipitates with organic compounds and ions
of a wide variety of elements (Jambor and Dutrizac,
1998; Alpers et al., 1994; Bigham, 1994; Jambor,
1994). Natural ferrihydrite is difficult to isolate and
characteristically contains impurities, even a few mole
percent of which may have significant effects on its
structure and phase-transition behavior (Parfitt, 1992;
Paige et al, 1997, Cornell and Schwertmann, 1996).
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Thus, most investigations of the chemical and crystal-
lographic characteristics of ferrihydrite use synthetic
samples comparable to those in this study.

The number of peaks in X-ray diffraction (XRD)
patterns of ferrihydrite is variable. It is common to
designate ferrihydrite samples by the number of peaks
corresponding to d-values from ~0.15 to ~0.25 nm,
for example ‘“2-line ferrihydrite (2LFh),” and ““6-line
ferrihydrite (6LFh).”” We follow this convention; how-
ever, only synthetic 6LFh samples are strictly consis-
tent with the International Mineralogical Association
definition (Fleischer er al,, 1975; Farmer, 1992). Other
commonly used names for ferrihydrite include ‘‘pro-
toferrihydrite”” (the name originally proposed for
2LFh), “amorphous ferric oxide,” and “*hydrous ferric
oxide” (e.g., Chukhrov et al., 1973; Towe and Brad-
ley, 1976; Farmer, 1992; Manceau et al., 1995).

Although both natural and synthetic ferrihydrite oc-
cur in forms with intermediate numbers of peaks
(Carlson and Schwertmann, 1981; Childs ez al.,, 1986;
Brearley, 1997; Lee ef al., 1996; Lewis and Cardile,
1989; Li et al., 1999; Schwertmann et al., 1999), only
synthetic 2LFh and 6LFh have been widely used for
structural and chemical studies. Under appropriate
conditions, ferrihydrite can transform to hematite, goe-
thite, lepidocrocite, magnetite, or maghemite (Cornell
and Schwertmann, 1996; Campbell et al., 1997). To
our knowledge, transformations among the forms of
ferrihydrite with varying numbers of peaks have not
been demonstrated.
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Figure 1. XRD patterns of ferrihydrite: 6LFh (top) and

2LFh (bottom) (CrKa radiation). Numbers above the pattern
of 6LFh indicate peaks used in identification.

Despite an early suggestion that 36% of the iron in
6LFh is in tetrahedral coordination (Eggleton and Fitz-
patrick, 1988), synchrotron techniques have shown
that essentially all of the iron in the interiors of 6L.LFh
crystals is octahedrally coordinated (e.g., Combes et
al., 1989, 1990; Manceau and Drits, 1993; Zhao et al.,
1993; Shinoda et al,, 1994; Waychunas et al., 1996).
Intermediate-range structures involving possible cor-
ner-, edge-, and face-sharing between octahedra re-
main subjects of active investigation (Combes et al.,
1989, 1990; Waychunas et al, 1993, 1996; Manceau
and Drits, 1993; Shinoda et al., 1994) as do coordi-
nation environments of iron atoms at crystal surfaces
(Zhao et al., 1994; Manceau and Gates, 1997). Longer-
range structures (on a scale of a few nm) and the re-
sulting numbers of peaks in XRD patterns were in-
vestigated using simulated X-ray diffraction (Drits et
al., 1993), leading to the suggestions that ferrihydrite
is a mixture containing 25% normal hematite and that
the main structural difference between 2LFh and 6L.Fh
may be the size of the coherently diffracting domains
(Drits et al., 1993; Manceau and Drits, 1993). How-
ever, direct observations to test these suggestions are
lacking.

We used high-resolution transmission electron mi-
croscopy (HRTEM), selected-area electron diffraction
(SAED), dark-field scanning transmission electron mi-
croscope (STEM) images, and electron nanodiffraction
to study samples of synthetic 2LFh and 6LFh. Our
research has two goals: 1) to use direct observations
to explore structural similarities and differences be-
tween the samples and 2) to provide HRTEM and elec-
tron diffraction data on characteristics of synthetic
2LFh and 6LFh because of their importance for chem-
ical and environmental studies.

SAMPLES AND METHODS

Samples of 2LFh and 6L.LFh were synthesized at the
Lehrstuhl fiir Bodenkunde, Technische Universitét
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Miinchen, using methods from Schwertmann and Cor-
nell (1991). The 2LFh was synthesized by adding a 1
M solution of reagent-grade potassium hydroxide to a
0.2 M solution of reagent-grade ferric nitrate with con-
stant stirring until the pH reached 7-8, and repeatedly
washing and centrifuging to remove remaining elec-
trolytes. The 6LFh was synthesized by adding 20 g
ferric mitrate to 2 L of distilled water that had been
preheated to 75°C, holding the solution at 75°C for 10—
12 min, cooling it with ice water, and dialyzing to
remove electrolytes. The resulting precipitates in both
cases were freeze-dried.

Samples were prepared for powder XRD by grind-
ing them gently, moistening them with propanol,
spreading them on a zero-background quartz plate, and
allowing them to air-dry. XRD patterns (Figure 1)
were measured by summing ten scans using CrKa ra-
diation from a Rigaku RU200B diffractometer with a
rotating-anode source and a diffracted-beam curved-
graphite monochromator. Each scan used a 0.05° step
size and a counting time of 0.5 s per step for 6LFh or
1.0 s per step for 2LFh, which diffracted less strongly.
The resulting XRD patterns are similar to published
patterns for both natural and synthetic 2L.LFh and 6L.Fh
(e.g., Eggleton and Fitzpatrick, 1988; Schwertmann
and Cornell, 1991; Cornell and Schwertmann, 1996;
Drits et al., 1993).

TEM samples were prepared by ultrasonicating a
small amount of ferrihydrite powder in a few drops of
high-purity water for 2-3 h, then placing a droplet of
the faintly colored water on a holey-carbon or holey-
silicon-monoxide film supported by a copper-mesh
TEM grid. A cold-water bath was used during ultra-
sonication to inhibit the possible formation of more
crystalline iron minerals. Ultrasonication did not com-
pletely separate individual crystals but produced ag-
gregates with electron-transparent edges.

HRTEM images were obtained using a JEOL
4600EX microscope operating at 400 kV (point-to-
point resolution 0.17 nm) and a Topcon 002B micro-
scope operating at 200 kV (point-to-point resolution
0.18 nm). Samples with silicon monoxide substrates
were less useful because of electron-beam-induced
charging. The best images were obtained from thin
edges of ferrihydrite aggregates that were supported
by the holey-carbon substrate at several points.

SAED patterns were obtained using the smallest se-
lected-area aperture available on each microscope and
a camera length that produced a difference of ~7 mm
in radii of rings diffracted from d-values of 0.15 and
0.25 nm. At least two films were taken of each dif-
fraction pattern: one or more using relatively short ex-
posures (typically <45 s) to show diffraction from d-
values larger than ~0.25 nm and one long exposure
(typically 90-180 s) to emphasize d-values smaller
than ~0.35 nm. Rings representing d-values <0.15 nm
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Figure 2.

HRTEM image of 2LFh showing single crystallites and material without lattice fringes at edge of aggregate. Note

small groups of lattice fringes (examples at arrows), and straight edges of crystallites along thin edges.

were always faint, and could only be measured on the
most strongly exposed negatives.

Nanodiffraction patterns (Cowley, 1998) were ob-
tained with a Vacuum Generators HB-5 Scanning
Transmission Electron Microscope (STEM) using a
beam diameter of ~0.7 nm. Because of the small beam
convergence angle and the small thickness of the crys-
tallites, these patterns do not show the same detail in-
side individual spots as obtained in conventional con-
vergent-beam electron diffraction patterns. Instead,
spots in nanodiffraction patterns are interpreted as
though they were enlarged reflections in SAED pat-
terns. Despite the small sizes of the crystallites and
their tendency to be superposed on each other, zone-
axis nanodiffraction patterns in which only one crys-
tallite was strongly diffracting could be obtained. An-
nular-dark-field STEM images (Cowley, 1998), which

Figure 3.
agonal crystallites. Arrows indicate examples of areas with
lattice fringes.

HRTEM image of 2LFh showing possibly hex-
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are formed using electrons diffracted by the specimen
into a ring-shaped region of reciprocal space corre-
sponding to d-values of ~0.1-0.3 nm, were obtained
to show sizes and shapes of coherently diffracting do-
mains.

RESULTS
Characteristics of 2LFh

Figures 2 and 3 show HRTEM images of the edges
of 2LFh aggregates. Most crystallites are 2-4 nm
across and approximately equant. With rare excep-
tions, each crystallite shows only a single orientation
of lattice fringes. Many crystallites display straight
edges meeting at angles of ~110°~150° (as measured
in images). Although these geometries do not suffice
to identify morphologies uniquely, they are consistent
with an approximately hexagonal shape. Lattice frin-
ges commonly either parallel the edges of the crystals
or bisect the intersection angles.

Widely scattered areas that have distinct lattice
fringes are surrounded by areas without recognizable
fringes. Although nanodiffraction shows that the sam-
ple contains some near-amorphous material, areas
without lattice fringes in HRTEM images can also be
produced by crystallites that are not in appropriate ori-
entations or are superposed on each other.

All SAED patterns of 2LFh appear similar, sug-
gesting a high degree of homogeneity in the sample
(Figure 4; Table 1). Each pattern has two bright rings,
each of which has a shoulder on each side. SAED
patterns of the holey-carbon substrate by itself have
broad, diffuse rings whose centers are at ~0.215 and
~0.12 nm, which overlap the 2LFh pattern. The sili-
con-monoxide substrate also produces two rings that
do not overlap those of the ferrihydrite but are too
faint to measure in SAED patterns obtained under the
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Figure 4. SAED pattern of 2LFh with d-values of rings
(thick lines) and edges of shoulders (thin lines).

conditions used for ferrihydrite; however, this sub-
strate was not used for most observations because of
difficulties with sample charging. 2LFh rings and
shoulders can be distinguished from holey-carbon
rings by their sharp edges in SAED patterns, as con-
firmed by comparison of SAED patterns from samples
prepared with holey-carbon and silicon-monoxide sub-
strates. The 2LFh shoulder at 0.21-0.25 nm is much
brighter than the 0.215-nm holey-carbon ring in SAED
patterns from areas including significant quantities of
ferrihydrite.

Several nanodiffraction patterns display streaks sug-
gesting a high degree of disorder in the stacking of
lattice planes (Figure 5). The absence of distinct re-
flections along the streaks indicates a lack of longer-
range superlattice organization.

Characteristics of 6LFh

Figures 6 and 7 show representative images of
6LFh. Images of thin areas observed at approximately
Scherzer defocus display parallel dark and bright lines
or alternating black and white spots. These are inter-
preted as structure images, in which dark and light
areas correspond, respectively, to areas of high and
low electron density in the crystal structures projected
onto a plane perpendicular to the electron beam. De-
tails of images depend on crystallographic orientation
relative to the beam; thus, the same structure may ap-
pear to be different when seen from different orien-
tations.

Most crystallites are 5—6 nm across, although indi-
viduals ranging in size from ~2 to ~11 nm were ob-
served. Most crystallites are equant, with rounded
shapes or with straight edges meeting at large angles,
suggesting a spherical or polyhedral habit. Reflections
from individual crystallites are clearly visible in
SAED patterns of 6LFh. These reflections may appear
as scattered individuals or closely spaced along rings
(Figure 8; Table 2).

Widely scattered larger crystals with tabular or acic-
ular shapes are embedded in the 6LFh. Lattice-fringe
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Table 1. Diffraction characteristics of 2LFh.
d-values (nm)
d-values (nm) from XRD
from SAED (Figure 1) Description References

0.32 Edge of intense
shoulder
extending to
0.25-nm ring

0.25 0.256 Intense ring 1,2

0.21 Edge of shoulder
extending to
0.25-nm ring

0.17 Edge of shoulder
extending to
0.15-nm ring

0.15 0.148 Intense ring 1,2

0.13 Edge of shoulder
extending to
0.15-nm ring

0.122 Ring

0.106-0.114 Very broad ring

0.100 Ring

0.095 Ring

0.08 Broad ring

References: 1) Eggleton and Fitzpatrick, 1988 (synthetic);
2) Drits et al., 1993 (synthetic).

geometries do not allow a unique identification. The
habits of the acicular crystals are consistent with goe-
thite, which is a likely byproduct of the synthesis
method used for 6LFh (Schwertmann and Cornell,
1991).

Figure 5.

Nanodiffraction pattern of 2LFh with arrows in-
dicating streaks. Diffuse scattering around the center of the
pattern is from amorphous carbon deposited as a contaminant
on the specimen during analysis.
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Figure 6.
sizes, rounded-to-hexagonal shapes, variation in lattice-fringe
spacing, and high degree of crystallinity as indicated by the
large fraction of grains showing lattice fringes or alignment
of black and white spots. Material under the scale bar is the
holey-carbon substrate.

HRTEM image of 6LFh. Note homogeneous grain

A few SAED patterns show widely scattered faint
reflections corresponding to d-values of 0.186 and
0.366 nm, which may represent diffraction from the
(024) and (012) planes of hematite (d-values 0.184 and
0.368 nm). These reflections, whose diffracted inten-
sities are, respectively, 40 and 30% of that of the high-
est-intensity hematite reflection in powder samples
(ICDD card 33-664), are the most intense hematite re-
flections that do not superpose any of the 6LFh rings
or the 0.25-0.32 nm shoulder. Other SAED patterns
(e.g., Figure 8) have individual reflections with d-val-
ues of 0.275 nm, which may represent diffraction from
the (104) plane of hematite (d-value 0.270 nm, relative
intensity 100%). Estimates of the numbers of hematite
and 6LFh crystallites represented in the SAED pat-
terns (obtained by counting individual reflections with
d-values of ~0.27 and 0.37 for hematite and by divid-
ing the area of the sample incorporated in each SAED
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Figure 7.
fringe geometries.

HRTEM image of 6LFh showing details of lattice-

pattern by the cross-sectional area of a single 5-nm
crystallite for 6L.Fh) suggest that the ratio of hematite
to ferrihydrite crystallites is on the order of 0.1-1%.
Although it is likely that other hematite crystals are
present in orientations that do not produce distinctive
reflections, hematite is clearly not a major constituent
of 6LFh.

A small number of SAED patterns from thick par-
ticles that did not disaggregate well during ultrasoni-
cation show d-values of 0.147, 0.160, 0.209, 0.250,
0.29-0.31, and 0.48 nm, which are consistent with
magnetite or maghemite (Cornell and Schwertmann,
1996). These SAED patterns do not show recognizable
6LFh rings, suggesting that the magnetite or mag-
hemite occurs in isolated parts of the specimen rather
than being dispersed like the hematite and goethite.

Many nanodiffraction patterns of 6L.Fh show reflec-
tions that superpose to form streaks (Figure 9). If these
reflections are interpreted as resulting from widely
spaced parallel planes, they represent a superlattice;
however, singly or multiply twinned crystals may pro-
duce a similar effect. The nanodiffraction patterns also
suggest that the 6LFh sample contains a small amount

0.156 nm 8-148 nm
176 nm
0.202 nm
0.25 nm 0.228 nm
0.29 nm
Figure 8. SAED pattern of 6LFh with d-values of rings

(thick lines) and edge of shoulder (thin line). Sharp reflections
indicated by arrows, which have a 0.275-nm d-value, are
probably from one hematite crystal.
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d-values (nm)

d-values (nm) from XRD
from SAED (Figure 1) Description References
0.456 Not observed
0.366 Rare individual reflections [hematite (012)7]
0.30-0.32 0.321 Edge of intense shoulder extending to 0.25- 1,2, 3
nm ring
0.275 Rare individual reflections [hematite (104)?] 4
0.25-0.26 0.252 Intense ring 1,2,3,4,5,6
0.227 0.222 Ring 1,2,3,5,6
0.202 0.196 Ring 1,2,3,4,5,6
0.186 Rare, faint individual reflections [hematite
0247
0.176 0.170 Ring 1,2,3,4,5,6
0.145-0.158 0.147, 0.149 Broad zone containing large numbers of indi- 1,2,3,4,5,6
vidual reflections; many SAEDs contain
distinct rings at 0.148 and 0.156 nm
0.135 Ring
0.125 Ring (visible in only one SAED)
0.119 Ring
0.112 Ring
0.107 Broad, relatively intense ring
0.093 Ring
0.086 Relatively intense ring

References: 1) Eggleton and Fitzpatrick, 1988 (synthetic); 2) Drits et al,, 1993 (synthetic); 3) Towe and Bradley, 1976
(synthetic); 4) Childs et al., 1986 (natural); 5) Carlson and Schwertmann, 1981 (natural); 6) Van der Giessen, 1966 (synthetic).

of near-amorphous material. Annular dark-field images
show rounded, coherently diffracting domains 3-10
nm across (Figure 10); in at least one case, a coher-
ently diffracting domain occupies only part of a round-
ed particle similar to those interpreted as single crys-
tallites in HRTEM images. Nanodiffraction patterns
from different parts of this domain show significant

Figure 9. Nanodiffraction pattern of 6L Fh. Arrows indicate
streaks consisting of overlapping individual reflections.
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variations in the degree of streaking, suggesting dif-
ferences in the extent of disorder within the domain.
Fringes in annular dark-field images with periods of
1, 1.6, or 2.7 nm may represent Moiré fringes from
overlapping crystallites.

DISCUSSION

Our results corroborate previous HRTEM observa-
tions of synthetic 2LLFh and 6LFh (Eggleton and Fitz-
patrick, 1988) in several respects. The 2LFh and 6LFh

Figure 10. STEM dark-field image of 6LFh showing shapes
and sizes of coherently diffracting domains. Brightness in im-
age depends on orientation of the crystal relative to the beam;
brightest areas are diffracting most strongly.
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samples both consist of aggregates of individual crys-
tallites that can be at least partially disaggregated by
ultrasonication; the 6LFh disaggregates more readily
than the 2LFh. Crystals with well-developed hexago-
nal outlines are common in 6LFh and are less abun-
dant in 2LFh. Neither the 2LFh nor the 6LFh is sen-
sitive to the electron beam, even when exposed to the
high electron density of the HB-5 STEM. Annular
dark-field images and closely spaced reflections in
6LFh nanodiffraction patterns are consistent with the
existence of a superlattice, which may have the pre-
viously reported 0.94-nm spacing (Eggleton and Fitz-
patrick, 1988).

Our results differ significantly from HRTEM obser-
vations of natural 2LLFh and 6LFh (Eggleton, 1987).
The natural specimens are reportedly amorphous and
consist of aggregates of spheres 5-10 nm across, many
of which have electron-dense margins 0.2-0.3 nm
thick. These characteristics suggest that the natural fer-
rihydrite formed as a series of spherical bubbles, per-
haps followed by crystallization within the bubble
walls. This formation process is unlike that of syn-
thetic 2LFh, which forms by hydrolysis and increasing
polymerization of iron octahedra (Combes et al,
1989). Differences between the natural samples and
our synthetic samples probably reflect some combi-
nation of the structural consequences of the incorpo-
ration of small quantities of Si into natural ferrihy-
drites (e.g., Parfitt et al.,, 1992) and different formation
processes.

Although several d-values obtained from SAED pat-
terns are slightly larger than the corresponding values
from our XRD patterns, all differences are less than
~0.01 nm (Tables 1 and 2). Our data are also consis-
tent with previously published d-values between 0.15—
0.25 nm for both natural and synthetic ferrihydrite
(Carlson and Schwertmann, 1981; Childs er al., 1986;
Chukhrov et al., 1973; Drits et al., 1993; Eggleton and
Fitzpatrick, 1988; Towe and Bradley, 1976; Van der
Giessen, 1966).

The edges of the shoulders in SAED patterns of
2LFh do not correspond to recognizable features in our
XRD patterns of 2LFh but have approximately the
same d-values as peaks in 6LFh (Tables 1 and 2); they
also correspond to small changes in slope in the XRD
pattern of 2LFh collected by Drits et al. (1993). The
sharpness and consistency of the radii of the shoulder
edges measured in SAED patterns from different crys-
tals indicate that the shoulders are consequences of
structural variations in 2L.Fh rather than artifacts intro-
duced by electron diffraction. At least three phenom-
ena may contribute to these variations: fine-scale mix-
tures containing several kinds of crystallites or a com-
bination of crystallites and amorphous material; small
structural differences between the interiors of crystal-
lites and their surfaces, which are estimated to involve
30-50% of the atoms in a spherical 2-nm crystal
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(Manceau and Gates, 1997; Combes et al., 1989; Zhao
et al., 1994); and structural variations in the interiors
of individual crystallites (Combes et al., 1989). Vari-
ations in nanodiffraction patterns taken within a single
diffracting domain in the 6LFh are difficult to explain
purely in terms of mixtures or of surface characteris-
tics.

It has been proposed that the main structural differ-
ence between 2LFh and 6LFh is the size of their co-
herently diffracting domains and that both are mixtures
containing ~25% hematite (Drits ef al., 1993; Man-
ceau and Drits, 1993). Our data do not support these
ideas: the relative absence of lattice fringes in 2LFh
images, the smaller number of rings in 2LLFh SAED
patterns, and the absence of distinct reflections in the
streaks in nanodiffraction patterns all suggest that the
crystal structure of 2LFh is less developed than that
of the 61.Fh. Further studies using nanodiffraction are
being undertaken to clarify these differences.

With the possible exception of one small crystal that
could not be identified, hematite was not found in any
2L Fh image; there are also no reflections that can be
uniquely attributed to hematite in any 2LFh diffraction
pattern. Although a small quantity of hematite is pres-
ent in the 6LFh sample, there are two reasons why it
probably does not account for the high-diffracted in-
tensity from d-values from 0.26 to 0.27 nm, as as-
sumed in the model of Drits et al. (1993): a) the quan-
tity of hematite is too small; and b) the presumed hem-
atite reflections are relatively sharp, whereas the shoul-
der is a region of slowly varying intensity in which
individual reflections can only rarely be identified.

In summary, our data confirm reported differences
in particle sizes between 2LFh and 6LFh and indicate
that there are significant structural differences. The
2L.Fh is homogeneous and does not contain significant
quantities of crystalline impurities. HRTEM images of
2LFh show at most one orientation of lattice fringes
in each crystallite, consistent with previous sugges-
tions that it may bave only two-dimensional order. In
contrast, 6LFh is slightly less homogeneous: HRTEM
images and SAED patterns show small quantities of
other crystalline substances, and there is some vari-
ability in SAED patterns. The 6LFh has a well-devel-
oped structure and may have some superlattice devel-
opment.
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