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ABSTRACT: Manganese (Mn) oxides are among the strongest mineral oxidants in the
environment and impose significant influence on mobility and bioavailability of redox-
active substances, such as arsenic, chromium, and pharmaceutical products, through
oxidation processes. Oxidizing potentials of Mn oxides are determined by Mn valence
states (2+, 3+, 4+). In this study, the effects of beam damage during electron energy-loss
spectroscopy (EELS) in the transmission electron microscope have been investigated to
determine the “safe dose” of electrons. Time series analyses determined the safe dose
fluence (electrons/nm?) for todorokite (10° e/nm?), acid birnessite (10°), triclinic
birnessite (10*), randomly stacked birnessite (10%), and 5-MnO, (<10°) at 200 kV. The
results show that meaningful estimates of the mean Mn valence can be acquired by EELS if

proper care is taken.

B INTRODUCTION

Mn exists in the 2+, 3+, and 4+ valence states in natural
environment and, most of the time, as Mn*-oxide minerals
(here referred to as MnO,) with more or less structural Mn?*
and Mn*" impurities. MnO,, are found in complex mixtures of
phases in various degrees of crystalline perfection and with fine-
grained size in a wide variety of oceanic and terrestrial
environments, such as soils, ocean floors, fresh-water sediments,
and deserts. An important fraction of MnO, under oxic
conditions is believed to form from oxidation of Mn** by O, via
microbially mediated processes.

Although MnO, minerals in the environment are generally
far less abundant than other minerals, such as iron-oxides, the
importance of MnO, in controlling environmental chemical
processes is not in accordance with their abundance." MnO,
minerals tend to contain a large amount of structural defects,
such as vacant sites in birnessite, and are negatively charged
under most pH conditions.”® The role of MnOx is evident
from studies on metal adsorption* and on redox-active organic
and inorganic species controlling their toxicity, mobility and
bioavailability.>™® These characteristics make MnQ,, one of the
most important solid components of the aquatic and terrestrial
ecosystems.

In order to understand MnO, redox behaviors during
oxidation of Mn** to MnO, in their formation or during
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MnO, reduction to lower valences by reducing substances, it is
critical to quantify Mn mean valence. Since MnO, samples
collected from the environment are often admixtures with other
mineral phases, it is desirable to obtain mean valence
information with spatial resolution. We define mean valence as

(1)

where a, b, and ¢ are atomic fractions of the three valence states.

There are four ways of obtaining Vj,: classic chemical
titration, X-ray absorption spectroscopy, and related techni-
ques, such as scanning transmission X-ray microscopy, X-ray
photoelectron spectroscopy, and electron energy-loss spectros-
copy (EELS) in the transmission electron microscope (TEM).
EELS has the best spatial resolution of all techniques and can
achieve relative errors as low as 2%.” Given these character-
istics, EELS is the method of choice for examining the valence
state of fine-grained Mn phases. However, the analytical
protocols must be carefully determined to ensure that
systematic errors and artifacts are minimized. This is the goal
of this paper. We have chosen the most relevant MnO,, forms

Voar = 20y 2+ + 3bpy 3+ + 4oyt
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found in nature and those synthetic forms commonly used in
laboratory experiments: todorokite (Tod), acid birnessite
(AcidBir), triclinic birnessite (TrBir), randomly stacked
birnessite (RSB, a disordered form of triclinic birnessite), and
6-MnO,,.

EELS in a transmission electron microscope has been widely
used to determine the oxidation state and bonding environ-
ment of metals.'®™"> The majority of previous studies have
focused on engineered materials and only a few studied
environmentally relevant species, such as MnO, minerals."®”"®
The examination of MnO, minerals is particularly complicated
because these minerals contain Mn cation defects and —OH
groups because of the defects, metal impurities, and water in
their structure, and tend to damage by electron beam faster
than simple metal oxides. They have the potential for Mn to be
either oxidized by the loss of hydrogen or reduced by loss of
oxygen. This was pointed out in the literature when measuring
Mn and Fe mean valence states.'” >! To date, there has not

been a systematic study of electron beam damage rates for
MnO,.

B METHODS

Preparation of MnO,. Several MnO, minerals were used in
this research. Pyrolusite was purchased from Sigma-Aldrich.
Todorokite used in this research was originally collected from
Cuba (Monte Negro Mine, Oriente Province) and was kindly
provided by Dr. Jeffrey E. Post at the Smithsonian National
Museum of Natural History.

Randomly stacked birnessite and TrBir szlntheses followed
the method described by Yang and Wang.*> The procedure
utilizes pure O, gas to oxidize a Mn(OH), suspension in an ice
water bath. Half of the suspension was centrifuged and the
solid, that is, RSB, was washed with deionized (DI) water and
freeze-dried. The rest of the suspension was aged at 60 °C for
48 h in an oven. The aging process increased the MnOyg layer
stacking order of the RSB and resulted in TrBir, a more
crystalline form.>

Acid birnessite synthesis followed the method of McKenzie”
and Feng et al.>® A 65.4 mL of concentrated HCIl was pumped
at 1 mL min"" to a 1 L of 0.4 M boiling KMnO, solution by a
peristaltic pump. The suspension was stirred vigorously during
the HCI addition. Because of the evaporation of HCI during the
addition, KMnO, was not completely consumed, as indicated
by the purple color of the suspension. The solid was collected
by centrifuge, washed with DI water and then freeze-dried. &-
MnO, was synthesized using the redox reaction between
KMnO, and Mn(NOs),. The specific procedure can be found
in ref 26.

Chemical Titration. The average Mn V,,, of the samples
was determined by the oxalate titration method. Briefly, a small
mass (50—100 mg) of each MnO, was added to 30 mL of a
standardized 0.025 M Na,C,0, solution and S mL of 54 M
H,SO,. The suspension was heated and stirred until the solid
was completely dissolved. The solution was then cooled and
diluted to 50 mL with deionized water. A 20-mL aliquot of
solution was then heated and titrated with a standardized 0.02
M KMnO, solution until a faint pink color resulting from
excess MnO,~ was detected by eye in solution. The remainder
of the diluted sample solution was retained for total aqueous
Mn quantification by inductively coupled plasma atomic
emission spectrometry (ICP-AES). Mn Vi, in each mineral
was determined by averaging at least three replicates.

4
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Electron Energy-Loss Spectroscopy. Electron energy-
loss spectroscopy was performed on a Philips CM 300 field
emission gun (FEG) operating at 197 kV for all samples, and
additionally, at 97 kV for 6-MnO,. The extraction voltage of the
microscope was operated at low values (3.2 kV at the higher
accelerating potential and 2.5 kV at the lower accelerating
potential) to ensure the best energy resolution which was
nominally 0.8 eV. The spectra were collected in diffraction
mode (image-coupled) using a Gatan GIF 200 with a 2 mm
entrance aperture, 0.2 eV dispersion, 4 mrad semiangle of
convergence, and a 15 mrad collection angle. This setup
ensures the validity of dipole selection rules for the electronic
transitions from the 2p core level.

Samples were prepared by dropping suspensions in water or
ethanol on Ti metal-coated carbon film grids. The position of
the Ti L, absorption peak position was used as an internal
energy calibration.'®

To minimize the electron-beam-induced effects, which will
cause chemical reduction of Mn*" in the samples, we varied the
electron exposure. The degree of electron exposure (fluence)
was varied by changing beam current using both the gun lens
and first condenser lens (spot size) and the flux by setting
various beam diameters with the second condenser lens (C2).
Since changing the convergence of the beam with C2 lens
affects the focus of the zero-loss peak (ZLP) at the
spectrometer slit, care was taken to set a beam diameter and
then focus the ZLP.

The fluence was calculated knowing the beam current as
measured from a calibration of the exposure time on the main
viewing screen, the beam diameter, and exposure time.2° With
very beam sensitive materials, damage may begin instanta-
neously—even when a low intensity beam illuminates the
sample. Therefore, the initial exposure time during analysis
setup could only be estimated. To estimate this time, another
observer timed the analyst and determined the average setup
duration. This was then added to the fluence for all samples,
regardless of beam damage rates.

The L,; edges of Mn from mixed-valence minerals can be
modeled by a multiple linear least-squares (MLLS) fitting of
the three valence end-member spectra. This method was
applied successfully to Fe L,; edges by fitting experimental
reference spectra to unknown Fe-silicates.”"® Zhang et al.'®
determined that the MLLS fitting of reference standards was
the best method for determining V4, as opposed to calibration
curves using L, ; peak heights or positions. This method was
employed here with the addition of time-series analyses to
assess beam damage. Pyrolusite (MnO,) and manganite
(MnOOH) were used as Mn** and Mn®* standards,
respectively, and were previously studied by Zhang et al.'®
Synthetic manganosite (MnO) was used for the Mn*" standard
when beam damage caused mean valences to be less than 3.
The three standards did not exhibit beam damage or valence
changes over the course of ten analyses 10 s each. Mathemati-
cally, the Mn L,; spectra from unknown samples can be
represented according to eqs 2 and 3
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where g, b, and ¢ are the fractions of Mn*, Mn®*, and Mn?",
respectively, in the mixed valence samples, and I is the
integrated intensity over an energy-loss region defined by AE.
The addition of a Mn?* reference is necessary for analysis of
extremely damaged samples. Although an equation can be
formulated to include all three valence references, the resulting
best-fit V.. was not significantly different from results of a two
reference fit. For EEL spectrometers with better resolution,
small amounts of Mn>* in Mn*" + Mn*" dominated phases may
be detected. Given a resolution of 0.8 eV, only two reference
fits were deemed sufficient.

Both the reference spectra and mixed-valence spectra were
processed in a consistent way. The background intensity at the
Mn L,; edge was subtracted by fitting an inverse power-law
function for a range of 40—50 eV before the edge onset and
extrapolating this function to higher energies. Following the
background subtraction, the multiple scattering contribution in
the high-loss re%ion was removed by deconvolution with the
low-loss region, 7 including the zero-loss peak, which was
acquired consecutively from the same specimen region as that
used for the core-loss spectrum, but at a much lower fluence
rate to prevent CCD saturation. The continuum contribution
resulting from transition from 2p states to the continuum band
was removed following the two-step functions.”

Since the goal of this study is to determine the electron “safe
dose” of various MnO, minerals, analytical time series were
collected. Most of the minerals studied here show some valence
changes with time. From these data, the value of Vj,, can be
calculated in four ways: (1) a numerical average of all model
values yielding the statistical standard deviation of the
population and an error of the mean (all errors are reported
as 95% confidence), (2) a regression back to time zero giving a
slope and intercept with associated errors, (3) a summation of
all undamaged spectra and a goodness of fit Pearsons
correlation coefficient, and (4) an average of summed spectra
from several different areas of the sample. Method 1 works best
when there is no obvious damage during the data collection.
The error simply measures the variation due to counting
statistics and the fitting method. Method 2 yields interpretable
errors and is useful for samples that experience beam damage. A
complication with this method stems from the choice of when
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damage begins. Inclusion of data from damaged material often
will bias the intercept toward more oxidized Vi, values.
Method 3 allows for a precise fitting of the peak shape but does
not allow for a simple estimate of the analytical error for one
fitting. With method 4, several areas were collected for each
sample and the average of sum spectra and the standard error
can be calculated. In theory, all four methods should yield the
same value, but in practice, there are some differences. We
report all four estimates.

B RESULTS

Images and Electron Diffraction. A collection of the
images and diffraction patterns for each sample is presented in
the Supporting Information Figure S1. Todorokite contains
relatively large crystals (6.5 yum X 100 nm) that have many
defects related to the distribution of tunnels within each crystal.
Acid birnessite (100 X 10 nm) and RSB (1000 X 50 nm) have
similar shapes and form rosettes of equant sheets. Triclinic
birnessite is intermediate in size and forms laths 500 X 200 X
10 nm. 6-MnO, contains both crystalline sheets and
amorphous material and has the finest grain size (20 X S nm).

Electron diffraction patterns of each of the samples are
unique. The SAED pattern of Tod contains strong diffraction
intensity indicative of large crystals but also contains radial
streaks that arise from the linear defects related to the
disordering of tunnel positions within the crystals. Therefore,
many of the low index reflections are wiped out. Triclinic
birnessite, AcidBir, and 5-MnO, have similar SAED patterns
with TrBir showing the highest degree of crystalline order of
the three, and 5-MnO, the lowest, by virtue of peak sharpness.
Randomly stacked birnessite SAED has sharp peaks but has
split rings most likely due to the presence of different stacking
sequences.

EELS Analyses. Todorokite. A typical EELS spectrum of
Tod is presented in Figure 1 (inset). This spectrum was a sum
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Figure 1. Analytical time series and an EELS sum spectrum along with
reference and MLLS fitted spectra for Tod.

of nine 10 s analyses. The spectra for the three valence
references and a linear combination of Mn*" and Mn*" are also
given. There is a good fit between the experimental and
modeled spectra, which in this case yields a calculated Vi, of
3.74 (see also Table 1). Typical correlation coefficients for
fitting of individual spectra were around 0.987.

A time series obtained to determine whether there is a
change in the valence state as fluence increased is also given in
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Table 1. Chemical Titration and EELS Comparison

EELS

fit of sum of n damage-free

ave of n individual
damage-free spectra from

intercept from

damage-free ave of summed damage-

chemical titration spectra from one area one area spectra free spectra from m areas
estimation method Viar 20 Viar cor. coeff n Viar 20 n Viar 20 Viar 20 m
randomly-stacked birnessite 3.60 0.03 3.66 0.983 14 3.69 0.08 10 3.71 0.09 3.61 0.04 6
triclinic birnessite 3.71 0.04 3.74 0.984 10 3.72 0.05 10 3.72 0.07 3.71 0.05 11
todorokite 3.76 0.04 3.74 0.996 9 3.74 0.04 9 3.74 0.04 3.76 0.06 7
acid birnessite 3.89 0.03 3.87 0.991 10 3.86 0.06 10 3.87 0.05 3.89 0.03 10
5-MnO, 3.96 0.05 nc® nc 4.04* 0.11 nc
“nc = not calculated. bAverage of 10 intercepts at 97 kV.
Figure 1. The plot indicates that the V. does not change even 3.72 + 0.05. Linear fitting of the same data results in an
after a total fluence of 2.5 X 10° e/nm? The numerical average intercept of 3.72 + 0.07. Fitting of eleven different sum
of all the V,,, data within this time series is 3.74 + 0.04, while spectrum with fluences less than 1.0 X 10° e/nm” results in Vi,
the intercept is also 3.74 + 0.04. Although it is possible to = 3.71 + 0.0S.
evaluate each time series for changes in valence with fluence, it When the fluence is increased further, V;,, drops to a lower
is less time-consuming to sum the ten spectra collected during plateau with a numerical average 3.56 + 0.03 and an intercept
the determined “safe dose” period for Tod, and then fit Viar = 3.60 £ 0.02 (Figure 2b). This indicates that if the initial
references to the sum spectra. Fitting of the summed spectra fluence is too high, there might not be any analyses unaffected
yields an average Vi, = 3.76 + 0.06 with an average fitting by damage, and the damage plateau could be erroneously
correlation coefficient of 0.996. interpreted as a valid V;,, measurement.
Triclinic Birnessite. Figure 2a contains a sum spectrum of ten Randomly-Stacked Birnessite. A sum spectrum of ten S s
S s analyses of TrBir and includes a time series analysis. The spectrum of RSB is shown in Figure 3 at an initial fluence of 3.6
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3.94
§ - , Figure 3. EELS sum and MLLS fitted spectra, and analytical time
$ [ v, =807 1+ 3560 series of RSB.
= &L R = 0,307
8 361 [ S . X 10° e/nm’ Fitting of individual spectra of RSB gave
15 @ ® = correlation coefficients of around 0.901. The time series in
e Figure 3 indicates that RSB remains damage free only until a
3'40_0 20105 Axio?  Bei0® BRI0) X108 .20t tdviob 1 mxiod fluence of 3 X 10* e/nm® Fitting of the summed spectra in
fluence (e/nm?) Figure 3 yields a V},, = 3.66 with a correlation coefficient of
] ‘ o 0.983, while the numerical average of these data results in a V},,
F‘S“fe ?T(?}) El(:‘é)s l;l;tm ?‘ill\t/,[LLS ﬁt,ted Sfpriftlg'f" aﬁd apalytlcdal time = 3.69 + 0.08. Linear fitting of the same data results in an
Sel::tee;f ol ended Hime series of Lrbir showing a damage intercept of 3.71 + 0.09. Although this area resulted in a V},,
P i that was relatively high, the average of summed spectra from six
increased noise in the spectrum, as compared to Tod, is a result different areas was 3-6_1 + 0.04. This is evidence of valince
o 3 2 s heterogeneity within this sample. After a fluence of 3 X 10" e/
of a decreased initial fluence (7.2 X 10° e/nm” at S s). Fitting of 7 . L .
o - ] ) nm”, RSB shows a decrease in the oxidation state of Mn. Linear
individual spectra of TrBir gave correlation coefficients of . . .
extrapolation of the damaged spectra yields an intercept of 3.96
around 0.965. Triclinic birnessite remains damage free up to + 0.30
fluences of 10" e/nm”. Fitting of the summed spectra yields a Acid Birnessite. Acid birnessite data are presented in Figure
Ve = 3.74 with a correlation coefficient of 0.984, while the 4a. A sum spectrum from ten S s spectra was fitted and resulted
numerical average of ten individual spectra results in a V. = in a Vi,, = 3.87 with a correlation coefficient of 0.991. The
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Figure 4. (A) EELS sum and MLLS fitted spectra, and analytical time
series of AcidBir. (B) Extended time series of AcidBir.

numerical average of these ten fitted spectra was 3.86 + 0.06. A
linear regression of the time series data gave an intercept value
of 3.87 + 0.05. AcidBir remains undamaged up to fluences of 1
X 10° e/nm* An extended time series (Figure 4b) indicates
that AcidBir damages after 1 X 10° e/nm” resulting in an
extrapolated intercept of 3.68 + 0.05. The average of ten
undamaged sum spectra was 3.89 + 0.03.

0-MnO,. Spectra of 6-MnO, have been acquired at low
fluences (1.8 X 10°> e/nm? S s), and therefore are very noisy
(Figure Sa). Fitting of individual spectra of §-MnO, gave
correlation coefficients of around 0.88. Figure Sb graphically
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Figure 5. (A) A single spectrum of 6-MnO,. (B) Time series for &-
MnO, at 197 kV. (C) Time series for -MnO, at 97 kV and low
fluence.

illustrates the rapid damage rate of 6-MnO,. Under the
conditions of this experiment, there are no damage-free
analyses of 6-MnO,. Several sets of data are presented in this
plot. A linear extrapolation of all the data with fluences less than
2 X 10* e/nm’ yields an intercept of 3.71 + 0.13. After a
fluence of ~2 X 10* e/nm?, V;,, ceases to reduce and plateaus
at ~2.7.

Spectra of 6-MnO, were also collected at 97 kV to determine
if the reduced energy of the beam has an effect on the rate of
valence changes. Figure Sc demonstrates that even at the low
fluence rate of 5 X 10% e/(nm? s) at 97 kV, 6-MnO, still
damages rapidly. However, unlike the time series of previous
samples, extrapolation of time series to time = 0 can yield
meaningful values of V},.. It follows that an accurate estimate of
time = 0 is heavily dependent upon careful determinations of
the beam setting time before acquisition begins. The average of
10 time series intercepts is 4.04 + 0.11.

Comparison to Chemical Titration Measurements. A
comparison of chemical titration and EELS average Vi,
measurements is given in Table 1. There is extremely good
agreement between results of chemical titration and the values
from averaged summed spectra for all samples excluding o-
MnO, (although all values are within error). There is no
difference in Vi, or errors, except for 6-MnO,, between
titration and EELS. However, titration requires sample volumes
of ~5 uL (107°) while EELS needs only ~5 attoliters (107'%),
twelve orders of magnitude less. 6-MnO, has a much larger
error in the EELS measurement than all the other samples;
however, it is still possible to conclude that §-MnO, is mainly
Mn*" within error.

B DISCUSSION

Table 1 demonstrates that reliable determination of Mn*' and
Mn* can be obtained by EELS in most cases. The time series
included here also demonstrate that caution must be exercised
to assess whether beam damage is altering the measured
valence state. Table 2 lists the estimated “safe fluence” for each
of the studied samples.

Table 2. EELS Maximum Fluences at 197 kV

sample max fluence (e/nm?)
todorokite >1 X 10°
acid birnessite 1x 10°
triclinic birnessite 5 x 10*
randomly-stacked birnessite 2.5 X 10°
5-MnO, <1 x 10°

The crystallinity of each sample was qualitatively assessed by
TEM observation of grain sizes and amount of amorphous
material present. There are clear differences in crystal sizes
between the samples. However, we have not quantified their
defect concentrations. Todorokite represents the sample with
the largest crystal size, while 6-MnO, has the poorest
crystallinity. Correspondingly, there are greater than two orders
of difference in safe fluence between these two structures. The
correlation between crystal size and safe fluence for the rest of
the samples is not straightforward. In fact, for AcidBir, TrBir,
and RSB, the safe fluence decreases with increasing grain size of
the sheets (Table 2 and Supporting Information Figure S1).
Two other factors may have a greater influence on the damage
rate of MnO, phases: defect concentration and coherent
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scattering domain size. Since it has been our experience that
electron damage can nucleate on defect sites, internal domain
boundaries and crystal edges (which itself can be considered a
“defect”), it is logical that a decrease in coherent scattering
domain size and an increase in internal defects would cause an
increase in beam damage susceptibility. In addition, the rate of
damage does not correlate with V;,.. This indicates that damage
rate is not a function of the redox potential of MnO, materials.
Corroborating this is the fact that pyrolusite does not readily
damage even though it is nearly pure Mn*".

The worst case of beam damage comes from 6-MnO, that
can be at times completely amorphous. 6-MnO, is problematic
in that no safe dose has been measured for 197 kV. Lowering
the beam energies to 97 kV did not significantly reduce damage
even though less energy is imparted to the sample. It is likely
that there was some reduction in the damage rate, but the low
fluences yield noisy spectra and do not define a clear safe
fluence of electrons. Therefore, the differences between 197
and 97 kV experiments cannot be determined. Additional
evidence that 97 kV is “gentler” on 6-MnO, comes from
observations that SAED patterns change within seconds to a
pattern similar to manganosite (MnO) at 197 kV, while damage
proceeds more slowly (within tens of seconds at similar
fluences) at 97 kV. More research would be necessary to
determine the damage threshold at even lower kV. It is
apparent from the time series analyses that one cannot rely
simply on extrapolations to time zero. It is desirable to have
some undamaged analyses in order to distinguish that portion
of the curve from altered valence analyses, and finally, from
analyses in the damage plateau. In addition, the damage rates
reported here may differ for natural samples of birnessite and,
in fact, even from other syntheses of the same material.

Toner et al.”® demonstrated that it is possible to determine
Viar Using scanning transmission X-ray microscopy (STXM)
methods. In comparing their results to ours, three main points
may be made. (1) STXM induces less damage in environmental
samples than EELS, although it is not a damage-free technique.
(2) STXM failed to distinguish variations of V;,, between 3.5
and 4. Most birnessite-type minerals have V4, in this range, and
this is where EELS becomes the method of choice, despite its
tendency toward beam damage. (3) The precision of EELS is
much better than STXM analyses, at present, and is comparable
to chemical titration.

The ability to perform individual analyses on complexly
intergrown nanoparticles is extremely powerful. With EELS
analyses, the heterogeneity of natural samples can be assessed
while also determining the extent of local chemical exchange.
Core-to-rim variation can also be measured. In systems with
slow reaction rates, rim compositions may reflect greater
reaction progress than the bulk, and therefore, only analyses
obtained at the nanoscale on rims have meaningful values. This
study has shown for the first time that, given the proper care,
quality representative Mn V},. measurements can be made for
natural birnessite-type samples. This opens up the possibility
for more detailed studies of fine-grained natural samples and
heterogeneous experimental products.
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Figure S1 TEM images and selected area electron diffraction
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