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ABSTRACT

Studies suggest that feitknechtite (B-MnOOH) is a prevalent, and perhaps necessary, intermediate
phase during the synthesis of birnessite-like phases, the abiotic oxidation of Mn?*, and the transforma-
tion of biogenic hexagonal phyllomanganates to more complex Mn oxides in laboratory and natural
systems. Researchers have generally described feitknechtite as consisting of pyrochroite-like (or cad-
mium iodide-like) Mn-O octahedral layers, but a detailed crystal structure has not been reported. We
used TEM/SAED and powder XRD and Rietveld refinements to derive the unit cell and, for the first
time, report a complete structure description for feitknechtite (B-MnOOH). Rietveld refinements were
also completed for three natural feitknechtite/hausmannite samples, and time-resolved synchrotron
XRD experiments were used to follow the thermal transformation of feitknechtite to hausmannite. Ad-
ditionally, we identified and report the structure for a second, and perhaps novel, MnOOH polymorph
(proposed designation e-MnOOH), mixed with the synthetic feitknechtite, that is similar to -MnOOH

but with a different layer stacking.
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INTRODUCTION

Feitknecht and Marti (1945) observed that oxidation of a
suspension of synthetic Mn(OH), resulted in a hydrated oxide
of tri- and divalent Mn with a crystal structure related to that
of hausmannite (Mn;O,). The hydrate was distinguished from
hausmannite by the presence of a strong extra line (of unspecified
d-spacing—only a line drawing was shown) in the low-angle
region of the powder diffraction pattern. Frondel (1953)
described a natural analog of this same hydrous Mn oxide as an
alteration product of natural Mn(OH), (pyrochroite) crystals from
Sweden and Franklin, New Jersey. He called this new mineral
hydrohausmannite, the same name proposed by Feitknecht and
Marti (1945) for their synthetic material. Frondel (1953) also
observed the same characteristic low-angle strong line noted
by Feitknecht and Marti (1945) in the powder XRD pattern,
and Frondel (1953) reported the d-spacing as 4.65 A. Electron
microscopy studies by Feitknecht et al. (1962), however, revealed
that synthetic hydrohausmannite was actually a mixture of Mn;0,
(hausmannite) and a second phase that they called B-MnOOH.
Bricker (1965) examined a hydrohausmannite sample from
Sweden and confirmed that it, too, was a mixture of the same
two phases. He proposed that -MnOOH be given the mineral
name feitknechtite and that hydrohausmannite be discredited.

Synthesis experiments by Bricker (1965) suggested that a
series of compounds might exist spanning the composition range
from Mn(OH), to MnOOH. They observed that a mixture of
-MnOOH and hausmannite always formed from rapid oxidation
of water suspensions of Mn(OH),, and that the solids transform to
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manganite (y-MnOOH) upon standing. Hem (1978) and Hem et
al. (1982) similarly report that -MnOOH is the phase commonly
obtained when Mn*" is air-oxidized but that it is metastable and
changes to manganite on aging in aerated solutions. They also
suggested that it is an important intermediate for various Mn oxi-
dation reactions, particularly in natural systems at temperatures
<20 °C, where aqueous systems might first form feitknechtite
as the precursor to MnO, phases, e.g., lake and ocean nodules.
Klewicki and Morgan (1999) concluded that dissolution of
MnOOH phases by Mn(Ill)-stabilizing ligands (e.g., citrate,
EDTA, and pyrophosphate) at circumneutral pH conditions might
be a significant factor in Mn cycling in natural waters.

Many researchers have suggested that Mn oxides in natural
systems derive from biogenic oxidation of dissolved Mn?** or by
alteration of biogenic hexagonal birnessite-like phases to more
crystalline secondary oxides. For example, Mandernack et al.
(1995) observe that oxidation of aqueous Mn?* by spores of
Bacillus bacterium, strain SG-1, in HEPES-buffered water and
seawater systems, pH 7.4-8.0, produces predominantly hausman-
nite and feitknechtite at high-Mn** concentrations (>~1 mM),
whereas feitknechtite is favored at temperatures <~25 °C. Luo
et al. (1998) report that feitknechtite is an intermediate phase
initially formed during synthesis of birnessite-like material via
oxidation of Mn(OH), with permanganate and acetate. Bargar et
al. (2005) demonstrate that biogenic hexagonal birnessite reacts
with Mn?* to form triclinic birnessite-like phases for [Mn?*]
<500 puM but forms feitknechtite at higher concentrations at near
neutral pH. Elzinga (2011) and Lefkowitz et al. (2013) determin-
ed that dissolved Mn?* converts hexagonal birnessite-like phases
to feitknechtite and manganite at neutral pH and above, but that
only feitknechtite forms at pH 7 to 8.5 for low-Mn** concentra-
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tions (274 uM). Elzinga (2011) suggests that feitknechtite is the
first mineral to form from the comproportionation reaction, Mn?*
+Mn*0, + 2H,0 = 2Mn*OOH + 2H", and he argues that feit-
knechtite is a necessary precursor to the more stable manganite.
Letkowitz et al. (2013) observe that feitknechtite also forms by
autocatalytic oxidation of Mn?* by O, in solution and by surface
oxidation of Mn*" by O, on goethite and hematite surfaces, and
they conclude that feitknechtite is an important metastable Mn
oxide phase in geochemical systems exhibiting abiotic Mn?**
oxidation. Moreover, 3-MnOOH is commonly observed as an
intermediate during the materials synthesis of Mn oxides, such
as manganite nanowires (Portehault et al. 2010).

B-MnOOH (feitknechtite) is one of three naturally occurring
MnOOH polymorphs, along with a-MnOOH (groutite) and
v-MnOOH (manganite). Yamamoto et al. (1981) report synthesis
of a fourth polymorph, 3-MnOOH. Bricker (1965) infers that the
structure of f-MnOOH is closely related to that of brucite-like
pyrochroite [Mn(OH),], but with a decrease of the basal spacing
from 4.72 to 4.62 A as a consequence of the oxidation of Mn?* to
Mn?". Various researchers have described feitknechtite as consist-
ing of pyrochroite-like (or cadmium iodide-like) Mn-O octahe-
dral layers (Feitknecht et al. 1962; Bricker 1965; Meldau et al.
1973; Mandernack et al. 1995; Portehault et al. 2010; Grangeon
etal. 2017), but a detailed crystal structure has not been reported.
Bricker (1965) proposed a tetragonal unit cell witha = 8.6 A and
¢=9.3 A, whereas Mandernack et al. (1995) and Portehault et al.
(2010) report powder XRD patterns for feitknechtite that were
similar to each other but different from that of Bricker (1965).
Meldau et al. (1973) conclude that feitknechtite is an isotype of
pyrochroite and propose a trigonal unit cell similar to that phase.
Chukanov et al. (2021) also assume a trigonal unit cell with a =
3.32 A and ¢ = 4.71 A. Based on selected area electron diffrac-
tion patterns and XRD data, Portehault et al. (2010) propose a
monoclinic unit cell that is close to that determined for synthetic
Na-birnessite by Post and Veblen (1990).

The studies above suggest that feitknechtite (3-MnOOH)
is a prevalent, and perhaps necessary, intermediate phase to
promote the precipitation of birnessite-like phases during the
abiotic oxidation of Mn?" and the transformation of biogenic
hexagonal phyllomanganates to more complex Mn oxides
in laboratory and natural systems. In light of this potentially
critical role, a better understanding is required of the atomic
structure of feitknechtite to model its chemical reactivity,
thermodynamic stability, and phase transformation pathways.
For the current study, we used TEM/SAED and powder XRD
and Rietveld refinements to derive the unit cell and, for the
first time, the detailed atomic structure for feitknechtite
(B-MnOOH). We also present Rietveld refinements for three
natural feitknechtite/hausmannite samples, and we describe the
thermal transformation of feitknechtite to hausmannite based
on temperature-resolved synchrotron XRD.

SAMPLES AND METHODS
Sample description
Synthetic samples of B-MnOOH were prepared by reacting a synthetic hexago-
nal birnessite-like phase with 274 uM Mn?* solution at near-neutral pH (Elzinga
(2011). In addition, we investigated three natural samples of feitknechtite and

hausmannite after pyrochroite from the Wessels Mine, South Africa, Langban,
Sweden (NMNH B7731), and Franklin, New Jersey (NMNH R2205).
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Scanning electron microscopy (SEM)

Backscattered electron (BSE) imaging, using a GAD detector, and energy-
dispersive spectrometry (EDS) X-ray analyses were carried out in the low-vacuum
mode using a scanning electron microscope (FEI Nova NanoSEM 600; Department
of Mineral Sciences, Smithsonian Institution) for powder samples of synthetic
and natural feitknechtite dispersed onto a carbon substrate. EDS analyses were
performed on uncoated samples using 15 keV accelerating voltage.

Fourier transform infrared spectroscopy (FTIR)

Samples were disaggregated under acetone in a mortar and pestle and sieved
through a 325 mesh (<44 pm) sieve. Then, 0.5 mg of synthetic feitknechtite was
milled with ~250 mg KBr using a SPECAC ball mixing mill for -2 min and pressed
into a pellet. Transmission vibrational spectra were collected on a Nicolet 6700
Analytical FTIR Spectrometer for a range 0f 400 to 4000 cm™'. The resolution was
set at 3.86 cm™', and 64 scans were co-added for each spectrum. The background
spectrum was collected using a KBr blank pellet. The Omnic 8 software (Nicolet)
was used to view data during data collection.

Transmission electron microscopy (TEM)

Powdered samples of the synthetic and the South African feitknechtite were
suspended in ethanol and dispersed onto holey carbon copper TEM grids. Selected
area electron diffraction (SAED) and high-resolution transmission electron micro-
scope (HRTEM) analyses were performed with a Philips 420 TEM and an FEI
Talos F200X (S)TEM using acceleration voltages of 120 and 200 kV, respectively,
at the Materials Characterization Laboratory, Penn State University. Simulations
of selected area electron diffraction patterns were calculated using SingleCrystal
software (CrystalMaker Software Ltd.).

X-ray photoelectron spectroscopy (XPS)

For XPS analysis, data collection and fitting procedures were followed as
reported by Ilton et al. (2016). A powder sample of the synthetic feitknechtite was
mounted on a strip of conductive copper tape affixed to a copper stub and then
pressed with a clean borosilicate glass block. Measurements were conducted with
a Kratos Axis Ultra DLD spectrometer with an AlKo X-ray source (1486.7 eV)
operating at 10 mA and 15 kV. Magnetic immersion lenses were used to improve
collection efficiency. The instrument work function was calibrated to give a binding
energy (BE) 0f 83.96 £ 0.05 eV for the 4/, line of metallic gold. The spectrometer
dispersion was adjusted to yield a BE 0f 932.62 eV for the Cu2p;,, line of metallic
copper. Measurements of the Mn2p, Mn3s, Mn3p, and Ols, lines were conducted
with a step size of 0.1 eV, an analysis area of 300 x 700 um, and pass energies (PE)
of 20 or 40 eV. The resultant full-width at half maximum (FWHM) values for the
Ag3ds, line were 0.54 and 0.77 eV, respectively. The low sensitivity of the Mn3s
line resulted in measurements only with PE =40 eV. Survey scans were conducted
at PE = 160 eV and step size = 0.5 eV. XPS spectra were fit by non-linear least
squares after Shirley background subtractions with the CasaXPS curve resolution
software package. Gaussian/Lorentzian contributions to line shapes were numeri-
cally convoluted with a Voigt function.

X-ray diffraction and Rietveld refinement

The samples used for X-ray diffraction were hand ground under acetone in an
agate mortar and passed through a 325-mesh sieve and loaded into 0.7 mm quartz-
glass or I mm (ID) polyimide (APS) capillaries. XRD data for the synthetic sample
were collected: (1) at the advanced photon source (APS) GeoSoilEnviroCARS
(GSECARS) 13-BM-C beamline, using 0.83154 A radiation and a CCD detector,
and (2) at the APS high-resolution XRD beamline 11BM, using a wavelength
of 0.414211 A. Conventional XRD data for the mineral samples were collected
using a Rigaku DMAX-Rapid diffractometer (Smithsonian Institution) with a
curved imaging plate, using Mo radiation. A LaBs powder (NIST SRM660a) was
used to calibrate experimental instrument parameters. Preferred orientation of
the powder was eliminated through a combination of specimen rotation, use of a
capillary sample holder, and full intensity integration of the diffraction rings, as
obtained using the program Dioptas (Prescher and Prakapenka 2015) (APS data)
or 2DP (Rigaku) for the Mo radiation patterns, with a polarization factor of 0.99.

High-temperature XRD of B-MnOOH was performed at the APS 13-BM-C
beamline with an X-ray wavelength of 0.83154 A. Synthetic feitknechtite powder
was loaded into a 0.7 mm thin-walled quartz capillary with one end unsealed to
release water when heating. An electrically resistive forced air heater, using He
as the transport gas, was placed directly below the capillary, and temperature was
measured using a thermocouple, which was calibrated through phase transitions of
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RbNO;, yielding an estimated temperature error of + 1.5 °C. Temperature-resolved
data from 25 to 424 °C were collected as a series of 15 s exposures at 3 °C incre-
ments. During each exposure, the sample was rotated through a 75° angle.

Indexing of the powder X-ray diffraction peaks and Rietveld refinements
(Rietveld 1969) was performed using the General Structure Analysis System-II
(GSAS-II) software (Toby and Von Dreele 2013). Diffraction data generated by the
LaB, standard (NIST SRM 660a) were used to calibrate peak profile parameters
that described instrumental broadening. For all samples, diffraction peak profiles
were fit with a pseudo-Voigt function as parameterized by Thompson et al. (1987),
and microstrain anisotropic broadening terms by Stephens (1999).

RESULTS
Structures of feitknechtite and MnOOH-Phase 2

The high-resolution powder diffraction data (APS 11BM)
were indexed by a monoclinic C2/m unit cell with parameters
given in Table 1. This unit cell successfully indexed all observed
diffraction peaks, except for several weak peaks (strongest
<~2.5% of the most intense feitknechtite peak), e.g., at 2.82,
2.55,2.24, and 1.71 A. Using GSASII, we were able to index
the extra weak reflections separately using a unit cell for which
a and b were similar to those of feitknechtite, but with a § angle
close to 90° and ¢ of ~4.60 A (Table 1). Bricker (1965) reported
that his attempts to synthesize f-MnOOH from aqueous solution
under various conditions always produced mixtures of Mn oxide
phases, with impurities such as hausmannite and other unidenti-
fied MinlI/MnlII oxides. XRD patterns of the natural specimens
from South Africa, Franklin, and Sweden did not show the extra
peaks for the impurity phase observed in our synthetic sample.
The unit-cell parameters determined for feitknechtite are close
to those measured from our TEM SAED patterns and to those
determined from SAED patterns from synthetic f-MnOOH by
Portehault et al. (2010).

Based on the similarity of the feitknechtite unit-cell
parameters to those of Na-birnessite (Table 1), we selected
initial Mn and O atom positions for the Rietveld refinement that
were similar to those in monoclinic Na-birnessite, as reported
by Post and Veblen (1990), but adjusted for the shorter ¢ axis.
Only background parameters, scale factor, unit-cell parameters,
and peak profile coefficients were varied in the initial refinement
cycles; background intensities were fitted with a Chebyshev
function using 5-7 terms. The overall good fit to the observed
pattern confirmed that the basic structure model was correct.

The final refinement stages for the synthetic feitknechtite
sample also included the impurity phase, “MnOOH-Phase 2,”
using the unit cell determined by the indexing program. As the
unit cell indicated a layer structure similar to that of feitknechtite,
but with a different B angle, the same Mn and O positions as
determined for feitknechtite were applied to the starting structure
model for Phase 2. Phase 2 fit the extra peaks well, and the R,
goodness-of-fit parameter improved from 0.175 to 0.117. The
refinement for the synthetic mixture yielded abundances of
~86 wt% feitknechtite and ~14 wt% Phase 2. After convergence,
the O atom positions for feitknechtite and Phase 2 were refined.
Refinements of the feitknechtite Mn and O occupancy factors
yielded values that were not significantly different than 1.0 and
were fixed at unity.

The final refinement parameters and other structure details
for RT synthetic feitknechtite (-MnOOH) and MnOOH-Phase 2,
using the APS 11BM data, are given in the Online Materials CIF!,
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TABLE 1.Rietveld refined unit-cell parameters (C2/m) for B-MnOOH
(feitknechtite) and MnOOH-Phase2, and synthetic Na-
birnessite (PT)

Sample a(d) b (A) cA a(®) B () v ()
3-MnOOH 5.6541(4) 2.89075(2) 4.8347(3) 108.0709(1)

Impurity 5.6509(1) 2.89072(4) 4.6025(1) 89.976(6)

phase

South Africa  5.523(1) 2.901(1) 4.866(1) 108.44(1)

Sweden 5.501(1) 2.902(1) 4.847(1) 108.58(1)

Franklin, 5.382(1) 2.934(1) 4.886(1) 108.86(1)

New Jersey

Na-birnessite® 5.1746(2) 2.8474(1) 7.3319(4) 89.444(5) 103.181(4) 89.948(6)

2 Post et al. (2002).

TABLE 2. Atomic coordinates and selected bond distances (A) for
B-MnOOCH (feitknechtite) and MnOOH-Phase 2
Feitknechtite

Atom X y z Site occupancy U,
factor

Mn 0 0 0 1.0 0.0066(2)
(0] 0.4206(2) 0 0.2217(2) 1.0 0.00227(2)
Mn-O 2.2856(8) (x2)

1.9333(6) (x4)
<Mn-0> 2.05
0-0 2.800(2) (x2)
0-0 2.568(2)
0-0 2.559(2)

MnOOH-Phase 2
Atom X y z Site occupancy Uy,*
factor

Mn 0 0 0 1.0 0.005
O 0.3579(6) 0 0.191(1) 1.0 0.005
Mn-O 2.206(4) (x2)

1.872(3) (x4)
<Mn-O> 1.98
0-0 2.891 (x2)
0-0 2.380(8)
0-0 2.583(8) (x2)

Notes: e.s.d. values are those reported from the Rietveld refinement, and previous
studies indicate might be underestimated by an order of magnitude, or more
(Post and Bish 1989).

2Temperature factors were held fixed to values given.

and atom positions and selected bond distances are reported in
Table 2. The final observed, calculated, and difference X-ray
diffraction patterns are plotted in Figure 1, and modeled and
observed SAED patterns for multiple zone axes are shown in Fig-
ure 2. Polyhedral structure representations are shown in Figure 3.

The structure model determined above was successfully
applied to the mineral samples from South Africa, Sweden,
and New Jersey. The unit-cell parameters are listed in Table 1.
It was also used for Rietveld refinements during the heating of
the synthetic powders from RT to 424 °C. When present, the
hausmannite phase was fit using starting structure parameters
reported by Baron et al. (1998).

DISCUSSION

Comparison of the feitknechtite (-MnOOH) structure
with that of related Mn hydroxides

As discussed above, because feitknechtite is readily formed
by the oxidation of pyrochroite, many researchers have assumed
that its structure is some permutation of the pyrochroite brucite-
like structure (Aminoff 1919). A detailed structure description,
however, that includes unit-cell parameters and atom positions,
has not previously been reported. Our structure solution and re-
finement confirm that feitknechtite is constructed of parallel lay-
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FiGuReE 1. Final Rietveld observed (blue crosses), calculated (solid green) and difference (light blue) powder diffraction patterns for -MnOOH
and phase 2 MnOOH. The vertical marker lines indicate positions for the indexed peaks, and the refined background is shown as the solid red line.

A =10.414211 A. (Color online.)

ers of Mn**-(0,0H) octahedra, making it the only known purely
Mn?** layer structure. The Mn** Jahn-Teller distortions for the Mn-
(0,0H) octahedra result in elongated axial bonds [2.286(1) A]
relative to the four equatorial distances [1.933(1) A], similar
to those observed in other Mn’** oxides, e.g., 2.28 and 1.93 A,

respectively, in hausmannite (Jarosch 1987). The calculated
mean Mn-O bond length of 2.05 matches well the values of 2.04
and 2.05 A reported for <Mn-O> bond distances in manganite
(y-MnOOH) and groutite (a-MnOOH)), respectively, (Kohler et
al. 1997) and of 2.05 A for hausmannite (Baron et al. 1998). This
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FIGURE 2. Observed (black) and modeled (red) selected area electron diffraction patterns for synthetic -MnOOH along the following zone

axes: (a) [001]; (b) [112]; and (¢) [110]. (Color online.)

Fi1GURE 3. Polyhedral drawing of the f-MnOOH (feitknechtite) structure looking (a) along b, and (b) along ¢, and (¢) for MnOOH-Phase 2
along b. The Mn**-O octahedra are shown in red, and the O/OH positions are plotted as blue spheres. The unit-cells are indicated by dashed lines.
(Color online.)
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observation is consistent with our XPS data (below) showing that,
within error, all Mn in our synthetic feitknechtite is trivalent.
The pronounced Jahn-Teller octahedral distortions reduce the
structure symmetry from trigonal in pyrochroite (space group
P3m) to monoclinic (space group C2/m).

Energy-dispersive spectroscopy revealed only Mn and O in
the synthetic sample. Charge balance for the chemical formula
MnOOH requires that half of the O atoms are OH™ anions, as in
the MnOOH polymorphs groutite and manganite, and indicated
by FTIR (below). Single-crystal refinements for groutite and
manganite (Kohler et al. 1997) revealed a disparity in the Mn-O
and Mn-OH bond lengths, with Mn-OH longer for both axial
and equatorial octahedral distances. Oxygen and OH groups
are disordered over the one symmetrically unique O atom site
in feitknechtite, and, therefore, cannot be distinguished. The
O atoms at the base of an octahedral sheet in feitknechtite are
situated in nearly vertical alignment above the O atoms at the
top of the octahedral sheet below (Fig. 3). The O-O distance
across the interlayer in feitknechtite is 2.80 A, which is typical
for OH-O hydrogen bonds (Baur 1972). This relationship sug-
gests that the H atoms are arranged such that OH at the base of
one octahedral sheet will lie above O atoms at the top of the
adjacent sheet below. Consequently, some H atoms within an
interlayer will be closer to one sheet and some closer to the other
in a disordered fashion. This network of H-bonds across the
interlayer binds the octahedral sheets tightly together, resulting
in a closer layer spacing of 4.62 A in feitknechtite, as compared
to 4.72 A in Mn(OH),-pyrochroite (Bricker 1965)]. In groutite,
the O1---H2-02 distance across the short dimension of the 1x2
octahedral tunnels is 2.57 A, accounting for its slightly smaller
“layer spacing” (distance between parallel double chains) of
4.557 A (Kohler et al. 1997).

The feitknechtite FTIR spectrum shows OH-related modes
similar to those observed for manganite (Fig. 4). Kohler et al.
(1997) interpret the broad peak at about 25002700 cm™ for
manganite as arising from OH stretching modes associated with
observed H-bonds of ~2.6 A and assigned the peaks between
~900 and 1200 cm™' to OH bending modes. The OH stretch peak
for feitknechtite is shifted to a higher frequency (2750 cm™)
relative to that in manganite (2650 cm™), indicating a longer
average H-bond (Novak 1974), consistent with our observed
value of ~2.80 A.

Our refined occupancies for Mn did not reveal significant
vacancy concentrations, although, as discussed below, minor
vacancies may give rise to possible superstructures. In the
Rietveld refinements, the Mn occupancy factor was strongly
correlated with the overall scale factor, making the accurate
determination of the Mn occupancy difficult. We have
observed similar challenges when trying to determine vacancy
concentrations for Mn sites in other Mn oxide layer structures,
e.g., birnessite-like phases (unpublished results). Difference
Fourier maps calculated during the Rietveld refinements did
not show any areas of electron density in the region between
the layers that might have corresponded to cations above and
below possible octahedral Mn vacancies. Model calculations
showed that the refinement is sensitive to the presence of such
interlayer cations.

The X-ray diffraction patterns showed that all the natural
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FiGuURE 4. FTIR spectra for synthetic feitknechtite (lower) and
manganite (upper). (Color online.)

“feitknechtite” samples included some hausmannite, and
Rietveld refinements yielded 50, 30, and 10 wt% hausmannite
in the South Africa, Sweden, and Franklin, New Jersey, samples,
respectively. Selected area electron diffraction of the South
African material suggested that the intergrowth of feitknechtite
and hausmannite was topotaxial (Figs. 5a and 5b), with a shared
orientation of the 020 planes of hausmannite (dy = 2.879 A)
and the 110 planes of feitknechtite (d,;, = 2.538 A). The refined
structures for natural feitknechtite samples did not significantly
differ from each other or from that of the synthetic sample. The
unit-cell parameters showed some slight variation among the
natural samples (Table 1), particularly in the a and b dimensions,
especially for the Franklin sample.

MnOOH-Phase 2 (e-MnOOH)

Portehault et al. (2010) derived the same unit-cell parameters
as we did for feitknechtite, but they observed that their unit cell
“cannot account satisfactorily for feitknechtite because unin-
dexed reflections are still present (e.g., 29.7 and 30.8° on the
XRD pattern).” As they used CuKa radiation (A = 1.5418 A),
those peaks correspond to d-spacings of 3.008 and 2.903 A. As
described above, we also detected additional peaks in our powder
XRD data, albeit in different positions, and we attribute those
peaks to a secondary MnOOH phase with a similar unit cell to
that of feitknechtite, but with § close to 90° instead of 108.07°.
Rietveld analysis indicated that the synthetic feitknechtite
contained ~14 wt% of this “MnOOH-Phase 2.” Although the
closeness in the structures of f-MnOOH and Phase 2 made it
difficult to distinguish the two phases by TEM, selected area
electron diffraction did reveal a doubling of diffraction spots
for both the synthetic and the South African material, indicating
epitaxial intergrowths of phases with slightly disparate unit-cell
parameters (Fig. Sc). The refinement results in Table 2 and the
structure drawing in Figure 3 show that this Phase 2 octahedral
Mn*"-0 layer structure is nearly identical to that of feitknechtite,
but adjacent layers are stacked directly above each other, as in
pyrochroite, without an offset along a (Fig. 6). The calculated
Mn-O bond distances revealed a strong Jahn-Teller type distor-
tion, confirming that the Mn is predominantly trivalent, but the
mean Mn-O distance of 1.98 A is shorter than the value for
<Mn-O> of 2.05 A observed in feitknechtite. Nevertheless, the
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FIGURE 5. (a) Unlabeled SAED pattern for South African sample showing doubled spots indicative of topotaxial intergrowth of feitknechtite
and hausmannite. (b) Simulated SAED patterns for feitknechtite along ZA [001] (red) and for hausmannite along ZA [201] (blue), superimposed
on the above pattern. (¢) SAED pattern for synthetic B-MnOOH (ZA [001]) revealing a slight doubling of diffraction spots (arrowed), suggestive

of the intergrowth of feitknechtite and Phase-2. (Color online.)

ratio of the axial-to-equatorial octahedral Mn-O bond lengths was
1.18 for both phases. The difference in mean bond lengths might
not be significant as the small fraction of Phase 2 in the sample
challenged the determination of accurate atom positions. If the
shorter mean Mn-O bond distance in Phase 2 was correct, how-
ever, it might indicate the presence of some Mn*" in the octahedral
site, with charge balance maintained by the replacement of some
OH- by O*. As the synthetic feitknechtite was formed by reacting
hexagonal birnessite (predominantly Mn*) with aqueous Mn?",
it is possible that Phase 2 represents an intermediate, or second,
phase with some remnant Mn*". To our knowledge, Phase 2 is a
previously unreported polymorph of MnOOH, and we propose
the designation e-MnOOH (epsilon-MnOOH) to distinguish it
from other reported MnOOH polymorphs.

X
ot

FIGURE 6. Polyhedral structure representation of MnOOH-Phase 2
(a and b) and pyrochroite (¢ and d), projected parallel and normal to the
octahedral layers. The Mn-O octahedra are shown in red, and the O,OH
atoms are dark blue spheres. (Color online.)
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The octahedral sheet stacking relationship between feitknech-
tite and e-MnOOH is approximately the same as that between
triclinic and hexagonal birnessite structures (Fig. 7). In hexagonal
birnessite, octahedral (Mn*,Mn*")-O sheets, with predominantly
Mn*, stack vertically to yield a structure with P3 symmetry, which
can also be described as an orthohexagonal C2/m unit cell with
B =90°. The unit cell for e-MnOOH is similar to the orthohex-
agonal cell; B is near 90°, but the a/b ratio is 1.96, resulting from
the Jahn-Teller distorted Mn3* octahedra, compared with 1.73 in
trigonal birnessite. The octahedral sites in the structure of triclinic
Na-birnessite, with formula Na, ssMn, 0,4 1.7H,0 (Post and Veblen
1990), contain ~2/3 Mn*" and 1/3 Mn*". Adjacent octahedral sheets
are offset along a, as in feitknechtite, and the  angle for Na-
birnessite in the pseudo-C2/m unit cell is ~103° (Post et al. 2002).

c

c

c

. .

FIGURE 7. Polyhedral structures, parallel to the layers, comparing
(a) feitknechtite and (b) MnOOH-Phase 2 to (c¢) triclinic birnessite
(interlayer cations and water molecules omitted) and (d) hexagonal
birnessite (interlayer cations and water molecules omitted). The Mn-O
octahedra are shown in red, and the O,0H atoms are dark blue spheres.
(Color online.)
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FiGURE 8. (a) SEM BSE image of B-MnOOH, (b) SEM BSE image of feitknechtite from South Africa, (¢) TEM image of synthetic -MnOOH,

and (d) TEM image of feitknechtite from South Africa.

TEM and SEM analyses of feitknechtite microstructures

The SEM BSE and TEM images of the synthetic feitknechtite
sample revealed clusters of ~0.3 x 0.5 pum lath-like crystals, ori-
ented at ~120 ° to each other (Fig. 8). Energy-dispersive X-ray
analysis showed the presence only of Mn and O. Portehault et
al. (2010) observed similarly oriented crystal clusters in TEM
images of synthetic feitknechtite and proposed that they were
twinned crystals formed by the lateral assembly of primary
nanorods.

The natural samples in the present study appeared fine-
grained, with individual crystallites smaller than 0.5 um, and
with a layered texture (Fig. 9), likely pseudomorphed after the
original pyrochroite. EDS analyses for these samples showed
Mg in addition to Mn and O, and Zn for the Franklin sample.
The average cation ratios were Mng o;Mgo 03, MnyosMgg 7, and
Mnyg;Mgp 102103 for the samples from South Africa, Sweden,
and Franklin, New Jersey, respectively. The Shannon (1976) ionic
radii for Mg?* of 0.86 A, and for Zn** of 0.88 A, are between

those of Mn?* (0.97 A) and Mn** (0.785 A), and therefore, might
comfortably substitute for Mn in pyrochroite or feitknechtite,
or hausmannite, which is associated with feitknechtite in all the
natural samples. Luo et al. (1996) synthesized f-MnOOH with
Mg as ~25% of the total cations.

Because the hausmannite was finely intermixed with the
feitknechtite, it was not possible to determine whether the Mg
and Zn were equally distributed between the two phases or more
concentrated in one. Analyses from multiple sites on each sample
showed general chemical homogeneity within a given sample.
Mg and Zn are not Jahn-Teller cations; therefore, as they replace
some of the Mn®" in feitknechtite, the average Mn octahedral
distortion will be reduced, with a consequent change in the ratio
of'the a and b unit-cell parameters. The Mn?** octahedral distortion
is elongated primarily along a (Fig. 2b), and therefore, one might
expect that parameter and the a/b ratio should decrease with the
addition of Mg or Zn. In fact, the observed a/b ratios follow that
trend, with a/b values of 1.956 for synthetic feitknechtite, which
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FiGuURE 9. (a) TEM image of synthetic Na-birnessite (Post and Veblen 1990), (b) SEM BSE image of ranciéite from Alsace, France, (¢ and

d) SEM BSE images of ranciéite from Spain.

has no Mg or Zn, 1.903 and 1.896, for the Swedish and South
African samples with 0.07 and 0.03 Mg per octahedral cation site,
respectively, and 1.834 for the Franklin sample with 0.1 Mg and
0.03 Zn per Mn site. It is also possible that the natural samples
might have some Mn*", but with the admixed hausmannite, it is
not clear how one might confirm its presence in feitknechtite.
The synthetic feitknechtite used in the current study was
formed by reacting synthetic hexagonal birnessite, with pre-
dominantly Mn*"-octahedral sheets, with aqueous Mn?* solutions.
The reduction of Mn*" to Mn3* triggers the transformation from
birnessite to feitknechtite. As seen in Figure 10, the resulting
lath-like feitknechtite crystals were elongated along 4 *, normal to
the direction of the axial Mn-O bonds in the Jahn-Teller distorted
Mn?*" octahedra, which are parallel to the monoclinic a axis.
Preferential growth in the direction of the shorter and stronger
equatorial bonds is consistent with periodic bond chain theory
(Hartman and Perdok 1955). On the other hand, superperiodici-
ties and lattice disorder are concentrated along a*, likely as the
result of localized intergrowths of Phase 2 with feitknechtite.
The observed morphology suggests that the hexagonal birnes-

American Mineralogist, vol. 108, 2023

site crystals templated the growth of the feitknechtite crystals.
Because of the trigonal symmetry of the Mn*-O octahedral
sheet in the original birnessite, the newly formed feitknechtite
crystals oriented and grew with equal probability in any of three
directions at 120° to each other.

Feitknecht and Marti (1945) and Bricker (1965) synthesized
feitknechtite by oxidation of Mn(OH), (pyrochroite). Hem (1981)
presumes that the similarity of the layer structures of feitknechtite
and pyrochroite promotes the transformation from Mn(OH), to
B-MnOOH. In fact, the natural feitknechtite investigated in the
present study formed, with hausmannite, as alterations of pyro-
chroite, retaining the crystal morphology of the original phase.
X-ray diffraction patterns from many of these pseudomorphs
show single-crystal spots rather than powder rings, consistent
with a transformation that preserved the basic crystal structure.

Luo et al. (1998) determined that B-MnOOH is the intermedi-
ate phase when Mn(OH), is oxidized by dissolved permanganate
during the synthesis of birnessite-like phases. We have similarly
observed that oxidation of Mn(OH), in solution by O, initially
forms B-MnOOH, which then transforms into a triclinic birnes-
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site phase (unpublished results). As with the case of hexagonal
birnessite, the trigonal symmetry of the pyrochroite Mn?"/O
octahedral sheets allows monoclinic B-MnOOH crystals to
grow equally well in three orientations. TEM and SEM images
of synthetic triclinic birnessite crystals (Fig. 9) commonly show
sheets constructed of parallel lath-like components, sometimes
twinned at 120° angles, which likely reflect the morphologies
of the precursor monoclinic B-MnOOH crystals. Similarly, SEM
images of the Ca-birnessite-like mineral ranciéite (Fig. 9) typi-
cally reveal sheet-like crystals that are composites of twinned
lath-like components, despite their overall trigonal (P3) sym-
metry (Post et al. 2008). Ranciéite is most typically found in
the oxidation zones of Mn-rich deposits or in low-temperature
mineralized veins and vugs in limestone (Ertl et al. 2005). It
seems reasonable that the twinned, lath-like crystal morphology
reflects pseudomorphic alteration from feitknechtite, which in
turn transformed from pyrochroite.

LDy
AApdes

FiGuURE 10. (a) HRTEM image of B-MnOOH lath with fast Fourier
transform (inset) reveals that crystals are elongate along the b * direction,
with local superperiodicities and lattice disorder along the a* direction.
(b) Higher magnification HRTEM image reveals significant disorder
along a*, the direction of elongated Mn**-O bonds due to Jahn-Teller
distortions. (Color online.)
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Thermal transformation of f-MnOOH (feitknechtite) to
hausmannite

When synthetic B-MnOOH was heated from 25 to ~200 °C,
the structure showed a small but continuous thermal expansion
(Fig. 11), with an increase in the unit-cell volume of 0.5%. The
dependence of the unit-cell parameters on temperature (Fig. 11)
reveals that most of the expansion occurred along the a direc-
tion (+0.3%), which is the direction of the longer axial Mn**-O
octahedral bonds. Over this temperature range, the changes in
the individual b, ¢, and B unit-cell parameters were 0.1% or less.
Between ~200 and 230 °C, the transformation of feitknechtite
to hausmannite was marked by a decrease in unit-cell volume
by ~1%, mostly caused by ~0.3% contractions in the ¢ and b
parameters. Hausmannite was first detected in the diffraction
pattern at 226 °C, and feitknechtite was absent by 244 °C. The
Rietveld refinement for the diffraction pattern collected at 235 °C
determined the sample was 82% hausmannite and 18% feitknech-
tite. Our results are consistent with TGA measurements (Yan et
al. 2014), which showed an abrupt weight loss for f-MnOOH
at ~225 °C. The X-ray diffraction data revealed no evidence
for an intermediate amorphous phase. The transformation of
feitknechtite to hausmannite requires loss of OH (as H,O) and
reduction of 1/3 of the Mn** to Mn?', according to the reaction:

3Mn**OOH — Mn3"Mn**O, + 3/2H,0 + %O0,. (1)

The displacement of some of the Mn*" and all of the newly
reduced Mn** from the feitknechtite octahedral sheets to the in-
terlayer region builds the hausmannite spinel structure (Fig. 12).
Bricker (1965) concludes that hausmannite is a more stable phase
than feitknechtite, but only slightly so. Interestingly, the reported
transformation temperature for the dehydration of FEOOH (goe-

American Mineralogist, vol. 108, 2023

Downloaded from http://pubs.geoscienceworld.org/msa/ammin/article-pdf/108/11/2131/6000654/am-2022-8729.pdf
by Pennsylvania State University user
on 07 November 2023



2140

| - >

FIGURE 12. Polyhedral structural representation of transformation
of B-MnOOH (left) to hausmannite (right) above ~225 °C. The Mn**-O
octahedra are shown in red, the Mn?*-O tetrahedra in light blue, and the
0O,0H (B-MnOOH) and O (hausmannite) atoms as dark blue spheres.
(Color online.)

thite) to Fe,O, (hematite) also is in the range of 240-255 °C
(Ozdemir and Dunlop 2000). In both cases, the trigger for the
transformation is the loss of OH, accompanied by the reduction
of some Mn in feitknechtite.

IMPLICATIONS

This study provides the first complete structure description
for B-MnOOH (feitknechtite). Additionally, we identified and
reported the structure for a second MnOOH phase (e-MnOOH),
similar to f-MnOOH but with a different layer stacking, and as
such, it seems to be a new MnOOH polymorph. Several research-
ers have described feitknechtite as a requisite intermediate phase
during the synthesis of technologically important Mn (hydr)
oxides. It is also assumed to play a critical role in abiotic and
biotic processes that produce and alter Mn oxide phases in vari-
ous natural environments. The lack of knowledge of the atomic
structure of feitknechtite has limited our understanding of its
precise role and behavior in synthetic and natural redox reac-
tions in manganiferous systems. Our work provides the formal
structure description required for model calculations that will
provide a better understanding of this phase and make possible
predictions about the behavior of f-MnOOH (feitknechtite)
under a range of conditions. It also provides an essential start-
ing point for analyzing powder diffraction data to determine
and monitor unit-cell parameters and other structure details and
for quantitative phase analyses of Mn oxide samples that con-
tain feitknechtite. Feitknechtite has been part of the Mn oxide
conversation for more than seven decades, and it is satisfying
to finally know what it is.
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