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Abstract

Cryptomelane K-OMS-2 is a manganese oxide that occurs in low temperature geologic environments and is readily syn-
thesized in the lab. A reflux method was used to prepare cryptomelane K-OMS-2 for shock compression experiments using
laser driven flyer plates. Powder X-ray diffraction data indicates that cryptomelane K-OMS-2 is shock resistant and largely
retains crystallinity, with some major reflections increasing in peak sharpness with others broadening slightly. Transmission
electron microscopy data indicates particle size and morphology of shocked material is also largely retained but crystals have
amorphous regions near the surfaces, have deformed lattice fringes, and have streaked electron diffraction characteristics.
Raman spectroscopy indicates that shock has altered the structure of cryptomelane, with the 570 cm™! band-shift probably
corresponding to a slight decrease in bond length and a dramatic change in band intensity for the 641 cm™! may be evidence
of increasing disorder, and the shift towards lower frequency could be resulted from an increased bond length. The mechanism
for shock resistance for these materials is proposed to be a thixotropic rebound where nanoporosity allows for crystals to
migrate and the texture then returns to the approximate original position after the shock wave has passed. This investigation

opens new areas of research in shock research for mineral stability.
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Introduction

Manganese oxides with tunnel structures have been materi-
als of interest for decades because of their abundance in
nature and for their wide variety of intriguing physical/

P4 M. P. S. Krekeler
krekelmp @miamioh.edu

Department of Geology and Environmental Earth Science,
Miami University, Oxford, OH 45056, USA

Department of Mathematical and Physical Sciences, Miami
University Hamilton, Hamilton, OH 45011, USA

Department of Mathematical and Physical Sciences, Miami
University Middletown, Middletown, OH, USA

School of Chemical Sciences, University of Illinois,
Urbana-Champaign, Urbana, USA

Department of Chemical, Paper, and Biomedical
Engineering, Miami University, Oxford, OH 45056, USA

Present Address: Department of Physics & Astronomy,
University of Texas at San Antonio, San Antonio, TX 78249,
USA

Published online: 08 February 2024

chemical properties viable for technological applications
[1, 2]. Although these manganese oxide-based minerals
have been extensively investigated, detailed understanding
of their phases as well as their transformation mechanisms
are not well understood [1] Naturally occurring Mn-oxides
are known to have small particle sizes at the time of their
formation, later to be modified into larger dimensions dur-
ing their many years of existence (typically of the order of
geologic time scales) (e.g., [3]).

Cryptomelane K-OMS-2 is a manganese oxide that occurs
in low temperature geologic environments and is readily
synthesized in the lab. The idealized empirical chemical
formula is K(Mn**, Mn**);0,, however Mn’* cations are
known (or are likely to occur) in some samples (e.g., [4]).
The molecular weight is 734.59 g/mol. The material ideally
consists of 5.32% potassium (K), 59.83% manganese (Mn),
34.85% oxygen (O) and has both monoclinic and tetragonal
polymorphs. For the monoclinic version, the unit cell param-
eters are a=9.79 A, b=2.88 A, ¢=9.94 A and $=90.62°.
This defines a unit cell volume of 280.24 A% and a calculated
density is 4.35 g/cm’. Details on the crystal structure can
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be found in Post et al. [5]. In summary, the crystal structure
consists of four rows of double manganese octahedra (2x2)
that create a tunnel which has sites for K* cations which
can exchange for molecular water and other cations (Fig. 1).

In addition to a wide variety of natural occurrences,
cryptomelane can also be synthesized easily in the labo-
ratory (e.g., [6—17]). The main interest in cryptomelane is
focused on the catalytic abilities it shows, owing to its excel-
lent surface chemistry [14, 18-26]. Apart from the cationic
exchanges in the tunnel structures or the mobile lattice oxy-
gen, the surface area itself plays a major role in the catalysis
reactions [8]. In the past, doping with transition metals such
as Fe, Co, Ni, Cu, V, Cr, and Eu has been explored (e.g., [6,
8, 11, 13-15]).

Considering the role of surface area in catalysis, an alter-
native to actively doping cryptomelane could be to subject
the material to extreme conditions, that is, to apply a very
high level of compression to the material. There are several
ways of compressing a material. High pressure experiments
performed under static conditions using diamond anvil
cells (DAC) are effective in applying longer term moder-
ate compression along the isotherm of the sample [27].
Dynamic compression events such as shock wave experi-
ments described in this study can subject the material to
an ultra-high-pressure pulse. Effects of shock waves on
rocks and minerals are manifold, as described by previous
researchers [28—33]. Shock wave compression of materi-
als has successfully been used to probe structural changes,
chemical initiation, mechanochemistry, and catalysis in the
recent past [34-39]. Shock metamorphism includes grain
boundary fusion, phase changes, conversion into glassy
materials, development of microstructures and introduction
of unusual strains [30]. In addition to rapid changes in sur-
face chemistry, shock wave loading on inorganic materials
shows exciting potential for high-pressure assisted synthesis
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[40-43]. The phase transformation of hollandite [40] and
structural changes in zinc ferrite [41] under high pressure
are of particular interest from the materials science perspec-
tive. Clearly, compression with precise diagnostics could be
explored more closely to optimize catalysis in minerals such
as cryptomelane, and doing so would open potential for a
more rapid, environmentally friendly, solvent-free manufac-
turing approach for the future [10].

In this paper, we report shock wave compression experi-
ments using laser-driven flyer plates in powdered crypto-
melane. A flyer is a fast-moving tiny disc made of typically
metal foil, which delivers a planar shock into the sample,
thereby compressing it to an ultrahigh pressure. The amount
and duration of compression depends on the speed and thick-
ness of flyers, respectively. The shock compressed crypto-
melane samples, recovered after single shot experiments,
were characterized using transmission electron microscopy
(TEM), powder X-ray diffraction (XRD), and confocal
Raman measurements to report possible physical/structural
changes in them.

Materials and Methods
Materials

A reflux method was used to prepare cryptomelane K-OMS-
2. This was adapted from that of Luo et al. [20] and Almquist
et al. [44]. Cryptomelane K-OMS-2 was prepared in steps.
First a solution was prepared with 11 g of Mn-acetate that
was dissolved in 40 ml of deionized water prior to 5 ml of
glacial acetic acid being added to the solution. This solution
was then brought to 90 °C under stirring in a round-bot-
tomed flask fitted with a reflux condenser. A second solution
was prepared with 6.5 g of K-permanganate dissolved in
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Fig. 1 Models of cryptomelane with gray spheres indicating K positions, black octathedra representing Mn-octahedra and blue spheres repre-
senting O. The left image is a monoclinic model of cryptomelane (I 2/m) and right image shows tetragonal model (I4/m)
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150 ml of deionized water. This solution was slowly (drop-
wise) added to the Mn acetate solution. The combined solu-
tion was then maintained at 90 °C for 24 h, with the flask
suspended in a circulating water bath to ensure even-heating.
The resulting precipitate was then filtered and washed sev-
eral times with deionized water. The solids were then air-
dried overnight at 80 °C and calcined at 450 °C for 24 h.
The samples were in loose powder form as a final product of
the above process. For the shock compression experiments,
the loose powder was mixed with water and gently pressed
down to keep them inside the Kapton wells. Shock compres-
sion experiments were performed only after the water in the
sample paste was vacuumed off using specially designed
grooves in the sample holder, leaving a flat, compact, cylin-
drical volume of cryptomelane in the wells. Control experi-
ments were performed on (1) loose powdered, (2) wet paste,
and (3) initially wet but finally dry compact samples. While
presence of water cannot be completely ruled out, it is more
likely that the samples were dry at that point. Postmortem
spectroscopy and microscopy were performed on completely
dried samples by waiting for at least 48 h after the shock
compression experiments were performed. There was no dif-
ference in the postmortem Raman and microscopy data from
the three types of samples used in control experiments. How-
ever, significantly less volume of shocked cryptomelane was
recovered when #1 and #2 methods were applied for sample
mounting, making the overall analysis more challenging. All
experiments reported in this report have used the method #3.

Shock Compression Experiments

The shock compression experiments described here
employed an inverted shock microscope where laser driven
flyer plates are used. The apparatus was developed and thor-
oughly characterized by the Dlott research group [34-36].
The diagnostics of the system were reported previously to
establish the reliability and precision of the laser-driven flyer
plates as a scientific tool for novel dynamic compression
experiments [34—39]. The shock compression apparatus uses
a high-energy laser to launch tiny discs of metal, which then
travels at high velocities before impacting a sample, thereby
compressing it. The pressure applied to the sample is pre-
cisely linked to the impact velocity of the flyer. Figures 2 and
3 present an overview of the shock compression apparatus.
A Nd:YAG laser (Spectra-Physics Quanta-Ray Pro-350-10)
of wavelength 1064 nm, with a maximum pulse energy of
2.5 J, pulse width of 20 ns, and a high value of M?=40is
used as the launch laser. The flyer plates are generated from
Al 1100 foils epoxied to Pyrex (glass) plates either two or
three inches square and 6.35 mm thick. Each flyer is a disc
of 0.5 mm diameter, moving with its flat surface parallel to
the sample plane. Due to the hypervelocity impact, the flyer
sends a shock wave into the sample. Several kinds of foils
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Fig.2 Schematic of the shock compression microscope with laser
launched flyer plates. The sample and the flyer plate assembly is
inside the target chamber. The details of the target chamber are shown
in Fig. 3
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Fig.3 Schematic of target chamber illustrating two different sample
configurations using Kapton films to create microcuvettes. The left
configuration shows a laser launched flyer moving towards a glass
substrate with a photon Doppler velocimeter tracking the flyer. On
the right, a mineral sample configuration is displayed. By moving the
launch laser to the right, a new flyer can be launched to impact the
mineral sample, thereby sending a shock wave through it

could be used, including Al, Cu, and stainless steel. How-
ever, the most commonly used materials are Al foils with 25,
50, or 75 pm thicknesses. The choice of material and thick-
ness depends on sample characteristics such as reactivity,
initiation threshold and optical parameters. The flyer veloci-
ties could be precisely controlled through laser power, and
the shock duration are controlled through the foil thickness.
The setup is versatile to accommodate solids and liquids.
The samples are mounted inside a target chamber with the
launch laser coming in from one end and several measure-
ment probes are connected at the other end. Solid samples
can be shock compressed under vacuum using specially
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designed vacuum grooves in the sample mount. Typically,
the flyer velocities, and hence the pressures, are determined
by a photon Doppler velocimeter (PDV) synchronized to the
system. However, for opaque samples when there is no direct
recording of the velocity histories, pressures are estimated
through flyer experiments on glass.

The shock compression experiments in cryptomelane
were performed using 20 ns pulse duration with 1 J of pulse
energy on 25 um Al 1100 flyers with 3.5 km/s impact veloci-
ties to produce planar shock waves of 5 ns duration in the
sample. The reproducibility in flyer velocities (+0.56%)
as well as impact times (+0.59%) were demonstrated pre-
viously [35, 36, 45]. Figure 4 presents examples of flyer
impact experiments on Pyrex adapted from Bhowmick
et al., as evidence of consistent flyer speeds, duration of
compression, shot to shot variability of flyer speeds, and
impact times.

Since cryptomelane was opaque to the 1550 nm PDV
beam, no velocity history could be recorded for the actual
experiments where Al flyers impacted cryptomelane sam-
ples. However, experiments with Al flyers and glass (Pyrex)
were performed to ensure the flyer speed of 3.5 km/s and to
comment on the uncertainties related to flyer speed quoted
in this work. A total of 10 shots were taken to confirm the
Al flyer speed on glass. These experiments returned a flyer
speed of 3.5 km/s +0.03 km/s through standard deviation.
The window correction index n,=1.0627 [35] was used in
calculation of PDV velocity histories to all control experi-
ments. A representative velocity history from Al flyer on

glass is presented in Fig. 4d. It should be noted that the
window correction index introduces an uncertainty of 1%
to the velocities for several km/s, and hence should not be
a major source of errors [35]. It could be concluded that
all the single shot experiments in cryptomelane were per-
formed under the same conditions. A total of 50 shots were
conducted on cryptomelane samples, all with the same flyer
speed. The spectroscopic data presented here are representa-
tive from multiple trials. Shock velocities (U,) in any media
are generally obtained from the shock Hugoniot equations.
In many cases, the equation represents a straight line given
in the form:

U;=A+B*U,

where U is shock velocity, U,, is particle velocity, A is
the speed of sound in the material, and B is the slope of the
line. Al 1100 has an average density of 2.712 g/cm?® with
a Hugoniot equation given by U;=5.38+1.34 U, [46].
Neither experimental, nor theoretically calculated shock
Hugoniot information for cryptomelane was available. As
an alternative, the pyrolusite Hugoniot data could be taken
to estimate pressures, since pyrolusite (4.318 g/cm?) and
cryptomelane (4.35 g/cm®) have similar densities. The shock
Hugoniot equation for pyrolusite reported in “LASL Shock
Hugoniot Data” report (Marsh (ed.)) has cumulative experi-
mental work [47], 48, and is given by:

U;=3.77+1.46*U,

Using pyrolusite density, a flyer velocity of 3.5 km/s
from control experiments, and via impedance matching
between Al flyer and pyrolusite targets, the pressure was

Fig.4 Repeatability of flyer
plate velocities and impact
times, with an example of
control experiment performed
by Al flyer on glass. On the left
panel a, several flyer impact
examples are included between
U;=1-4 km/s, where the impact
(time =0 ns) is followed by a

5 ns flat region, correspond-
ing to shock duration in Pyrex,
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calculated to be ~41.4 GPa. Another alternative could be
to use a linear Hugoniot (U;=3.61+ 1.47*U,,, reported for
epoxy-MnO, composite [49]. Using a density for epoxy-
MnO, of 2.6 g/cm®, with the impedance matching technique,
an estimated ~32.1 GPa pressure was found. It is reason-
able to assume that all shock compression experiments in
cryptomelane were performed at a pressure between 32.1
and 41.4 GPa. Considering the densities, it is more likely
that the pressure is close to the estimated value of 41.4 GPa.
Avoiding further speculation, and to include the high degree
of uncertainty in the Hugoniot EOS, the mean pressure from
the two calculations with a standard error as our applied
pressure in these experiments. This is 36.8 GPa+4.7 GPa.
This value is reasonable since in mineral groups such as
feldspars, the same flyer velocity projects a pressure between
20 and 40 GPa [50].

A challenge to perform high-throughput spectroscopy
under shock is that each single shot experiment destroys the
sample. Hence these experiments used a versatile and inex-
pensive sample array designed and characterized previously
[35-38]. An overview of the sample array is presented in
Fig. 3, where hundreds of laser-milled microcuvettes are
seen on a polyimide or Teflon adhesive tape put onto a glass
substrate, with the sample thickness is determined by the
thickness of the tape.

X-ray Diffraction

Powder X-ray diffraction was performed on both starting
material and post-shock recovered material using a Bruker
D8 Advance powder X-ray diffractometer, in order to con-
firm the phase of the material and to observe any changes to
main peak shapes or positions. Data on both samples were
collected from 4° 20 to 70° 260, with a step size of 0.02° 20 at
0.1 s per step using Cu radiation (0.15418 nm wavelength).
Powders were mounted on “zero” background holders them-
selves which are cut 6° off the c-axis of synthetic quartz.
Accompanying Bruker software DiffracEva and the Powder
Diffraction File (PDF) database were used for phase iden-
tification including PDF card # 01-072-1982 (tetragonal (I
%) K-cryptomelane).

Electron Microscopy

Scanning electron microscopy (SEM) investigation was
performed with a Zeiss Supra 35 VP electron microscope
using a field-emission gun (FEG), an energy-dispersive
X-ray spectrometer (EDS), and a backscatter electron detec-
tor. Round 12.7 mm SEM aluminum stubs with conductive
carbon tabs were used to mount loose granular material and
detached foil with experimental charge. The instrument
was used in both backscatter electron (BSE) and variable-
pressure modes for imaging. Nitrogen (N,) was used as the

compensating gas for variable-pressure mode and the volt-
age used was 25.kV. Previous investigations have used this
instrument in a similar manner for cryptomelane specifi-
cally (i.e., [8, 44]) and several publications have used this
instrument in similar conditions for other oxides or complex
materials (e.g., [51-61]).

For transmission electron microscopy (TEM) investiga-
tion a small amount of sample was suspended in approxi-
mately 2 mL of ethanol in a glass vial and vigorously shaken
and allowed to settle for 30 s. An aliquots of approximately
5 uL was then placed onto a 3-mm copper grid with lacey-
carbon film and allowed to air dry. A JEOL JEM-2100 trans-
mission electron microscope that was operated at 200 kV
and equipped with a Bruker EDS detector was used for
bright-field imaging and chemical analysis. Images were
taken with a Gatan Orius SC 200D CCD camera. Selected-
area electron diffraction (SAED) patterns were used to deter-
mine crystallinity characteristics. Similar approaches using
this instrument have been published in previous investiga-
tions of cryptomelane [8] as well as other materials (e.g.,
[57, 59, 62-65]).

For EDS the lines used to identify elements provided
by Bruker software include O-K=0.525 keV; Na-K
1.040 keV; Al-K=1.487 keV; Si-K,=1.740 keV (nominally
Kg=1.837keV); K-K,=3.312 keV and K-Kg=3.590 keV;
Mn-K,=5.895 keV and Mn-K;=6.492 keV; and
Cu-K,=8.036 keV and Cu-K;=28.903 keV; Carbon sticky
tabs, the ubiquitous nature of O, and Al stubs may contribute
to some of the EDX spectra for SEM data. The ubiquitous
nature of O and scatter from the Cu grid and the lacey-C
substrates contribute to TEM-EDX spectra.

Raman Spectroscopy

To investigate any permanent impact of compression on
molecular structure of cryptomelane, we collected Raman
spectra from unshocked and shocked samples recovered after
the experiments. The post-mortem Raman analysis was per-
formed on a confocal Raman microscope (Horiba LabRam
HR) with a 100 x/0.95NA objective and a 633 nm excitation
laser. Each spectrum was collected from an area of 1 um
in diameter with an acquisition time of 5 s and 3 averages.

Results

Powder X-ray Diffraction

Figure 5 provides triplicate examples of powder X-ray
diffraction patterns of shocked cryptomelane and starting
material. Comparison of powder diffraction data to PDF

card # 01-072-1982 confirms that both the starting mate-
rial and recovered material were predominantly tetragonal
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Fig.5 Powder X-ray diffraction patterns for starting material and
shocked materials. Unidentified impurity is from the “zero back-
ground” plate and this was manufacturer error the peaks do not over-

I ) K-cryptomelane. This was done by matching the
major reflections and d-spacing values of d ;9 =6.91 A,
d(200)=4-89 A, d310=3.10 A, and do11y=2.39 A. Peak posi-
tions measurements show that there is little to no peak shift

lap with cryptomelane and TEM indicated no major additional phase
was produced in shock

from unshocked to shocked cryptomelane, however full peak
width at half peak maximum (FWHM) values show there
are observable changes (Table 1). Sharpening is observed
most prominently for (310) with the average (n=3) FWHM
values for unshocked (310) reflections decreasing 35%.

Table 1 XRD peak

o Reflection Starting Shocked Sharpened post shock Broadened post shock
characteristics of c.ryptomele.me (FWHM) (EWHM)
K-OMS-2 for starting material
and post-shock conditions (110} 0.610 0.629 No 0.019 3%)
{200} 0.637 0.656 No 0.019 3%)
{310} 0.392 0.254 0.138 (35%) No
{211} 0.410 0.359 0.051 (12%) No
{301} 0.173 0.023 0.15 (86%) No
{411} 0.146 0.202 No 0.056 (38%)
{521} 0.129 0.144 No 0.015 (11%)

SEM
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FWHM values for shocked (301) also decreased indicating
peak sharpening with the average (n=3) FWHM values for
unshocked (301) reflections decreasing 86%. Broadening
occurred post shock for (411) by 38% and negligible (3%) to
minor (~ 12%) broadening occurred for (110), (200), (521).
There are two additional sharp low-20 angle peaks in both
data sets that are inherent to the “zero” background quartz
plate holder that each powder was mounted on for diffrac-
tion; separate tests on empty quartz plates have confirmed
that this is the source of the reflections and that there are
none which would overlap with the cryptomelane K-OMS-2
pattern.

Scanning Electron Microscopy

Scanning electron microcopy work focused on areas of
removed foil material to determine whether or not crypto-
melane or other phase were present at the mesoscale and
observed textures (Fig. 6). Coherent aggregates of crypto-
melane crystals were commonly observed in 90% of sam-
ple (Fig. 6a) and had typical radial acicular to bird’s nest
textures consistent with starting material (e.g., [8]). Cryp-
tomelane crystals observed were euhedral and were approxi-
mately 1 to 3 um and approximately 100 to 400 nm in width.
The other primary texture observed which was less com-
mon (10%) was well rounded, smooth-surfaced spherules
that had lower contrast than the aluminum foil in which they
occurred (Fig. 6b). These particles had diameters that varied
from approximately 10 pm to 100 nm in diameter and had
a relatively even distribution in what appears to be poten-
tially quenched Al foil (Fig. 6¢). Many of these spherules
were embedded in the matrix of the Al foil and EDS spectra

o///

.

-‘\
—

T

from them showed a relative enrichment of Mn relative to
K. Owing to the nature of the spherules being embedded in
the Al foil substrate, it is unclear whether or not Al is inher-
ent to the spherules or is simply background from the foil.

Transmission Electron Microscopy

Transmission electron microscopy on starting material is
consistent with the observations of Cymes et al. [8]. Crypto-
melane occurs dominantly as typical radial acicular to bird’s
nest aggregate textures. Aggregates of starting material have
high internal nanoporosity which is visually estimated to be
between 10 and 40% of the volume of aggregates. Approxi-
mately 95% of aggregates have some radial to random crys-
tal orientation (Figs. 7, 8). Selected area electron diffraction
of these aggregates yields diffraction rings consistent with
the spacings of cryptomelane and have well defined diffrac-
tion spots with only minor amounts of streaking (Fig. 7a).
Cryptomelane crystals in the starting material are euhedral
and crystalline and single crystals are commonly 15 to
100 nm in width and approximately 300 nm to 2 to 3 um in
length. Individual crystals are characterized by continuous
coherent lattice fringes (Fig. 7b) and have single net diffrac-
tion patterns.

Transmission electron microscopy on shocked material
has the same textures of aggregates with typical radial acicu-
lar to bird’s nest aggregate textures. Aggregates of shocked
material retain a high internal nanoporosity which is visually
estimated to be unchanged from that of the starting mate-
rial. The aggregates observed also have the same radial to
random crystal orientation (Fig. 9). The particle size of the
cryptomelane also appears to be approximately the same

Fig.6 Scanning electron microscopy images with paired EDS spectra below. a shows intact shocked cryptomelane crystals that were typical of
the sample. b shows fewer common spherules embedded in Al foil with K and Mn with ¢ being a higher magnification image

SEM
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Fig.7 a Bright field TEM image of an aggregate of cryptomelane
from the starting material showing euhedral crystals in a radial aggre-
gate to bird’s nest texture exhibiting abundant nanoporosity. This
aggregate exhibit alignment of crystals in the upper portion and more
random orientation in the lower portion. The SAED data below shows

and there are no examples of small fragments of nano crys-
tals or amorphous material generated from shock. Selected
area electron diffraction of these aggregates yields diffrac-
tion rings consistent with the spacings of cryptomelane
however there is much more pronounced streaking in all
reflections (Fig. 9). Cryptomelane crystals in the shocked
material appear to be largely crystalline. Individual crystals
appear to exhibit retain intergrowth or adhesion more than
in the shocked materials (Fig. 9). These fiber aggregates
also exhibit comparatively more streaking in diffraction pat-
terns compared to single crystals in the starting material
and undulations at the crystal face with approximately 0.5

SEM
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—

that these particles have reasonably well-formed spots and spots con-
form to positions expected of 14/m cryptomelane along ~[hOl]. b and
example of an individual fiber in the starting material showing coher-
ent lattice fringes and a single net of well-formed diffraction spots

to 1.0 nm of relief are observed. Continuous coherent lattice
fringes are commonly observed but examples of slightly dis-
torted lattice fringes also occur (Fig. 10). The streaked dif-
fraction, surface undulations, and distorted lattices observed
in the TEM data are interpreted to be the result of shock.

Spectroscopy

Figure 11 presents the comparison of representative spec-
tra, where we can see the expected 180, 570, and 641 cm™!
in the unshocked spectra, as have been reported in crypto-
melane before (e.g., [66]). The sharp low frequency band at
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Fig. 8 Bright field images of starting material cryptomelane showing
euhedral crystal faces and the nature of nanopores. Left image shows
one small crystal partially imaged along~[001] on the lower portion
of a nanopore. Lattices are evident in crystals and the variation is
interpreted to be in part form differences of the sample off of the focal

height. Right image shows an additional example of euhedral crystal
faces and a nanopore as well as an intergrowth of cryptomelane crys-
tals. Lattices demonstrate continuity along [001]. Amorphous mate-
rial on the left is lacey carbon

4,3

Fig.9 The top row shows bright field TEM image of aggregates of
cryptomelane from shocked material paired with electron diffraction
data of each. These images show apparently intact radial aggregate
or bird’s nest textures and also exhibit abundant nanoporosity. These

aggregates show random orientation of crystals and the SAED data
below shows that these particles have diffraction spots that are moder-
ately to extensively streaked. Spots conform to positions expected of
cryptomelane
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Fig. 10 Lattice images showing distortion along~[001] with a wavelike modulation approximately 5 to 10 nm in periodicity. These features are

interpreted as the result of shock deformation

180 cm™! is assigned to the translational motion of MnOy
octahedra, while the 570 and 641 cm™! bands correspond
to the symmetrical vibrations of oxygen atoms with respect
to Mn atoms and Mn-O stretching modes in the direction
orthogonal to the double chains of the MnOg octahedra. The
sharp bands of 570 and 641 cm™" also confirm well-devel-
oped tetragonal cryptomelane structure with an interstitial
space comprising of (2 X 2) tunnels. Interestingly, the bend-
ing vibration of 383 cm™!, and the 505 cm™! symmetrical
vibration bands were extremely weak, and thus are barely
recognizable in the scale of the plot. The Raman modes in
the recovered cryptomelane after the compression experi-
ments show some interesting features. The sharp band at
180 cm™! remains intact without change in intensity. Both
the symmetric stretch bands of 570 and 641 cm™' wave-
numbers show frequency shifts, with their relative intensity
inverted. Figure 11 shows the band shifting and the intensity
change clearly. The 570 cm™! band shifted slightly towards
higher frequency while the 641 cm™' band shifted a sig-
nificant amount towards lower frequency. It is clear from
the Raman spectra that shocking has altered the structure
of cryptomelane, where the 570 cm™! band-shift probably
corresponds to a slight decrease in bond length.

The inversion of the Raman peaks at 570 cm™ and
641 cm~! indicates possible structural changes, broadly
analogous to those observed in MnO, phases (e.g., [67]).
The change of the relative intensities of the Raman peaks
indicates the material underwent a permanent phase transi-
tion under shock compressions, while the peak shifts demon-
strate the changes in the length of chemical bonds. The peak
at 570 cm™ is attributed to the Mn—O stretching in the basal
plane of the MnOg sheet, while the peak attributed to the

1

symmetric stretching vibration of Mn—O of the MnOg groups
[68]. Therefore, the redshift of peak from 570 to 575 cm™!
indicates the shortening between the distance of one MnOg
layer with respect to the next, while the significant blueshift
of the peak from 641 to 625 cm™ indicates the stretching of
Mn-O bond within the MnOg layer.

Discussion
Phase Identification

TEM imaging suggests some degree of formation of amor-
phous regions at and near the surfaces of shocked crypto-
melane. At the TEM scale, there are no indications of forma-
tion of secondary phases such as spinels (e.g., hausmanite)
or other high-pressure phases resulting from transforma-
tion. Although there are clear indications of deformation
in diffraction data and images, cryptomelane persists under
these shock conditions. At the TEM scale, discrete particles
of glass or amorphous material was also not observed in
shocked samples indicating that mass of the shocked min-
erals appears to be largely intact and not redistributed or
broken. The spherules observed embedded in Al foil may
be dominantly Al droplets from melting that may have some
inclusions of cryptomelane, may be Mn- and Al-rich oxides
or other minerals. Although present, these spherules are not
the dominant phase (~ 10%) at the mesoscale or nanoscale.

XRD data indicates that shocked material is crystalline,
has diffraction peaks that are at the same position and per-
haps counterintuitively, has a major increase in FWHM
values for some major reflections and exhibits some peak
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Fig. 11 (Upper spectra) Comparison of Raman spectra in unshocked
(bottom) and shocked (top) cryptomelane. (Lower spectra) Band
shifting, intensity change, and peak broadening in shocked crypto-
melane

broadening for others. There appears to be no clear system-
atic relationships between those reflections that show broad-
ening and those that show sharpening of peaks, however the
peaks showing the most sharpening have hkl values with
h=3 and this relates to Mn cation positions. This increase
in sharpening is interpreted as a relative increase in crys-
tallinity of the material but the fundamental cause remains
unclear. TEM data shows that the size of particles remains
unchanged and thus the observed differences in FWHM are
not from an enlargement of crystal size which hypothetically
may be an explanation considering Scherrer formula particle
size effects (e.g., [69]).

Proposed Mechanism

TEM data indicates that cryptomelane retains its overall
texture as intergrown aggregates of nanoscale crystals that

are elongated fibers with aspect ratios commonly > 20, and
these aggregates have a relatively high percentage of nano-
porosity. Thus, there is a high proportion of pores which
by visual estimation varies between 10 and 40%. These
pores occur largely in a uniform fashion in the aggregates.
The pores may act as accommodation space for crystals to
move, align, and rebound in a thixotropic fashion during
shock. This may attenuate the propagation of shock in the
solid state. The amorphous rinds or regions that appear in
shocked crystals near former crystal faces, and more crystal-
line regions interior to the particles support this interpreta-
tion as particle—particle collision and interaction with atmos-
pheric gasses filling the pores would be expected to impart
more energy (higher temperatures, shock, and diffusion of
oxygen). Diffusion of gaseous oxygen into cryptomelane
structure is a well-recognized process and is related to the
Mars and Van Krevelen mechanism (e.g., [70]) and thus the
amorphous texture observed may reflect shock infusion of
oxygen into the crystal structure at elevated temperatures.
A highly energetic infusion of oxygen at the surface of the
crystals would hypothetically reduce crystallinity and the
limited concentration of oxygen in the nanopores may be a
limiting factor in such a hypothetical reduction in crystal-
linity. In the future this could be tested using a pure oxygen
environment with the expected result to be a reduction in
crystallinity owing to rapid diffusion of comparatively more
oxygen into the structure.

Also to be considered is the collapse and potential
rebound of the channels in the structure and it is possible
that the amorphous rinds observed reflect such a process
well. The extent and nature of tunnel collapse and rebound
should be investigated in future work and potential insight
could be gained by extensive comparative studies of Mn-
oxides with varying tunnel morphology (e.g., romanechite,
todorokite) or studies of other tunnel structures such as
akaganéite.

There is no clear mechanism that completely explains
the shock resistance of cryptomelane however a thixotropic
model where cryptomelane crystals move, are more aligned
and then rebound seems plausible. The factors that influ-
ence the quality of this process such as nanopore size and
distribution, diffusion of oxygen and other ambient gas-
ses, and orientation of cryptomelane crystals in starting
material aggregates are all factors to be explored in further
investigations.

Implications for Future Work

Owing to the fine particle size of the material, it was very
unexpected that cryptomelane would be shock resistant
rather than transform into other phases. Accordingly, this
investigation opens a wide range of questions regarding the
stabilities of shocked cryptomelane and similar minerals.
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The effect of substitution of cations, the size shape and ori-
entation of particles, the nature and distribution of nanopo-
rosity should be further explored in the hollandite structures.
Whether or not atmospheric oxygen diffuses or exchanges
with cryptomelane during shock should be investigated.
Furthermore, whether other fibrous manganese oxides such
as ramsdellite, romanechite, and todorokite, exhibit shock
resistance should be investigated to explore systematic
structural relationships. Additionally, other fibrous miner-
als such as palygorskite, sepiolite, and goethite should be
investigated to determine if these minerals exhibit any shock
resistance. Shock resistant properties of minerals may have
general engineering and product implications.

Conclusions

Unexpectedly, cryptomelane is shock resistant as confirmed
by TEM and XRD data and there is minimal redistribution
of mass into other mineral or glass phases. Shock effects
include deformation of some lattices, streaking of elec-
tron diffraction, formation of amorphous zones near crys-
tal surfaces, and an apparent sharpening of bulk powder
X-ray diffraction data. The proposed mechanism for shock
resistance is related to a possible thixotropic collapse and
rebound phenomenon enabled by significant nanoporosity
in the material and the particle texture. The shock resistant
property of cryptomelane opens new questions regarding the
fundamental properties and applications of this and other
related materials.
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