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Summary

Martian regolith draws intensive research attention for the future human settlement on Mars.
Its defect-rich and highly concentrated amorphous features were present due to long-lasting
space weathering by the solar wind radiation and mechanical impact from extraterrestrial
objects. Within the frame of in-situ resource utilization, fundamental knowledge of the
structures of the phase constituents and their defect variants are of critical importance. In
contrast to naturally occurring minerals, the usage of laboratory synthesized samples has an
advantage of providing pure, single-phase materials. This doctoral thesis focuses on the
synthesis and characterization of olivines and plagioclase feldspars as representative major
phases in Martian regolith. In addition, the impact of mechanical weathering using high-energy
ball mill on selective synthesized phases are investigated here.

Mechanochemical synthesis of the complete (Mg1-xFex)2SiO4 olivine solid solution was carried
out (Chapter 3) to cover the wide range of olivine composition on Mars. The synthesized
olivines exhibit degrees of crystallinity (DC) of 92 wt.-% — 97 wt.-%, suggesting relatively low
amount of the amorphous scattering contents. Olivines with higher Fe content (x=0.5- 1) are
likely to form larger crystallites (> 150 nm). Substitution of Mg with Fe on the M1-site (4a: 0,0,0)
is preferred against the as well octahedrally coordinated M2-site (4c: x,y,”s). Regression
equations are demonstrated based on the X-ray reflection intensity and characteristic Raman
modes for easy calculation of Mg/Fe-concentration in Martian olivines.

Chapter 4 focuses on the structural differences between defect-rich and defect-poor forsterite
(Mg2SiO4) endmember. The defect-rich forsterite is obtained by mechanical weathering using
a ball mill. Implementing PDF-Rietveld refinements on X-ray synchrotron data indicated a
complex disorder structure in the defect-rich forsterite. Raman peaks broadening and global
red-shifts complemented the structural features of the defective phases. The defect-rich

structural motifs are deduced by density functional theory assisted pair distribution function
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(DFT-PDF) refinements. DFT-PDF refinements indicate that post-processed forsterite contains
Mg Frenkel-type and Mg?* interstitial defects with concentrations of 23(3) and 10(3) wt.-%,
respectively. DFT calculations confirmed that the defective structure models are energetically
stable.

A series of (Cai«Nax)(Al2-xSi2+x)Osg plagioclase feldspars are synthesized using conventional
solid-state method with subsequent calcination schemes (Chapter 5). The bulk chemical
compositions obtained from energy dispersive X-ray spectroscopy has been served for Al/Si
ratio in the sample. The synthesized plagioclase feldspars exhibit DC of 73 wt.-% — 84 wt.-%,
suggesting substantial amount of the amorphous scattering contents. Selective plagioclase
feldspar members (x = 0, 0.4 and 1) were mechanically weathered using a ball mill.
Implementing PDF-Rietveld refinements on Mo X-ray data indicates disorder structure, in
particular of post-milled albite endmember. Raman peaks broadening and frequency shifts

again complemented the structural features of the defective phases.
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Zusammenfassung

Mars-Regolith weckt im Hinblick auf die zuklnftige menschliche Besiedlung des Mars
intensives Forschungsinteresse. Seine defektreichen Kristallstrukturen in Verbindung mit
hohen amorphen Anteilen sind auf die langanhaltende Weltraumverwitterung durch
Sonnenwindstrahlung und die mechanische Einwirkunge durch interstellare Objekte
zurtckzufuhren. Aus Sicht einer In-situ-Ressourcennutzung sind grundlegende Kenntnisse
uber die Strukturen der Phasenbestandteile und ihre Defektvarianten von entscheidender
Bedeutung. Im Gegensatz zu natirlich vorkommenden Mineralien hat die Verwendung von im
Labor synthetisierten Proben den Vorteil, reine, einphasige Materialien zu liefern. Diese
Doktorarbeit konzentriert sich auf die Synthese und Charakterisierung von Olivinen und
Plagioklas-Feldspaten als reprasentative Hauptphasen im Mars-Regolith. Darliber hinaus
werden die Auswirkungen der mechanischen Verwitterung mit Hochenergie-Kugelmuhlen auf
selektiv synthetisierte Phasen untersucht.

Es wurde eine mechanochemische Synthese der vollstandigen (Mgi.xFex)2SiO4 Olivin festen
Lésung durchgefiihrt (Kapitel 3), um das breite Spektrum der Olivinzusammensetzung auf
dem Mars abzudecken. Die synthetisierten Olivine weisen einen Grad der Kristallinitat (DC)
von 92 Gew.-% — 97 Gew.-% auf, was auf einen relativ geringen Anteil amorpher Streuanteile
schliel3en Iasst. Olivine mit hdherem Fe-Gehalt (x = 0,5 - 1) bilden dabei offensichtlich gréliere
Kristallite (> 150 nm). Die Substitution von Mg durch Fe auf der M1-Position (4a: 0,0,0) ist
gegenuber der ebenfalls oktaedrisch koordinierten M2-Position (4c: x,y,”a) bevorzugt.
Regressionsgleichungen werden auf Grundlage der Rodntgenreflexionsintensitat und
charakteristischen Raman-Moden zur einfachen Berechnung der Mg/Fe-Konzentration in
Mars-Olivinen abgeleitet.

Kapitel 4 konzentriert sich auf die strukturellen Unterschiede zwischen defektreichen und

defektarmen Forsterit-Endgliedern (Mg.SiO4). Der defektreiche Forsterit wird durch
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mechanische Verwitterung in einer Kugelmuhle gewonnen. Die Implementierung von PDF-
Rietveld-Verfeinerungen an Rontgen-Synchrotron-Daten deutete auf eine komplexe
Unordnungsstruktur im defektreichen Forsterit hin. Die Verbreiterung der Raman-Peaks und
die globalen Rotverschiebungen erganzten die Strukturmerkmale der defekten Phasen. Die
defektreichen  Strukturmotive  werden durch  Verfeinerungen der durch die
Dichtefunktionaltheorie unterstutzten Paarverteilungsfunktion (DFT-PDF) abgeleitet. DFT-
PDF-Verfeinerungen zeigen, dass der nachbearbeitete Forsterit Mg-Frenkel-artige und Mg?*-
Zwischengitterdefekte mit Konzentrationen von 23(3) bzw. 10(3) Gew.-% enthalt. DFT-
Berechnungen bestatigten, dass die Strukturen der unterschiedlichen Defektmodelle
energetisch stabil sind.

Eine Reihe von (CaixNay)(AlSiz+x)Os-Plagioklas-Feldspaten wird unter Verwendung
herkdmmlicher Festkérpermethoden mit anschlielienden Kalzinierungsschemata synthetisiert
(Kapitel 5). Die durch Energiedispersive Rontgenspektroskopie erhaltenen chemischen
Massenzusammensetzungen wurden flr das Al/Si-Verhaltnis in der Probe verwendet. Die
synthetisierten Plagioklas-Feldspate weisen einen DC von 73 Gew.-% — 84 Gew.-% auf, was
auf einen moderaten Anteil amorpher Streuanteile schliel3en lasst. Ausgewahlte Plagioklas-
Feldspat-Zusammensetzungen (x = 0, 0,4 und 1) wurden mithilfe einer Kugelmuhle
mechanisch verwittert. Die Implementierung von PDF-Rietveld-Verfeinerungen basierend auf
Rontgen-Mo-Daten deutet auf eine Unordnungsstruktur hin, insbesondere bei
nachgemahlenen Albit-Endelementen. Die Verbreiterung der Raman-Moden und

Frequenzverschiebungen erganzten wiederum die Strukturmerkmale der defekten Phasen.
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Chapter 1 — Introduction

For years, Mars has been an object of interest to a wide variety of researchers. Orbitals,
landers, and rovers have been launched to obtain a large amount of valuable data and images,
including the chemical [1-5] and mineralogical [6-10] composition of the Martian soils. These
makes Mars arguably the second most understood planet by humans after the Earth. In the
future, Mars exploration missions involving various countries worldwide will continue to lay the
foundation for further realization of sending humans to Mars. Moreover, the recent increase in
the number of privately funded space programs [11] has awakened the public's desire for
space exploration to fulfill the vision of a multi-planetary future [12]. The ambitious plans to
establish the first human settlement on Mars are often presented as the next great leap for
humankind [13]. However, building up a habitat requires collective work from multiple
disciplinary. It is important to note that eliminating entire supply from Earth is a long-term goal
and will not be achievable in the early stages of a crewed mission [14]. By continually improving
technology and adopting sustainable practices, Mars' self-sufficiency can be gradually
increased and dependence on Earth can be minimized. For that reason, in-depth knowledge
about available natural resources on Mars would be of uttermost importance within the frame
of in-situ resource utilization (ISRU) process for oxygen and metal production [15, 16]. The
local production of essential metals such as iron on Mars is emerging as a key factor for
colonization and long-term sustainable habitation [17]. Under extraterrestrial conditions where
the resources are limited, raw materials in the form of Martian regolith can be used [18].

Martian regolith is a collective term for materials that are naturally available on the surface of
Mars. These can have a grain size of several meters for rocks, over several centimeters for
boulders, several millimeters for sands down to micrometer-sized dusts. Martian regolith has
been extensively investigated using X-ray diffraction data from the Mars Science Laboratory

(MSL) [19] on the Curiosity rover [20, 21]. The analysis of this diffraction data estimated [7, 22-



24] approximately 28 wt.-% to 45 wt.-% amorphous fraction in the Martian regolith. Such
defect-rich and highly concentrated amorphous phases in Martian regolith can be explained
due to an extreme space weathering [24] largely by mechanical destruction in the course of
impacts of meteorites and micrometeorites as well as the high-energy solar wind radiation.
Within its crystalline phases, Ehlmann and Edwards [25] classified the mineral constituents
into two categories: primary and secondary minerals. Framework silicates of (Mg,Fe)>SiO.
olivines, (Ca,Na)(Al,Si)AlSiOs plagioclase feldspars, (K,Na)AISi;Os alkali feldspars,
((Mg,Fe)o.gs+xCaon.0s-x)Si20e orthopyroxenes, sulfides of Fei1xS pyrrhotite and FeS; pyrite, as
well as oxides of (Fe1-«Tix)304 magnetite and FeTiOs ilmenite belong to the primary minerals.
The secondary class includes phyllosilicates (clay minerals), carbonates, sulfates, chlorides,
perchlorates, Fe-O3 hematite, FeOOH goethite, and akagaenite Fe(O,0H,Cl).

Based on this knowledge, several Martian regolith simulants have been produced on Earth for
further specific testing and development. The simulants serve as an analogue to give a preview
of the environment a space mission will encounter on Mars. On the one hand, the simulated
regolith can be used to meet scientific research needs: such as astrobiology experiments,
international space station experiments, wind tunnel experiments, infrastructure development,
etc. Biologist conducted experiments to investigate whether the regolith have potential
nutrients as resource for growing plants [26-28]. Another essential aspect reported by Wan et
al. [29] is, that the Martian regolith constituents can be utilized for a multitude of building
structures application [29]. On the other hand, the simulant can also be applied for the landing,
moving and drilling test experiments of the probe on the surface of Mars. For instance, space
engineers used it to test the traction of wheels on a rover in a specific terrain [30, 31].
Currently, there are more than 40 types of Martian regolith simulants covering different parts
on the surface of Mars [32]. Karl et al. [33] categorized these simulants into three different
generation. The so-called first-generation simulants are materials collected from a single
location source [32, 33] (often further processed by grinding and sieving). The earliest simulant

employing this concept was JSC Mars-1 based on a single source tephra from Hawaii [34].



Second-generation simulants use different minerals as the raw material according to material
composition of the simulated soil [32, 33]. After drying, the raw materials are crushed and
screened into semi-finished products of different sizes, followed by mixing to mimic
mineralogical distribution and elemental abundances more closely [32, 33].

Third-generation simulants follow the second-generation mixing concept and further enhance
physical- (texture and particle size distribution) and geo-mechanical properties using a binder
to fuse single grains from different materials into large multi-mineral granules [33]. This
approach was first introduced for asteroid simulants [35] and subsequently used for Mars
global simulant (MGS-1) [23]. MGS-1 was developed in recent years as a high-fidelity

mineralogical analogy to regolith in Mars [23].
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Figure 1. X-ray powder data Rietveld plot of MGS-1.



Table 1. Crystalline phase composition of MGS-1 obtained from X-ray powder diffraction
Rietveld refinement.

Phase Chemical formula Fraction /wt.-%
Anorthite CaAl2Si20s 52(1)
Labradorite (Cao.63Nao.37)(Al1.63Si2.37)Os 17(1)
Olivine (Mgo.9Fe0.1)2Si04 12(1)
Clinopyroxene (Fe1.6Cao.4)(SiOs)2 9.1(8)
Hexahydrite MgS04.6H20 4.4(1)
limenite FeTiOs 1.4(3)
Magnetite Fes04 1.4(3)
Siderite Fe(CO)s 0.8(2)
Mg-Ti Phosphate Mgo.5Ti2(POa)3 0.8(3)
Hematite Fe203 0.6(4)
Gypsum CaS04.2H20 0.5(2)

MGS-1 has been measured by in-house X-ray diffraction as preliminary characterization. The
X-ray powder diffraction data Rietveld refinement plot of MGS-1 is shown in Figure 1. It
provides MGS-1 to consist of 11 crystaline phases, which are dominated by
(Ca,Na)(Al,Si)AISi2Os  plagioclase feldspars and (Mg,Fe).SiOs olivine group minerals
(Table 1). Due to their presence as major phase and vast chemical variety, olivine and
plagioclase feldspars are chosen as representative phases in this thesis.

The main aim of this work is to synthesize highly-pure Martian regolith constituents, e.g.
plagioclase feldspars and olivines. After successful synthesis, representative samples are
post-processed using ball mill to mimic mechanical weathering occurred in Mars. Of particular
notes, this study focuses on the difference between defect-poor and defect-rich phases.
Successful syntheses are followed by the structural and spectroscopic analysis. Details of the
post-weathered structural and spectroscopic characterizations offer great additional values to
human’s mission on Mars. Enabling an available (open source) data base, different Martian

deposits can automatically be analyzed and validated.



1.1. Olivine

Olivine (M.SiO.) crystallizes in the orthorhombic space group Pbnm [36-38], as displayed in
Figure 2. The M-cations mainly consist of Mg?*, Fe?* and trace amounts of Mn?*, Ca?*, Ni?*,
and Co?* [39] located at the center of the edge-sharing MOs octahedra. The crystal structure
is realized by one-dimensional octahedral chains running parallel to the crystallographic c-axis,
comparable to those found in the mullite-type phase [40-47]. A single (SiO4)* tetrahedra link
the octahedral chains in the a-direction, where the oxygen atoms are shared by three
octahedral cations [48, 49]. The respective link in the b-direction is realized by two non-
equivalent octahedral sites: the first site (M1, chain octahedra) has inversion symmetry, while
the other site (M2, linking octahedra) possesses mirror symmetry [50]. The coordinated
octahedra around M1 and M2 are not identical, and the latter ones are slightly larger than the
former ones [49]. Both sites can be occupied by various cations forming various endmembers
such as forsterite (Mg2SiO4) [51-53], fayalite (Fe2SiO.) [54-56], tephroite (Mn2SiO4) [57-59],
larnite (CazSiO,) [60-62], liebenbergite (Ni-SiO4) [63, 64], and cobalt olivine (C0.SiO4) [64, 65],

or their solid solutions [66-69].

Figure 2. Crystal structure of M.SiO4 olivine.



Many studies have been carried out on available natural [70, 71] and synthetic olivine single
crystals [72-75] with different compositions. In addition, attempts to synthesize powder
samples using solution combustion technique [76-78], sol-gel method [79], mechanical
activation followed by heat treatment [80-83], and reverse strike co-precipitation (RSC) [48]
have been reported earlier. However, to the best of our knowledge, the full solid-solution
powder data of olivine-type samples are still missing. Such polycrystalline olivine powders can
better serve as representatives to characterize Martian olivine. Factors such as high-energy
impact and mechanical stress from ball milling can simulate the mechanical weathering [84],
inducing mechanically-induced defects [85, 86], amorphous contents and crystallite size
distributions of the Martian materials.

Chapter 3 describes mechanochemical synthesis of the complete (Mg1.xFex)2SiO4 olivine solid
solution to cover the wide range of olivine composition on Mars. The synthesis method, end
products, as well as their structural- and spectroscopic characterizations are reported in a
manuscript [87].

Moreover, forsterite endmember was post-processed using ball mill to mimic mechanical
weathering process occurred in Mars. The structural differences between defect-rich and
defect-poor forsterite as representative phase of Martian regolith is described in Chapter 4.
The defect-rich structural motifs are deduced by density functional theory assisted pair

distribution function (DFT-PDF) refinements.

1.2. Plagioclase feldspar

Plagioclase feldspars belong to MT.Og aluminosilicates group, with a structure consisting of
corner-sharing AlO4 and SiO4 tetrahedra (T) linked in an infinite three-dimensional array [88]
as shown in Figure 3. The tetrahedra are arranged in four-membered rings which are stacked
to form crankshafts parallel to the crystallographic a—axis. The crankshafts are connected

together in an open structure with large cavities to accommodate alkali- or alkaline earth metals



(M). The structural complexity of plagioclase feldspar arises from the interplay between the
Al/Si ordering among these tetrahedral and the displacive distortions of the entire framework
[89]. Due to variation of the Al/Si molar ratio in the (CaixNax)(Al2-xSiz+x)Os plagioclase
feldspars, a different type of tetrahedra ordering occurs within the solid solution [90-92]. Of
particular crystal-chemical aspects, the anorthite (CaAl.Si»Og) endmember with Al:Si = 2:2
allows for a complete long range order with 11 [93] symmetry, whereas the albite (NaAISizOs)
endmember with Al:Si = 1:3 crystallizes in the space group €1 [94] with short-range order. Kroll
and Miiller [95] suggested that the 11 < €1 transformation occurs between x = 0.3 and x = 0.4.
Later, Carpenter and McConnell [96] determined this transformation as a steep line on the
anorthite-albite binary phase diagram that passes through the points ~x = 0.41 at 1273 K and

~x=0.23 at 1713 K.

Ancrthite I1 Albite €1

0 Na*

L AIFSH

@02
ai—b c

Figure 3. Crystal structures of anorthite (left) and albite (right).

Several studies have been conducted on naturally occurred plagioclase feldspars with
particular interests on its bulk moduli [97], thermodynamic properties [98] and dissolution rate

[99]. Synthesis of both single crystals [100, 101] and polycrystalline plagioclase feldspars



ceramics [102-104] by various techniques have been reported earlier. Nonetheless, a
systematic crystal-chemical study is still missing for a complete solid solution of plagioclase
feldspars and their post-mechanical weathering effect relevant to Martian regolith. In Chapter
5, (CaixNay)(Al2-xSiz+x)Os plagioclase feldspar solid solution and selective mechanically-
weathered members are reviewed, in particular on their crystal structures and Raman

spectroscopic features.
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Chapter 2 — Experimental methods

2.1. Synthesis

2.1.1. Olivine solid solution

The olivine (Mg1xFex)2SiO4 solid solution with Ax = 0.1 was synthesized via ball milling with
subsequent calcination at high temperature. MgO (Merck > 97 %), Fe (Merck >97 %), Fe2O3
(Riedel-de Haén >99 %) and amorphous SiO; obtained from TEOS hydrolysis [1] were used
as starting materials. A stoichiometric powder mixture with 10 wt-% of extra SiO2 were mixed
and ground together in an agate mortar. The extra amount of SiO2 was necessary to overcome
the gained mass from water absorption. The mixture was then placed in the grinding jar
together with 10 g tungsten carbide (WC) balls. The powder was milled for 3 h with a rotational
frequency of 15 Hz. Finally, the milled powder was collected from the grinding jar and heated
in a corundum boat at 1373 K under forming gas (5 % H2/ 95 % N») atmosphere for 6 h. The
heating and cooling rate was set to 10 K/min and 5 K/min, respectively. Each obtained powder

sample was hand ground in an agate mortar for further characterization.

2.1.2. Forsterite

In addition to mechanochemical method, forsterite endmember was also synthesized with
reverse strike co-precipitation (RSC) method [2]. Magnesium nitrate hexahydrate
(Mg(NOs3)2-6H20) 99.9 % and tetraethyl orthosilicate (TEOS) 98 % were purchased from VWR
Chemicals and used as received. Stoichiometric amounts of Mg(NO3),-6H-O and TEOS were
dissolved in a solution of 40 ml of ethanol and 3 ml of HNO3 (= 65 %) under magnetic stirring
for 1 h. The precursor solution was slowly dripped into 50 ml of 25 % NH4OH under continuous
stirring. The base solution formed a colloid while the precursor solution was being dripped,
until the last drop forming a white precipitate. Simultaneously, several drops of concentrated

NH4OH were added to keep the pH > 8. Thereafter, the precipitate was centrifuged at 60 Hz
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for 5 min. The supernatant was removed, and ethanol was used to wash the precipitated
powder. The centrifugation was repeated three times. Finally, the precipitated solid was placed
in a furnace at 473 K for 16 h. The resulting solid was ground in a mortar and calcined at
1373 K for 1 h after reaching the temperature with a heating and cooling rate of 15 K/min and
5 K/min, respectively.

Defect-rich forsterite was prepared by crushing a pure as-synthesized forsterite by ball milling.
The pure forsterite (1 g) was placed into the grinding jar with 20 g WC balls. The powder was
milled at 15 Hz for 1 h. Thereafter, one half of the milled powder was kept separately and
labeled as crushed forsterite. The other half was calcined at 1373 K for 1 h under air to heal

the introduced defects, hence labeled as healed forsterite.

2.1.3. Plagioclase feldspar solid solution

The plagioclase feldspar (Cai.xNax)(Al2-xSi2+x)Os solid solution with Ax = 0.1 was synthesized
via conventional solid-state method with subsequent calcination schemes. Calcium carbonate
(CaCOsz, ChemPUR 99 %), sodium carbonate (NaCOs;, ORG Laborchemie 99.5 %) Kaolin
(AlSi2O5(0OH)4, Sigma-Aldrich) and amorphous SiO2 (Thermo scientific 99.9 %) were used as
starting materials. Stoichiometric amount of aforementioned starting materials was ground in
an agate mortar. The mixed powder was transferred to a porcelain crucible and calcined in a
muffle furnace at 1173 K for 12 h. The obtained solid was ground and pressed into a pellet
using uniaxial force of 10 kN in a 20 mm diameter cylinder mold for 5 minutes. The pellets were
placed on a platinum sheet and calcined in air for 5 days at various final firing temperature,
ranging from 1273 - 1673 K. The solid was then hammered into coarse pieces and finely
ground for further characterization. Selective members (x = 0, 0.4 and 1) were mechanically
weathered using high energy ball mill. Each powder was milled with tungsten carbide (WC) jar
and balls. The ball to powder ratio was set to 5:1, while milling frequency and time were set for

15 Hz and 1 h, respectively.
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2.2. X-ray powder diffraction

X-ray powder diffraction (XRPD) data collections were carried out on a Bruker D8 Discover
diffractometer using CuKq12 radiation (Akat = 154.05929(5) pm, Akaz = 154.4414(2) pm) in
Bragg—Brentano geometry. Data were collected at ambient condition from 5° to 85° 26 with a
step width of 0.0149° 26 and a measurement time of 1.2 s per step. XRPD data Rietveld
refinements were carried out using TOPAS V6.0 (Bruker AXS, Germany). During the Rietveld
refinements, the background, sample displacement, metric, atomic positional and profile
parameters were optimized. The amorphous fraction of the samples was quantified from the
degree of crystallinity (DC) as implemented in the TOPAS software. For these calculations it
was assumed that the average scattering power of the crystalline fraction of the sample was
identical to that of the amorphous fraction. The latter one could consist of either glassy or
quantum-crystalline (a few nanometric coherence length) contributions [3]. Using the
fundamental parameter approach [4] with a used maximum observable average crystallite size
(MOACS) of 290 nm for copper radiation, the apparent average crystallite size (ACS) was
calculated from all the observed X-ray reflections, which is described as Lv.(/IB) by the TOPAS
suite. Lvo(IB) refers to the volume-weighted mean of the coherently diffracting domain size
using the integral breadth for the description of the reflection profile. The respective pseudo-
Voigt profile function was deconvoluted into Gaussian and Lorentzian components, describing
the ACS and the micro-strain (g0), respectively. The information deduced during these
(classical) Rietveld refinements are, except the DC, based on the appearance of the Bragg
reflections and an ideal arrangement of atoms in a unit-cell only [5].

To confirm the average crystallite size without any restrictions of the Scherrer equation and to
get further information of the crystallite size distribution, the obtained diffraction data are
reduced on their Akqa2 contribution and analyzed using the EnvACS approach [6]. As such, the
X-ray diffraction data are converted to pair distribution function data using pdfgetx3 [7] followed
by applying the Envelope model which combines the broadest and the narrowest possible

distributions of the crystallites using the equation of Howel et al. [8] for spherical crystallites.
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2.3. X-ray total scattering
Total scattering data were collected in order to calculate the respective atomic pair distribution
functions (PDF). X-ray total scattering experiments were carried out using two instruments:

1) PO2.1@PETRA-IIl beamline, DESY, Hamburg [9] with a fixed energy of 60 keV (A =
20.734(2) pm). The beamline was equipped with a Varex XRD 4343CT detector (pixel
size 150 pm x 150 ym, 2880 x 2880 pixels). Each sample was measured in 1 mm Kapton
capillaries and exposed to the radiation for 300 s within a set-up particularly optimized
for rapid in-situ measurement.

2) Stoe STADI MP diffractometer (Stoe & Cie. GmbH, Darmstadt, Germany) in Debye—
Scherrer geometry. Powder samples were placed in a borosilicate glass capillary of 0.5
mm outer diameter and 0.01 mm wall thickness. Thereafter, they were mounted on the
diffractometer. Homogeneous irradiation of the powders was achieved with a sample
spinner. Ge(111) monochromatized MoK+ radiation was used for the measurement with
a MYTHEN 4K (Dectris) detector from 3° to 105° 26 and a step width of 0.015° 26. The
measurement time per data point were in the range of 33,390 - 57,240 s (total
measurement time of 70 - 120 h).

Each measured dataset was background corrected with an empty capillary. The pair
distribution function G(r) was calculated using the program PDFgetX3 [10]. Structure model

fitting against PDF data was performed using PDFgui [11].

2.4. UV/Vis spectroscopy

The UV/Vis diffuse reflectance spectra were carried out using a UV-2600 spectrophotometer
(Shimadzu, Japan) equipped with an ISR-2600 plus two-detector integrating sphere (Pike
Technologies, USA). Barium sulphate (BaSO.) powder was used as reference for the baseline
correction. The data were collected from 190 nm to 850 nm with a step of 1 nm. Each spectral
dataset is the mean-averaged of ten repetitions for a better signal/noise ratio. The change of

the light source occurred at 323 nm. The Kubelka—Munk function [12] was implemented to
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approximate the optical absorption from the reflectance data. Direct and indirect band-gap
energies were calculated using the Tauc method [13, 14] and compared with the value obtained
from the “derivation of absorption spectrum fitting” (DASF) [15] method, which enable to
determine the type of optical transition without presuming the nature of transition. The full
analysis of band-gap transition type and band-gap energy is combined in the RATD

(reflectance—absorbance—Tauc—DASF) analysis [6].

2.5. Raman spectroscopy

Raman spectra were recorded on a LabRam ARAMIS (Horiba Jobin — Yvon) micro-Raman
spectrometer equipped with a green laser (Aex =532 nm and < 20 mW). A 100x objective
(Olympus) with a numerical aperture of 0.9 provides a focus spot of 721 nm diameter when
closing the confocal hole to 200 um. Each spectrum ranged between 100 cm™ and 1000 cm”’
with a spectral resolution of approximately 1.2 cm™ using a grating of 1800 grooves/mm and a

thermoelectrically cooled CCD detector (Synapse, 1024 x 256 pixels).

2.6. Scanning electron microscope (SEM) and energy dispersive X-ray (EDX)
spectroscopy

Elemental analysis was employed on the synthesized plagioclase feldspars by scanning
electron microscopy/energy dispersive X-ray (SEM/EDX) spectroscopy. SEM was carried out
using a JMS-6510 (JEOL GmbH, Munich, Germany) equipped with an X-Flash 410-M detector
(Bruker) for EDX spectroscopy. A small amount of powder sample was taken on conducting
carbon tabs and sputtered with gold for 20 s with a JFC-1200 coater (JEOL) followed by
inserting it into the SEM chamber. EDX spectra were collected using an excitation voltage of

20 kV.
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Abstract

To fabricate metals from the base materials for future Mars exploration, synthesis of
representative olivine phases and their structural and spectroscopic characterizations are of
crucial importance. Using mechanochemical technique that mimics the mechanical
weathering, a complete solid solution of (Mgi.xFex)2SiO4 has been synthesized to investigate
the associated crystal chemical properties. X-ray powder diffraction data Rietveld analysis
confirms that each polycrystalline sample crystallizes in space group Pbnm. The average
crystallite size ranges between 80(1) nm and 223(4) nm. Each lattice parameter increases with
increasing Fe-content due to the larger Fe?* radius than that of Mg?*, following Vegard's rule.
For a given nominal chemical composition, substitution of Mg with Fe at the M1-site (4a: 0,0,0)
is preferred to the M2-site (4c: x,y,va). As a consequence, the average Fe-content lies slightly
below the equivalence line for x = 0.2 — 0.8, indicating that the Fe/Mg ratio in the amorphous
scattering content is most likely greater than unity. Characteristic Raman spectral features of
the olivines have been explained in terms of the chemical composition (x). Simple regression
models are demonstrated based on both X-ray diffraction and Raman spectroscopic data for
the calculation of Mg/Fe in olivines. Diffuse reflectance UV/Vis spectra RATD analysis shows
each olivine phase possesses direct band-gap between 3.38(3) eV and 4.90(3) eV. This study
could keep valuable information to relevant databases for future human missions on Mars, in
particular, for precise estimation of the representative olivines from the remote X-ray diffraction

and spectroscopic data.

Keywords: Martian olivine, mechanochemical, X-ray, Raman, UV/Vis
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1. Introduction

For years, the Martian surface has been an object of interest to a wide variety of researchers.
Landers and rovers have been launched to investigate the chemical and mineralogical
composition of the Martian soils, including remote and contact analysis [1]. In-situ X-ray
diffraction data from the Mars Science Laboratory (MSL) on the rover Curiosity [2] suggested
the composition of the Martian surface [3-5]. Ehlmann and Edwards [6] classified (Mg,Fe).SiO4
olivines as primary minerals along with (Ca,Na,K)(Al,Si)AISi>Os feldspars and (Ca,Mg,Fe)Si>Os
pyroxenes. Assuming future human settlement on Mars, in-situ resource utilization (ISRU) of
these olivines would be of great research attention as a base material to fabricate metals in
future Mars exploration. As such, synthesis of representative olivines and their detailed
structural and spectroscopic characterizations are of crucial importance, the more as full solid-
solution powder data of olivine-type samples are still missing.

Earlier Martian meteorites investigations [7, 8] indicate the presence of mostly Mg-rich olivine
and smaller number of Fe-rich one. Additionally, measured thermal infrared spectroscopic data
[9] suggests that some olivine-bearing materials on the surface of Mars may be more Fe-rich
than indicated by the Martian meteorites. Olivines are unevenly distributed in Martian surface
[10]; Mg-rich olivines are predominantly found throughout the highland with some localized
spots scattered in the northern plains [9, 10], whereas Fe-rich olivines are mainly found in the
Syrtis Major area [11]. The olivine composition becomes progressively more Fe-rich from west
to east across the Nili Fossae region [11], with global abundance of 22 wt-% — 30 wt-% [3, 4,
11]. Therefore, an investigation of the complete (Mg-xFex)2SiO4 olivine-type solid solution is
necessary to cover the wide range of olivine composition on Mars.

Olivine (M2SiOs) crystallizes in the orthorhombic space group Pbnm [12-14]. The crystal
structure is shown in Figure 1, where M represents the divalent cations located at the center
of the edge-sharing MO octahedra. The isolated SiO. tetrahedra are connected to the MOg

octahedra by sharing the oxygen vertices in the nesosilicate. The M-cations (Mg?*, Fe?*) are
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located on two non-equivalent octahedral sites, commonly named as M1- and M2- site. The
M1-site belongs to the chain of edge-sharing octahedra running parallel to the crystallographic
c-axis, having an inversion symmetry. The M2-site belongs to linking octahedra with a mirror
symmetry [15]. The coordinated octahedra around M1 and M2 are not identical, and the latter
ones are slightly larger than the former ones [16]. These olivines are assumed to form
continuous solid solution between forsterite (Mg2SiO4) [17] and fayalite (Fe>SiO4) [18] with

different Mg/Fe ratios [19].

@ Mg/Fe (1)
@ Mg/Fe*2(2)
¢ Si*
@02

Figure 1. Crystal structure of (Mgi-«Fex)2SiO4 olivine.

Many studies have been carried out on available natural and synthetic olivine single crystals
with variable compositions [20-25]. Moreover, attempts to synthesize powder samples of both
end-members have been reported earlier. Mechanochemical synthesis of Fe.SiOs from
stoichiometric mixtures of Fe, Fe2O3 and SiO, was employed by Sepelak et al. [26]. Similarly,
Tavangarian and Emadi [27] also reported mechanochemical synthesis of Mg»>SiO4 using talc
(MgsSisO10(OH)2) and periclase (MgO). However, to the best of our knowledge, there are no
reports on complete olivine-type solid-solution powders. The polycrystalline powder samples

of a complete solid solution can better serve as representatives to characterize Martian olivine.
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Additionally, factors such as high-energy impact and mechanical stress from ball milling can
simulate the mechanical weathering [28], inducing mechanically-induced defects [29, 30],
amorphous contents and crystallite size distributions of the Martian materials.

The present work is focused on the mechanochemical synthesis and the characterization of
olivine-type (Mgi-xFex)2SiOs for x =0 - 1.0 with a chemical slice Ax=0.1. Details of the
structural features of each member of the solid solution have been characterized using X-ray
powder diffraction (XRPD) followed by Rietveld analysis as well as Raman and UV/Vis diffuse

reluctance spectroscopy.

2. Materials and methods

2.1. Synthesis

MgO (Merck > 97 %), Fe (Merck >97 %), Fe2O3 (Riedel-de Haén >99 %) and amorphous SiO-
obtained from TEOS hydrolysis [31] were used as starting materials. Each olivine phase for a
given composition (x=0-1.0 with Ax=0.1) of the (MgixFex).SiOs solid solution was
synthesized via ball milling with subsequent calcination at high temperature. A stoichiometric
powder mixture with 10 wt-% of extra SiO, were mixed and ground together in an agate mortar.
The extra amount of SiO, was necessary to overcome the gained mass from water absorption.
The mixture was then placed in the grinding jar together with 10 g tungsten carbide (WC) balls.
The powder was milled for 3 h with a rotational frequency of 15 Hz. Finally, the milled powder
was collected from the grinding jar and heated in a corundum boat at 1373 K under forming
gas (5 % H2/ 95 % N2) atmosphere for 6 h. The heating and cooling rate was set to 10 K/min
and 5 K/min, respectively. Each obtained powder sample was hand ground in an agate mortar

for further characterization.
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2.2. X-ray powder diffraction

X-ray powder diffraction (XRPD) data collections were carried out on a Bruker D8 Discover
diffractometer using CuKq12 radiation (Akat = 154.05929(5) pm, Akaz = 154.4414(2) pm) in
Bragg—Brentano geometry. Data were collected at ambient condition from 5° to 85° 26 with a
step width of 0.0149° 26 and a measurement time of 1.2 s per step. XRPD data Rietveld
refinements were carried out using TOPAS V6.0 (Bruker AXS, Germany). During the Rietveld
refinements, the background, sample displacement, metric, atomic positional and profile
parameters were optimized. The amorphous fraction of the samples was quantified from the
degree of crystallinity (DC) as implemented in the TOPAS software. For these calculations it
was assumed that the average scattering power of the crystalline fraction of the sample was
identical to that of the amorphous fraction. The latter one could consist of either glassy or
quantum-crystalline (a few nanometric coherence length) contributions [32]. Using the
fundamental parameter approach [33] with a used maximum observable average crystallite
size (MOACS) of 290 nm for copper radiation, the apparent average crystallite size (ACS) was
calculated from all the observed X-ray reflections, which is described as Lv.(/IB) by the TOPAS
suite. Lvo(IB) refers to the volume-weighted mean of the coherently diffracting domain size
using the integral breadth for the description of the reflection profile. The respective pseudo-
Voigt profile function was deconvoluted into Gaussian and Lorentzian components, describing
the ACS and the micro-strain (o), respectively. The information deduced during these
(classical) Rietveld refinements are, except the DC, based on the appearance of the Bragg
reflections and an ideal arrangement of atoms in a unit-cell only [34].

To confirm the average crystallite size without any restrictions of the Scherrer equation and to
get further information of the crystallite size distribution, the obtained diffraction data are
reduced on their Akq2 contribution and analyzed using the EnvACS approach [35]. As such, the
X-ray diffraction data are converted to pair distribution function data using pdfgetx3 [36]
followed by applying the Envelope model which combines the broadest and the narrowest

possible distributions of the crystallites [37].
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2.3. UV/Vis spectroscopy

The UV/Vis diffuse reflectance spectra were carried out using a UV-2600 spectrophotometer
(Shimadzu, Japan) equipped with an ISR-2600 plus two-detector integrating sphere (Pike
Technologies, USA). Barium sulphate (BaSO4) powder was used as reference for the baseline
correction. The data were collected from 190 nm to 850 nm with a step of 1 nm. Each spectral
dataset is the mean-averaged of ten repetitions for a better signal/noise ratio. The change of
the light source occurred at 323 nm. The Kubelka—Munk function [38] was implemented to
approximate the optical absorption from the reflectance data. Direct and indirect band-gap
energies were calculated using the Tauc method [39, 40] and compared with the value obtained
from the “derivation of absorption spectrum fitting” (DASF) [41] method, which enable to
determine the type of optical transition without presuming the nature of transition. The full
analysis of band-gap transition type and band-gap energy is combined in the RATD

(reflectance—absorbance—Tauc—DASF) analysis [32].

2.4. Raman spectroscopy

Raman spectra were recorded on a LabRam ARAMIS (Horiba Jobin — Yvon) micro-Raman
spectrometer equipped with a green laser (Aex =532 nm and < 20 mW). A 100x objective
(Olympus) with a numerical aperture of 0.9 provides a focus spot of 721 nm diameter when
closing the confocal hole to 200 um. Each spectrum ranged between 100 cm™ and 1000 cm'*
with a spectral resolution of approximately 1.2 cm™ using a grating of 1800 grooves/mm and a

thermoelectrically cooled CCD detector (Synapse, 1024 x 256 pixels).

3. Results and discussion
3.1. Sample formation
Conventional solid-state reactions only using mortar and pestle for sample homogenization

were attempted as direct comparison with the proposed mechanochemical synthesis. These
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solid-state reactions yielded olivine-type phases of approximately 40 wt-% - 55 wt-% within the
samples. On contrary, the mechanochemical synthesis leads to each (Mgi.xFex)2SiO4 olivine
member to be > 99(1) wt-% phase pure. The trace impurities consist of unreacted precursors
(MgO, Fe, SiO2) and WC from the ball mill, which can form FeWO, upon calcination. While the
end-member Mg,SiO. appears to be white, the change of the color is clear with successive

incorporation of Fe in the solid solution, as depicted in Figure 2.

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Figure 2. Photographic color of (Mgi-xFex)2SiO4 with respect to the chemical composition (x-values).
Each picture was recorded with micro-USB camera, where the white-balance was corrected using
BaSO4 powder.

Mechanochemical synthesis utilize force to enhance required contact for initiating a chemical
reaction [42]. During the ball milling process, the precursors are crushed between balls and
accumulate potential energy, leading to bond breakage, defects and other changes on their
surface [43]. Therefore, this process not only reduces the particle and crystallite size, but also
enhances reactivity by generation of active sites [43]. In contrast to conventional solid-state
reactions, mechanochemical synthesis allows control of energy input by adjusting milling
frequency and time, hence results in better reproducibility. In the context of sustainability and
green chemistry, mechanical activation is highly favorable due to its solvent-free conditions
[44] as well as its role to shorten required calcination time. For instance, Redfern et al. [45]
performed solid-state reactions which requires three periods of calcination at 1573 K for 4 h
each with intermittent grinding and pelletization to synthesize (MgFe)SiO4. Oppositely, the
present mechanochemical synthesis requires only single calcination for 6 h even without
pelletization. The mechanochemical activation and the short heating time most probably
results in narrow crystallite size distribution with a broadening parameter of 0.1 [35], as shown

in Figure 3. The endmember forsterite (Mg2SiO4) keeps an average crystallite size (ACS) of
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77.8(7) nm obtained by the EnvACS approach [35]. Of notes, due to the narrow crystallite size
distribution (Fig. 3, top-inset) the mode of the respective log-normal crystallite size distribution

is obtained at 77.0(7) nm).
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Figure 3. EnvACS analysis of Mg2SiO4. The envelope function (red) of the pair distribution function G(r)
data (black) are given together with the values for the average crystallite size (ACS) and log-normal
crystallite size maximum (LCS). Inserts show the log-normal distribution of the crystallites (top) and the
collected background corrected diffraction data (bottom).

3.2. Crystal structure

X-ray powder diffraction (XRPD) data Rietveld analysis confirm that each polycrystalline
sample crystallizes in space group Pbnm as also reported earlier [45]. A representative
Rietveld plot of the (Mgo.sFeo5)2SiO4 olivine is shown in Figure 4. The XRPD stack plots of all
olivine phases can be compared in Figure S1 (Supplementary Information). Rietveld
refinements' indicate that Mg.SiO4 crystallizes with an ACS of approximately 80(1) nm, while
the other end-member Fe,SiO4 with 164(3) nm.

There is hardly any trend for ACS of the synthesized (Mg-xFex).SiO4 olivine solid solution, as

shown in Figure 5. In general, olivines with higher Fe-contents (x = 0.5 — 1.0) are likely to form

larger crystallites (> 150 nm) whereas Mg-rich olivine tends to crystallize smaller (<150 nm),

1 Further details of the crystal structural data will be available at the Fachinformationszentrum Karlsruhe
with respective ICSD-numbers 2357288 — 2357298.
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except x = 0.2. Earlier studies [19, 46-49] reported that the Fe-rich olivines can be synthesized
with relatively lower calcination temperature, hence a bigger crystallite size is expected for the
Fe-rich composition. The micro-strain shows an overall decreasing trend with increasing Fe-
content. The synthesized olivines exhibit DC of 92 wt.-% — 97 wt.-%, suggesting diffuse
scattering contributions by the associated amorphous contents. The amorphous fraction is
relatively low compared to expected highly amorphous Martian regolith [50, 51]. A complete

list of synthesized olivines and their XRPD characterization results is given in Table 1.
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Figure 4. Representative X-ray powder data Rietveld plot of (MgFe)SiOa.
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Table 1. Average crystallite size (ACS) and micro-strain (€o0) of (Mg1xFex)2SiOas olivines along with the
degree of crystallinity (DC) obtained from the XRPD data Rietveld refinements.

X Phase fraction /wt.-% ACS /nm € 1% DC /%
Mg2SiO4 99.9(1) 80(1) 0.047(1) 97(5)
MgO 0.1(1)

0.1 (MgosFeo1)2SiOs 99.9(1) 139(1) 0.031(1) 95(5)
MgO 0.1(1)

0.2 (MgosFeo2)2SiOs 99.5(1) 196(2) 0.030(1) 96(5)
MgO 0.4(1)

Fe 0.1(1)

0.3 (Mgo.7Feos)2SiO4 99.1(1) 125(2) 0.035(1) 92(5)
SiO2 low quartz 0.7(1)

FeWOs 0.2(1)

0.4  (MgosFeos)2SiOs 99.2(1) 102(1) 0.056(1) 97(5)
MgO 0.8(1)

0.5 (MgosFeos)2SiOs 100.0(1) 213(3) 0.009(1) 97(5)

0.6 (Mgo4Feos)2SiOs 99.4(1) 158(2) 0.030(1) 96(5)
MgO 0.6(1)

0.7  (Mgo.sFeo7)2SiO4 99.1(1) 171(2) 0.022(1) 95(5)
Fe 0.6(1)

MgO 0.3(1)

0.8  (Mgo2Feos).SiOs 99.4(1) 194(3) 0.021(1) 96(5)
FeWOs 0.6(1)

0.9  (Mgo.1Feos).SiOs 99.7(1) 223(4) 0.018(1) 95(5)
Fe 0.3(1)

1 FesSiOs 99.8(1) 164(2) 0.028(1) 96(5)
FeWOs 0.2(1)

The metric parameters of the two end-members Mg>SiO4 and Fe»SiO4 are in good agreement
with those of the reported values of forsterite [13, 52, 53] and fayalite [49, 54, 55], respectively.
The partial substitution of Mg?* with Fe?* cation leads to an elongation of each lattice
parameter, eventually to larger unit cell volume, following Vegard’s rule, as shown in Figure
6. The expansion of the metric parameters can be explained due to larger Fe?* (78 pm) radius

than that of Mg?* (72 pm) [56] for octahedral coordination.
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Figure 6. Evolution of the metric parameters while changing the compositional x in (Mgi-xFex)2SiOa4.

The observed a-lattice parameter is slightly larger than its proportionate sum of the end
member parameters, which follows the quadratic equation: a(x) = 482.00 —5.08 (1 — x) —
1.64 (1 — x)?, for the compositional x-variable in (Mg1-«Fex)2SiOa. The fit of the lattice parameter
a for any given x-value lies close to that of the model line suggested by Fisher and Medaris
[67]: a(x) = 481.81 —3.86 (1 —x) — 2.81 (1 — x)?, where the compositional x is calculated
from the dise-spacing as: x = 15.8113,/3.0358 — dy30 — 7.2250. The elongation of the lattice
parameter a is influenced by the M1 octahedra and their linkage via SiO4 tetrahedra. The M1
octahedra are slightly more distorted than M2 [58]. The size and distortion differences arise
from the fact that the M1 octahedra have twice as many shared edges as M2 [58]. The metric

parameter b can be fitted with the linear function: b(x) = 1020.468 + 26.776 x, which is also in
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good agreement with the Fisher and Medaris model [57]. However, rather a different regression
plot is observed for the c lattice parameter. While Fisher and Medaris [57] reported that c lattice
parameter follows an exponential fit, this study suggests a linear fit. The model equations for

the metric parameters are summarized in Table 2.

Table 2. Regression equations of (Mg1-xFex)2SiOs olivine X-ray data Rietveld refined metric parameters
against the chemical composition variable x. For comparison, equations of Fisher and Medaris (FM) [57]
are listed as well.

Metric This study FM [57]
a/pm 475.28 + 8.35 x — 1.64 x2
482.00 — 5.08 (1—x) — 1.64 (1—x)?2 481.81 — 3.86 (1—x) — 2.81 (1—x)?2
b /pm 1020.47 + 26.78 x
1047.24 — 26.78 (1—x) 1047.67 — 27.94 (1—x)
c/pm 598.45 + 10.62 x
609.06 — 10.62 (1—x) 608.57 — 8.90 (1-x) — 1.79 (1—x)?

V/108 pm3  290.27 + 17.67 x — 0.46 x2
307.48 — 16.75 (1-x) — 0.46 (1-x)2  307.23 — 15.49 (1-x) — 2.02 (1-x)2

The bond distances and bond valence sums (BVSs) [59] are given in Table S1. The M(1)-O
and M(2)-O bond distances slightly differ due to different ionicity of the M-sites. As such, the
<Mg(1)-O> bond length is slightly shorter than that of <Mg(2)-O> [13]. The isomorphic
substitution of Mg?* with Fe?* gradually increases the average bond lengths for both M-sites,
as seen in Figure 7. However, a slight discrepancy can be seen at x = 0.9 where both the
<M(1)-O> and <M(2)-O> slightly depart from the respective linear trend. The M-site ionicity
also play roles for the linked SiO4 tetrahedra, eventually to <Si-O> lengths. The end-members
keep a shorter <Si-O> distance, which exhibits slightly longer values for the mid-range x-
values. The changes of the M(1)Os, M(2)Os and SiO4 polyhedral volumes with respect to
compositional x-value are shown in Figure S2. The structural BVS of Mg/Fe fluctuates
between 1.80(1) v.u. and 2.02(1) v.u., suggesting that the M-cations stay close to the formal

oxidation state of 2+.
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Figure 7. Evolution of the average bond distances with respect to feed composition x in (Mg1-xFex)2SiOa.

For a given nominal x-value, substitution of Mg with Fe at the M1-site (4a: 0,0,0) is preferred
against the M2-site (4c: x,y,7). For instance, for x = 0.5, the Fe/Mg ratio at the M1- and M2-
site is found to be 1 and 0.75, respectively. As such, the average Fe-content lies below the
equivalence line for x = 0.2 — 0.8, as shown in Figure 8, indicating the Fe/Mg ratio in the
amorphous scattering content is most likely greater than unity. The preference of Fe?* to the
M1-site agrees well to earlier reports, for instance, of Morozov et al. [60] supported by *’Fe
Méssbauer spectroscopy, and of Heinemann et al. [61] studied by X-ray diffraction. Under a
given reaction condition, cations with larger ionic radii usually prefer larger octahedral sites.
However, the Fe?* cations occupy the smaller but distorted M1-sites due to preferable crystal
field stabilization energy (CFSE) [568, 62]. That is, between these two crystal chemical
principles, the CFSE predominately controls the occupancy of Fe?* cations in the M1-sites.
The detail site occupancy factors are listed in Table S2. To get access to the in-situ evaluation
of the iron content in the mineral phases, for instance, while exploring the Mars surface, an
easy approach would be to analyze the X-ray diffraction data in a range where the intensity

strongly depends on the Mg/Fe ratio. As such, the 2theta (CuKq radiation) range between 22.2°
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and 26.3° serves for the purpose, as shown in Figure 8, also visible in Figure S1. In this
region, there are (021: Okl) as well as (101), (111) and (120) (categorized as 1kl/) reflections.
Using a profile fitting (Fig. 8) the intensities of the (021) reflection (2(l1)) and those of the (111)
plus (120) reflections (2(l2)) can be expressed as: R;(fit) = In(2(I;)/Z(l,)). The Fe-content
(x) thus could be directly calculated (Fig. 8) from the X-ray diffraction pattern using the
expression: x(Fe) = (0.646 — R;(fit))/2.717. The reverse calculations result in an average
error of only 0.6 mol-%. Indeed, in this way a precise compositional x-value for (Mg1.xFex)2SiO4
can be calculated. Another simple expression: R;(sum) = In(Z2(I;)/Z(I;)) has been also
tested, where (/1)) and Z(/2)), respectively refer to summed over intensity from 22.2° to 23.2°
(Okl range as Z(/1)) and from 23.2° to 26.3° 2Theta (1kl/ range as Z(/»)) for CuK, radiation. With
such mathematically ease this approach still offers a linear regression for the calculation of the
Fe-content in the olivine solution: x(Fe) = —R;(sum)/1.5625. This simple approach shows an
average deviation of the expected Fe-content of less than 1 mol-%. Of notes, this second
approach is only possible for phase pure (single phase) X-ray reflections in the given 2theta
region. Should reflection overlapping occur for additional phases, only Rietveld refinement can

give accurate information.
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3.3. Raman spectroscopy

Raman spectra of (Mgi.xFex)2SiOs olivines are shown as stack plots in Figure 9. A
representative peak fitting is shown in Figure S3. Partial substitution of Mg?* with Fe?* leads
to global red-shifts of the optical modes, as shown in Figure 10, which can be explained by

the quasi-harmonic approach as Fe?* possess bigger ionic radii [56] than that of Mg?*.
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Figure 9. Raman spectra of olivines collected at ambient condition for (Mg1-xFe)2SiOa.

Factor group analysis predicts 36 Raman-active modes (11 Ag + 11 B1g + 7 Bog + 7 Bsg) [63,
64]. Typically, Raman spectra of olivine can be catagorized into three regions: < 400 cm™, 400
cm™ - 700 cm™ and > 700 cm™. The high-frequency region (> 700 cm™') can be attributed to
the internal Si-O stretching vibrations of the SiO4 tetrahedra [65, 66]. The dominant feature of
the olivine Raman spectra are two intense modes observed between 815 cm™ - 826 cm™ and
838 cm™ - 858 cm™, in agreement with previous reports [66-69]. The lower wavenumber mode
follows a general red-shift trend until x = 0.7 and remain constant at 815.5(2) cm™" for the higher
Fe-content members. The mode at 858 cm™ follows a linear trend for the frequency: R(x) =
857.6(5) — 20.2(1) x, for the compositional x-value in (Mgi-xFex)2SiOs. The mid-range modes

(400 cm™ - 700 cm™) show weaker intensities than those in the high-frequency region
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presumably due to respective lower Raman scattering cross-section. The spectral intensity in
this region is mainly contributed by the bending motion of the M(2) with oxygen [65]. The
frequency of two modes can be fitted with the linear functions: R(x) = 546.9(2) —42.1(1) x
and R(x) = 437.3(3) — 62.7(1) x. The low-frequency region (< 400 cm™) is attributed to the
vibrational modes of Mg/Fe with negligible contributions from the lighter silicon [65, 66]. While
any trend line cannot be formulated for the low-frequency modes, the olivine composition can
be reasonably predicted. The Fe-rich olivines (x = 0.6) show two doublets resolved at 155 cm-
'-161 cm™ and 175 cm™ - 185 cm™', while Mg-rich olivines (x < 0.1) exhibit characteristic
modes at 223 cm™ - 228 cm™. Any noticeable changes in this low-frequency region can be
associated with the substitution of the lighter Mg by the heavier Fe in the octahedral sites.
Table 3 summarized regression equations of (MgixFex).SiO4 olivine Raman spectroscopic

peaks, which can well predict the olivine composition on the Martian surface.

Table 3. Selective regression equations of (Mg1-xFex)2SiO4 olivine Raman spectroscopic peaks.

Linear fitting equation Assignment
R(x) = 920.7(3) - 19.9(1) x Byg
R(x) = 857.6(5) - 20.2(1) x A,

R(x) = 546.9(2) - 42.1(1) x A,
R(x) = 437.3(3) - 62.7(1) x B
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Figure 10. Selective Raman spectroscopic peak shifts with respect to compositional x in (Mg1-xFex)2SiO4
olivine.
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3.4. UVI/Vis spectroscopy

The optical properties of the olivine series (Mgi-xFex)2SiO4 are studied by UV/Vis diffuse
reflectance spectroscopy to determine their optical band-gap energy. The RATD analysis [32]
determines the nature of transition, as shown in Figure S4. The complete UV/Vis RATD
analysis fit values are summarized in Table S3. Using the DASF method, the band-gap energy
(Eg) of 4.90(3) and 3.38(3) eV are calculated for Mg>SiO4 and Fe2SiO4, respectively. On the
other hand, the conventional Tauc method [39, 40] predicted the direct transition energy (Eq)
of 4.75(3) and 3.46(3) eV and, the indirect transition energy (E;) of 3.68(3) and 2.99(3) eV for
Mg.SiO4 and Fe,SiOs, respectively. The closeness between Eg and Eq4 values suggests that
the electronic band gap most likely arises from the respective direct transition. The nature and
band-gap transition energy of Mg.SiO; agrees well to the electronic band structure
demonstrated by Yang and Zhan [70]. However, our experimental findings of Fe,SiOs is clearly
different from that of calculated by generalized gradient approximation (GGA) [71, 72] and Xiao
et al. [73] as well. A low-intense transition peak can be seen between 1.5 eV — 1.8 eV for each
Fe-containing olivine, which can be explained due to the d-d transition of Fe?* within the 3d°®
configuration [74]. Figure 11 illustrates a decrease in the band-gap energy values upon

increasing the Fe-content in the olivine series.
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Figure 11. Change of band-gap energy (Eg) with respect to the chemical composition x in
(Mg1-xFex)2SiO4, showing respective direct (Eq) and indirect (Ei) electron transfer to the conduction band.
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4. Summary and outlook

The olivine-type (Mg1-xFex)2SiOa4 solid solution was successfully synthesized by ball milling with
subsequent calcination. Structural analysis was performed on X-ray powder diffraction data by
means of Rietveld refinements. The synthesized olivines exhibit degrees of crystallinity of
92 wt.-% — 97 wt.-%, suggesting relatively low amount of the amorphous scattering contents.
Olivines with higher Fe content (x = 0.5 - 1) are likely to form larger crystallites (> 150 nm).
Substitution of Mg with Fe on the M1-site (4a: 0,0,0) is preferred against the as well
octahedrally coordinated M2-site (4c: x,y,s). Beside the Rietveld refinement, regression
equations are demonstrated based on the X-ray reflection intensity for easy calculation of
Mg/Fe-concentration in olivines on the Martian surface. Regression approach is also
suggested for the characteristic Raman modes of olivines. The electronic band gap has been
analyzed from the diffuse reflectance UV/Vis spectra. The present study offers a step forward
characterizing tool to quantify similar olivines, or olivine component in multi-phase Martian
regolith. Nevertheless, further investigations on relevant olivines with higher amorphous

content is of crucial importance to better represent the Martian regolith.
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Figure S1. X-ray powder diffraction patterns of (Mg1-xFex)2SiO4 olivines.
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Figure S3. Representative Raman spectroscopic peak fitting of (Mg1-«Fex)2SiO4 for x = 0.1.
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Figure S4. Representative RATD analysis of the UV/Vis diffuse reflectance data of (Mgo.sFe0.5)2SiOa.
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Table $1. Selective interatomic distances and their average values (<M-0O>) in (Mg1-xFex)2SiO4
obtained from Bragg-Rietveld refinements along with the structural bond valence sum (BVS).

Bond length /pm

X BVS /v.u.
si-0(1) si-0(2) Si-03 (2x) <si-0>

0 159.5(2)  162.7(3) 161.3(1) 161.2(2) 4.13(1)
0.1 160.02)  163.8(3) 161.4(1) 161.7(2) 4.08(1)
0.2 160.03)  163.6(3) 161.7(2) 161.8(2) 4.07(1)
0.3 160.5(4)  164.0(5) 161.1(3) 161.7(4) 4.08(2)
0.4 160.5(4)  163.2(5) 161.5(3) 161.7(4) 4.08(2)
05 160.8(4)  162.9(5) 161.9(3) 161.9(4) 4.06(2)
0.6 159.9(4)  163.7(5) 161.3(3) 161.6(4) 4.10(2)
0.7 160.8(4)  163.0(5) 160.6(4) 161.3(4) 4.13(2)
0.8 160.5(7)  163.2(8) 161.0(6) 161.3(5) 4.11(3)
0.9 160.9(7)  163.1(9) 161.1(5) 161.6(5) 4.09(4)

1 160.05)  162.9(5) 160.9(4) 161.2(4) 4.14(2)

M‘};')g“) M(:;')g(z) M(1)-0(3) (2x) <M(1)-0>

0 2006(1)  206.7(1) 213.1(1) 209.8(1) 2.01(1)
0.1 200.6(1)  207.4(1) 213.8(2) 210.3(2) 2.01(1)
0.2 2101(2)  207.9(2) 214.9(2) 211.0(2) 2.00(1)
0.3 2108(3)  208.7(3) 215.6(3) 211.7(3) 1.98(1)
0.4 2112(3)  209.2(3) 217.0(3) 212.5(3) 1.96(1)
05 2112(3)  209.7(3) 218.0(3) 213.0(3) 1.96(1)
0.6 21203)  210.4(3) 219.4(3) 213.9(3) 1.93(1)
0.7 212.03)  210.9(3) 220.4(3) 214.4(3) 1.93(1)
0.8 212.3(4)  211.0(4) 221.5(4) 214.9(4) 1.93(1)
0.9 2126(4)  212.4(4) 222.7(5) 215.9(5) 1.90(1)

1 21273)  211.6(3) 223.3(3) 215.9(3) 1.92(1)

M2)-0(1)  M(2)-0(2) M(%;')gm M("(’g(c)’(3) <M(2)-0>

0 2188(2)  206.6(3)  2082(2)  221.4(1) 214.1(2) 1.82(1)
0.1 2195(2)  206.8(3)  208.0(2)  222.4(1) 214.5(2) 1.82(1)
0.2 219.5(3)  207.8(3)  207.8(2)  223.1(2) 214.9(2) 1.83(1)
0.3 2193(3)  207.9(3)  2082(3)  224.0(2) 215.3(3) 1.83(1)
0.4 219.8(4)  209.1(4)  208.0(3)  224.4(3) 215.6(3) 1.83(1)
05 2209(4)  210.0(5)  207.4(3)  226.0(3) 216.3(3) 1.83(1)
0.6 2217(4)  210.3(5)  207.9(3)  226.2(3) 216.7(3) 1.83(1)
0.7 2021(4)  211.2(5)  2084(3)  227.03) 217.4(3) 1.82(1)
0.8 2239(6)  2125(7)  208.2(5)  227.5(5) 218.0(5) 1.81(1)
0.9 20356)  211.6(8)  207.8(5)  228.8(5) 218.1(5) 1.83(1)

1 2054(5)  214.4(6)  208.5(4)  229.0(4) 219.1(4) 1.80(1)

52



Table S2. Refined site occupancy factor (SOF) and their average in (Mg1-xFex)2SiO4 olivines.

Refined SOF Average SOF
4a Fe(1) 4c Fe(2) | 4aMg(1) 4c Mg(2) Fe Mg
0 0.00(1) 0.00(1) 1.00(1) 1.00(1) 0.00(1) 1.00(1)
0.1 0.07(1) 0.07(1) 0.93(1) 0.93(1) 0.07(1) 0.93(1)
0.2 0.18(1) 0.16(1) 0.82(1) 0.84(1) 0.17(1) 0.83(1)
0.3 0.29(1) 0.25(1) 0.71(1) 0.75(1) 0.27(1) 0.73(1)
0.4 0.40(1) 0.36(1) 0.60(1) 0.64(1) 0.38(1) 0.62(1)
0.5 0.49(1) 0.43(1) 0.51(1) 0.57(1) 0.46(1) 0.54(1)
0.6 0.60(1) 0.54(1) 0.40(1) 0.46(1) 0.57(1) 0.43(1)
( ( ) )
( ( ) )
( ( ) )
( ( ) )

0.7 | 0.70(1)  0.64(1) | 0.30(1)  0.36(1 0.67(1 0.33(1)
0.8 | 0.78(1)  0.74(1) | 0.22(1)  0.26(1
0.9 | 0.90(1)  0.86(1) | 0.10(1)  0.14(1
1 | 097(1)  099(1) | 0.03(1)  0.01(1

0.76(1
0.88(1
0.98(1

0.24(1)
0.12(1)
0.02(1)

Table S3. Indirect transition energy (Ei), direct transition energy (Eq4) and band-gap transition
energy (Eg) in (Mg1.xFex)2SiO4 olivines.

X Ei/eV Eq/eV Egy /eV Transition type

3.68(3) 4.75(3) 4.90(3) direct

0.1 3.20(3) 4.31(3) 3.88(3) direct
0.2 3.13(3) 3.82(3) 3.74(3) direct
0.3 3.19(3) 3.74(3) 3.64(3) direct
0.4 3.14(3) 3.65(3) 3.60(3) direct
0.5 3.22(3) 3.68(3) 3.55(3) direct
0.6 3.16(3) 3.63(3) 3.53(3) direct
0.7 3.27(3) 3.69(3) 3.50(3) direct
0.8 3.09(3) 3.53(3) 3.44(3) direct
0.9 3.07(3) 3.42(3) 3.40(3) direct
1 2.99(3) 3.46(3) 3.38(3) direct
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Chapter 4

Synthesis, structural and spectroscopic characterization of defect-

rich forsterite as a representative phase of Martian regolith
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Synopsis Ball milling of forsterite (Mg2SiO.) was carried out to mimic mechanical weathering
processes on Mars. The defective forsterite structure models, capable of describing both long-
range and short-range orders, are deduced by density functional theory assisted pair

distribution function analysis.

54



Abstract Regolith draws intensive research attention because of its importance as the basis
to fabricate materials for future human space exploration. Martian regolith is predicted to
consist of defect-rich crystal structures due to long-lasting space weathering. The present
report focuses on the structural differences between defect-rich and defect-poor forsterite
(Mg2SiO4) -one of the major phases in Martian regolith. Forsterites are synthesized using
reverse strike co-precipitation and high-energy ball miling (BM). The subsequent post-
processing is also carried out using BM to enhance the defects. The crystal structures of the
samples are characterized by X-ray powder diffraction and total scattering using Cu- and
synchrotron radiation followed by Rietveld refinement and pair distribution function (PDF)
analysis, respectively. The structural models are deduced by density functional theory assisted
PDF refinements, describing both long-range and short-range orders caused by defects. The
Raman spectral features of the synthetic forsterites complement the ab-initio simulation for an

in-depth understanding of the associated structural defects.

Keywords: Martian forsterite; crystal structure, defects; DFT-PDF; Raman.
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1. Introduction

In recent years, knowledge about Martian regolith has drastically increased due to the
availability of in-situ X-ray diffraction data from the Mars Science Laboratory (MSL) on the
Rover Curiosity (Bish et al., 2013, Achilles et al., 2017, Vaniman et al., 2014). The analysis of
this diffraction data estimated (Certini et al., 2020, Achilles et al., 2017, Vaniman et al., 2014,
Demidov et al., 2015, Bish et al., 2013) approximately 28 wt-% to 45 wt-% amorphous fraction
in the Martian regolith. A notable amorphous phase content in Martian regolith indicates
significant space-weathering due to extreme environmental conditions (Certini et al., 2020).
Space-weathering is the alteration of exposed surfaces via their interaction with the space
environment (Bennet et al., 2013). It is a combination of mechanical-weathering caused for
example by meteorite impacts as well as radiation-weathering from high-energy solar wind
radiation. The former process can be simulated by ball milling of terrestrial materials in the
laboratory (Yu et al., 2022).

Olivine-type forsterite (Mg2SiO4) is one of the major phases found in the crystalline part of
Martian regolith (Bish et al., 2013, Achilles et al., 2017). Bish et al. (Bish et al., 2013) reported
that approximately 22.4 wt-% of (Mgo.s2Fe0.38)2SiO4 (which is called a forsteritic olivine in the
forsterite-fayalite (Fe2SiO4) solid solution due to the higher Mg content compared to Fe) was
found in Martian soil from the Rocknest Aeolian bedform in Gale crater. Similarly, Achilles et
al. (Achilles et al., 2017) found approximately 25.8wt-% of forsteritic olivine
((Mgo.s6F€0.44)2Si04) in Martian soil of Namib dune called Gobabeb. For future use of regolith
as a basis to fabricate metals or building materials for human space explorations, a precise
analysis of the different defects present in forsterites is of crucial importance. The defect-rich
forsterite is expected to have lower formation energy, hence may be desirable for more efficient
processing of fabrication in space.

Forsterite belongs to planetary and terrestrial rock-forming minerals (Liu et al., 2022, Vaci et

al., 2020) and is known for its capability of catalyzing reactions in interstellar durst (Campisi et
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al., 2024). Forsterite is the magnesium endmember of the olivine solid solution (Mg1.xFex)2SiO4
(Jundullah Hanafi et al., 2024, Rdsler, (1991)) and crystallizes in the orthorhombic space group
Pbnm (Fujino et al., 1981, Muller-Sommer et al., 1997, Lager et al., 1981). The structure,
displayed in Figure 1, consists of one-dimensional octahedral chains running parallel to the
crystallographic c-axis, comparable to those found in the mullite-type phase (Angel & Prewitt,
1986, Bowen et al., 1924, Cong et al., 2010, Fischer et al., (2009), Gogolin et al., 2020). In the
mullite-type phase, these octahedral chains are bridged by double-tetrahedra or other double
units in the ab-direction (Murshed et al., 2012, Schneider et al., 2012), whereas in olivine,
single (SiO4)* tetrahedra link the octahedral chains in the a-direction, where the tetrahedral
oxygen atoms are shared by three octahedral cations (Zampiva et al., 2017). The respective
link in the b-direction is realized by two non-equivalent Mg octahedral sites: the first site (M1,
chain octahedra) has inversion symmetry, while the other site (M2, linking octahedra)
possesses mirror symmetry (Yang et al., 2006). Both sites can be occupied by various cations,
forming either rich solid solutions or other endmembers such as fayalite (Fe.SiO4) (Hanke,
1965, Kudoh & Takeda, 1986, Hazen, 1977), tephroite (Mn2SiO4) (Fujino et al., 1981), larnite
(CaxSiOs) (Czaya, 1971), liebenbergite (Ni2SiOs) (Della Giusta et al., 1990, Lager et al., 1981),
and cobalt olivine (Co2SiO.) (Morimoto et al., 1974, Miller-Sommer et al., 1997), which enable

a wider spectrum of elements extractable from a regolith matrix.

Figure 1 Crystal structure of Mg,SiO4 (forsterite).
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Forsterite can be synthesized through a variety of synthesis methods including solution
combustion technique (Naik et al., 2015, Mondal et al., 2016, Prashantha et al., 2011), sol-gel
method (Ni et al., 2007), mechanical activation followed by heat treatment (Fathi & Kharaziha,
2008, Tavangarian & Emadi, 2010, Fathi & Kharaziha, 2009), and reverse strike co-
precipitation (RSC) (Zampiva et al., 2017). Despite many studies on the synthesis yielding pure
forsterite, to the best of our knowledge, there are no reports on mechanically induced defective-
rich forsterites and their associated crystal structures. Defects are commonly defined as a
considerable extent of irregularities in the crystal structure (Wagner, 1977), for instance
vacancies or dislocated atoms as illustrated in Figure 81 (Supplementary Information). In an
X-ray diffraction pattern, typical strain broadening and lower absolute intensities are expected
for defect-rich crystallites (Ungar, 2004, Chauhan & Chauhan, 2014) often accompanied by
reflection broadening due to crystallite size effects (Scherrer, 1918, Gesing & Robben, 2024).
Similarly, broadening of Raman peaks is a hint to disordered structures in defect-rich materials
(Demtrdder, 2008, Gouadec & Colomban, 2007). In addition to Rietveld analysis of reciprocal-
space X-ray powder diffraction (XRPD) data, real-space investigations of defects and local
structures are widely performed by pair distribution function (PDF) analysis (Bini et al., 2012,
Malavasi et al., 2011, Proffen et al., 2003).

The present work focuses on the synthesis and characterization of forsterite and its mechanical
post treatment to induce various defect concentrations. The derived defect-structure model
can serve as a structural representative for the analysis of Martian regolith. To achieve this
objective, Mg.SiO4 samples were first synthesized by two different routes: RSC method and
mechanical activation using high-energy ball milling (BM) with subsequent calcination. In a
second step, mechanical post treatment was performed to obtain defect-rich forsterite. We
present a detailed comparison of structural features between the samples by using Raman,
XRPD and X-ray total scattering techniques. In addition, density functional theory (DFT) is
used to optimize defect-rich structures and compare their thermodynamic stability. Finally, the

DFT supported PDF analysis (DFT-PDF) is used to refine the defective structural models.

58



2. Materials and methods

2.1. Synthesis of defect-poor forsterite

2.1.1. Reverse strike co-precipitation (RSC) synthesis

Magnesium nitrate hexahydrate (Mg(NO3)2-6H20) 99.9 % and tetraethyl orthosilicate (TEOS)
98 % were purchased from VWR Chemicals and used as received. Similar to a typical RSC
synthesis (Zampiva et al., 2017), stoichiometric amounts of Mg(NO3),-:6H>O and TEOS were
dissolved in a solution of 40 ml of ethanol and 3 ml of HNO3 (= 65 %) under magnetic stirring
for 1 h. The precursor solution was slowly dripped into 50 ml of 25 % NHsOH under continuous
stirring. The base solution formed a colloid while the precursor solution was being dripped,
until the last drop forming a white precipitate. Simultaneously, several drops of concentrated
NH4OH were added to keep the pH > 8. Thereafter, the precipitate was centrifuged at 60 Hz
for 5 min. The supernatant was removed, and ethanol was used to wash the precipitated
powder. The centrifugation was repeated three times. Finally, the precipitated solid was placed
in a furnace at 473 K for 16 h. The resulting solid was ground in a mortar and calcined at
1373 K for 1 h after reaching the temperature with a heating and cooling rate of 15 K/min and
5 K/min, respectively. The attained powder is further designated as RFO (RSC synthesis

forsterite).

2.1.2. Ball milling (BM) synthesis

As starting materials MgO and amorphous SiO;, powders were used. Magnesium oxide (MgO)
> 97 % was purchased from Merck and used as received. Amorphous SiO» was obtained from
hydrolysis of TEOS (De et al., 2000). Forsterite was synthesized by mechanical activation with
a high-energy ball mill (Emax-type, RETSCH GmbH). Stoichiometric amounts of the binary
oxides were mixed and placed, together with 60 g tungsten carbide (WC) balls (2 mm
diameter), in a WC grinding jar. The ball-to-powder weight ratio was set to 30:1. The powder
was milled for 3 h with different rotational frequencies (7 Hz, 12.5 Hz, 15 Hz). Finally, the milled

powder was collected from the grinding jar and heated in a corundum crucible at 1373 K with
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a heating rate of 15 K/min. After a reaction period of 1 h, the powder was cooled down to room
temperature with a cooling rate of 5 K/min. The attained powder of Mg.SiO4 (PFO) was ground

and further used for characterization.

2.2. Synthesis of defect-rich and healed forsterite

Defect-rich forsterite was prepared by crushing a pure as-synthesized forsterite (PFO) by ball
milling. The pure forsterite (1 g) was placed into the grinding jar with 20 g WC balls. The powder
was milled at 15 Hz for 1 h. Thereafter, one half of the milled powder was kept separately and
labeled as crushed forsterite (CFO). The other half was calcined at 1373 K for 1 h under air to

heal the introduced defects, hence labeled as healed forsterite (HFO).

2.3. X-ray powder diffraction

X-ray powder diffraction (XRPD) data collection was carried out on a Bruker D8 Discover
diffractometer using CuKq12 radiations (Aka1 = 154.05929(5) pm, Aka2z = 154.4414(2) pm) in
Bragg—Brentano geometry. Data were collected under ambient condition from 5° to 85° 26 with
a step width of 0.0149° 26 and a measurement time of 0.3 s per step using a multi-strip
LynxEye XE-T detector. XRPD data Rietveld refinements were carried out using TOPAS V6.0
(Bruker AXS, Germany). During the Rietveld refinements, the background, sample
displacement, metric, atomic positional and profile parameters were optimized. The
amorphous fraction of the samples was quantified from the degree of crystallinity (DC) as
implemented in the TOPAS software. For these calculations it is assumed that the average
scattering power of the crystalline fraction of the sample is identical to the scattering power of
the X-ray amorphous fraction. The latter one could either consist of glassy or quantum-
crystalline contributions (Gesing et al., 2022). Using the fundamental parameter approach
(Cline et al., 2010), the apparent average crystallite size (ACS) was calculated from all
observed X-ray reflections, which is described as Lvo(/B) by the TOPAS suite. Lvo(/B) refers
to the volume-weighted mean of the coherently diffracting domain size using the integral

breadth for the description of the reflection profile. The respective pseudo-Voigt profile function
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was deconvoluted into Gaussian and Lorentzian components, describing the ACS and the
micro-strain (go), respectively. To validate these data and to receive information about the
crystallite size distribution an EnvACS analysis (Gesing & Robben, 2024) was performed. For
this, data were collected on a Bruker D8 Advance diffractometer using CuKq1 radiations (Aka1
= 154.05929(5) pm) in Bragg—Brentano geometry. Data were collected under ambient
condition from 10° to 135° 26 with a step width of 0.01449° 26 and a measurement time of
4.8 s per step using a multi-strip LynxEye XE detector. The information deduced during these
(classical) Rietveld refinements are, except the DC, based on the appearance of the Bragg
reflections and an ideal arrangement of atoms in the unit-cell only (Rietveld, 1969). To
distinguish these calculations from those using total scattering data, we use for the classical
method the expression Bragg-Rietveld. The given Ry, is the weighted profile R-factor (residual)
of the Bragg-Rietveld refinement. To distinguish R, of Bragg-Rietveld and R., of PDF

refinements the latter one is given as Repr.

2.4. Raman spectroscopy

Raman spectra were recorded on a LabRam ARAMIS (Horiba Jobin — Yvon) Micro-Raman
spectrometer equipped with a green laser (Aex = 532 nm and < 20 mW power). A 50x objective
(Olympus) with a numerical aperture of 0.75 provides a focus spot of 865 nm diameter when
closing the confocal hole to 200 um. Each spectrum ranges between 100 cm™ and 1200 cm’
with a spectral resolution of approximately 1.2 cm™' using a grating of 1800 grooves/mm and a

thermoelectrically cooled CCD detector (Synapse, 1024 x 256 pixels).

2.5. Theoretical Raman calculations

The theoretical Raman spectra calculations were carried out using the aiida-vibroscopy
package (Bastonero & Marzari, 2024), which exploits the finite displacements and finite field
approach (Souza et al., 2002, Umari & Pasquarello, 2002), and the AiiDA infrastructure (Huber
et al., 2020, Uhrin et al., 2021) to automate the submission of the simulations, and the storage

of all the data in a reproducible format. The first-order spectrum was calculated in the non-
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resonant regime using the Placzek approximation. The peak positions associated to the
phonon modes were computed in the harmonic approximation via small displacements of the
atomic positions (Togo, 2023, Togo et al., 2023) while the Raman tensors, needed for the
intensities calculations, were obtained via numerical differentiation of the forces upon the
application of small electric fields (Bastonero & Marzari, 2024). Computational details can be

found in section 2.8.

2.6. X-ray synchrotron total scattering

Total scattering data were collected using beamline P02.1@PETRA-IIl, DESY, Hamburg
(Dippel et al., 2015) with a fixed energy of 60 keV (A = 20.734(2) pm). The beamline was
equipped with a Varex XRD 4343CT detector (pixel size 150 ym x 150 ym, 2880 x
2880 pixels). Each sample was measured in 1 mm Kapton capillaries and exposed to the
radiation for 300 s within a set-up particularly optimized for rapid in-situ measurement. PDF
data processing was conducted using the PDFGetX3 software (Juhas et al., 2013). For all
samples, Qmax Was set to 1.95 nm'. Structure model fitting against PDF data was performed
using PDFgui (Farrow et al., 2007). During the refinement process, instrumental parameters
Quamp and Quroad Were refined to the CeO. standard data set, and then kept fixed with
Quamp = 0.035693 and Qurad = 0.001 for all the samples. The scale factor, lattice parameters,
atomic displacement parameters (ADP), atomic motion correlation factor, and atomic
coordinates were refined. Representative processed data /(Q), S(Q), F(Q), and G(r) of pure
forsterite are shown in Figure S2 in the supplementary information. Stack plots of /(Q) and

S(Q) of all samples are given in Figure S3.

2.7. DFT-PDF refinement

Combined DFT-PDF refinements of defective forsterite in the spirit of ref. (Dononelli, 2023,
Klgve et al., 2023) were performed. Instead of globally optimizing the structure with GOFEE
algorithm (Bisbo & Hammer, 2020, 2022, Klgve et al., 2023), several types of defects, namely

vacancies, Frenkel-, and Schottky-defects were introduced to each atom site during the
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simulations. DFT was used as a tool to optimize every defect-type structure to their local
minimum in the potential energy surface (PES). The geometry-optimized structures were
further optimized with a BFGS algorithm by considering G(r) data from measurements and
minimizing the Repr. Finally, the structures were refined against experimental data using
PDFgui. The schematic workflow of DFT-PDF refinements is illustrated in Figure 2.

Local structure optimizations have been performed using the electronic structure code GPAW
(Enkovaara et al.,, 2010) in the framework of the atomistic simulation environment (ASE)
(Larsen et al., 2017). The exchange-correlation interaction was treated by the generalized
gradient approximation (GGA) using the Perdew—Burke—Ernzerhof (PBE) functional (Perdew
et al., 1996) with a 3x5x3 k-points sampling of Monkhorst and Pack (Monkhorst & Pack, 1976).
Note, that these calculations were not meant to give very precise energetics or exact bond
lengths. All structures optimized with such settings are later post processed in PDF-Rietveld

refinements to fit to experimentally observed bond lengths.
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Figure 2 Schematic workflow maintained during the DFT-PDF refinement for different forsterite
structures.

i

2.8. Energy calculations
To verify the favorite defective intrinsic candidate, the ab-initio formation energy was

investigated using DFT calculations. Exploiting the supercell approach, the defect formation
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energy in a charge state q can be computed as: (Zhang & Northrup, 1991, Van de Walle et al.,

1993, Alkauskas et al., (2011), Freysoldt et al., 2014)

ET[X;q] = E[X,q] — E[bulk] — ¥inip; + q(ey + p)-

FE][ X q] indicates the total energy of the supercell calculation of defect X in the charge state q,
and E|bulk] is the total energy of the pristine crystal structure scaled to match the size of the
defective supercell. Each defect is referenced to a chemical potential x4 corresponding to its
species /7, while the integer n;indicates the atoms of type 7in excess (n,> 0) or removed (n; <
0). For charged states, the chemical potential for the extra electrons is given by the Fermi
energy . referred to the valence band maximum ¢, of the pristine bulk supercell (Komsa et
al., 2012). The Fermi energy can be found by the condition of charge neutrality at a specific
temperature when all the relevant defects are considered. In the following we consider ¢z = 0.
To understand the defect formation in the diluted limit (very low defect concentrations) an
additional correction term needs to be added due to the periodic boundary conditions, which
is described in more detail in the SI.

Different defect types along with their nominal and neutral charge states, as well as both
relaxed and non-relaxed geometry of the supercells were thoroughly investigated. Four
different supercell sizes, 2x1x2, 3x1x2, 3x2x2, and 3x3x2 were selected, as well as the single
unit cell. For the interstitials, an algorithm introduced by Zimmermann et al. (Zimmermann et
al., 2017) was used to find suitable atomic positions; 11 different positions are found for each
species as possible candidates. Interestingly, the interstitials proposed by this pure geometric
analysis for the magnesium atoms are found to be in tetrahedral coordination, as found in
(Walker et al., 2009), but here without the explicit energy calculation. The vacancies were
instead generated using the space group symmetries of forsterite, which greatly limits the

number of positions.
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To carry out the calculations, the Quantum ESPRESSO package (Giannozzi et al., 2009,
Giannozzi et al., 2017, Giannozzi et al., 2020) was used and the PBEsol (Terentjev et al.,
2018) functional was employed using pseudo-potentials from the precision SSSP library
(version 1.1) (Prandini et al., 2018). The wave-function and charge-density expansions were
truncated with an energy cutoff of 80 Ry and 960 Ry, respectively. The Brillouin zone was
sampled using a uniform Monkhorst-Pack grid using a 4x2x3 k-points mesh. The geometry
and atomic positions of forsterite were therefore relaxed till the total energy and forces are
below 10 Ry/atom and 10° Ry/Bohr, respectively. Supercell calculations were carried out
using a gamma-point sampling, after having verified for a 2x1x2 supercell that the total energy
changed by only 2 meV/atom. The geometry and the atomic positions of each defective
supercell were optimized with lower thresholds for total energy and forces, respectively 104

Ry/atom and 10 Ry/Bohr.

3. Results and discussion

3.1. Synthesis

Impure forsterite was obtained from BM synthesis with 7 Hz (IFO-7) and 12.5 Hz (IFO-12). On
the other hand, pure forsterite was successfully obtained by RSC synthesis (Zampiva et al.,
2017) (RFO) and BM synthesis at 15 Hz (PFO). Both synthesis techniques yielded white
forsterite powder. To introduce defects into the material, the attained PFO powder was
mechanically post-processed by BM at 15 Hz for 1 h resulting in crushed forsterite (CFO). CFO
possesses a slightly greyish color, due to trace amounts of WC abraded from the mill and
might hint the presence of defects. However, we estimated the amount to be lower than the
detection limit (0.5(1) wt-%) as we cannot observe any WC signal in the XRD (nor Raman)
data. Finally, a small amount of CFO was re-calcined at 1373 K obtaining white powder of
healed forsterite (HFO) with expected lower defect concentrations. The synthesized samples
and their respective ID are listed in Table 1. The detail information about phase quantification

for impure forsterites determined from Rietveld refinements are given in the section 3.2.
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Table 1 List of synthesized samples and their abbreviations

Sample ID Material
RFO RSC synthesis forsterite
IFO-7 Impure forsterite from 7 Hz BM
IFO-12 Impure forsterite from 12.5 Hz BM
PFO Pure forsterite from 15 Hz BM

CFO Crushed forsterite (post-processed PFO)
HFO Healed forsterite (re-calcined CFO)

3.2. X-ray powder diffraction

XRPD data Bragg-Rietveld refinements confirm that IFO-7 contains impurities of MgO,
MgSiOs, and SiO: in two modifications (a-cristobalite and a-quartz), while IFO-12 possesses
only MgO as minor impurity. This indicates that the ball milling frequencies of 7 Hz and 12.5 Hz
are not sufficient to form an intimate mixture of the reactants before the calcination process.
On the contrary, pure forsterite was obtained from RSC synthesis (RFO) and BM synthesis at
15 Hz (PFO). All reflections in the diffraction pattern of both samples can be indexed to olivine-
type Mg.SiO4 with space group Pbnm (Muller-Sommer et al., 1997). The mechanically treated
sample (CFO) is also characterized as a pure forsterite. However, broadening of the Bragg
reflections along with significantly lower intensity maxima is observed, as seen in Figure 3.
Moreover, CFO exhibits notable lower average crystallite size (ACS) (25(1) nm) and DC
(60(5) %), compared to those of PFO (ACS = 77(1) nm and DC = 98(5) %). Inversely, the
micro-strain is increased from 0.031(1) to 0.140(4) upon ball milling. The re-calcination process
of CFO led to re-crystallization, forming a crystalline forsterite with ACS, ¢o and DC of 77(2)
nm, 0.140(4) and 90(5) %, respectively, like those of PFO. Comparable values are observed
when analyzing the ACS using the EnvACS (Gesing & Robben, 2024) approach. Nevertheless,
the crystallite size distribution gives additional information on the defect formation and the

respective defect healing. Whereas for the synthesized samples (RFO and PFO) the crystallite
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size distribution (CSD) is narrow, a much broader CSD is observed for CFO. This is not
surprising, as it is assumed that not only defects are introduced but during the reduction of the
ACS due to crystallite cracking not all crystallites are homogeneously destroyed. For the
heated CFO portion resulting in the HFO sample it is obvious that the distribution narrows
again by a factor of two but did not reach the narrow distribution of the as synthesized PFO.
Interestingly, meaningful results could only be obtained by refining also a scale factor in the
EnvACS (Gesing & Robben, 2024) approach, which would represent the distribution of two
different phases, namely the crystalline forsterite and the amorphous forsterite respectively.
The obtained scale factors correlate quite well with the DC obtained by the Bragg-Rietveld
refinements. A complete list of XRPD characterization results is given in Table 2. The stack
plots of X-ray powder diffraction patterns of all samples can be seen in Figure S4.

Table 2 Average crystallite size (ACS) and micro-strain (g0) of forsterites, and the degree of
crystallinity (DC) of the synthesized samples obtained from Bragg-Rietveld refinements of XRPD data.
Additionally, the ACS and the crystallite size distribution factor (CSD), correlating the smallest (0.01)

and broadest (1) distribution of spherical crystallites, are given. Both values were refined with a fixed
to 1 and a variable scale factor, considering perfect and reduced DC, respectively.

Bragg-Rietveld EnvACS

Sample
D | Phasefraction il @ . | om factor _factor
IFO-7 Mg2SiO4 62(2) 58(1) 0.048(2) 95(5) - - -
MgO 23(2) - - - - - -
MgSiOs 8(2) - - - - - -
SiO2 a-cristobalite 6(2) - - - - - -
SiO2 a-quartz 1(2) - - - - - -
IFO-12 | Mg2SiO4 98(2) 61(1) 0.053(5) 93(5) - - -
MgO 2(2) - - - - - -
RFO Mg2SiO4 100(2) 89(1) 0.027(1)  95(5) 85.5(5) 0.01(1) 1
87.1(5) 0.01(1) 0.98(1)
PFO Mg2SiO4 100(2) 77(1) 0.031(1) 98(5) 88.3(5) 0.01(1) 1
89.0(5) 0.01(1) 0.99(1)
CFO | MgzSiOs4 100(2) 25(1) 0.140(4) 60(5) | 33.3(2) 0.01(1) 1
57.6(3) 0.17(1) 0.68(1)
HFO | Mg2SiOs 100(2) 77(2) 0.046(1) 90(5) | 74.9(6) 0.01(1) 1
75.4(4) 0.07(1) 0.95(1)
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Refined forsterite crystal data, along with comparative literature (Smyth & Hazen, 1973), are
presented in Table S1. The respective Bragg-Rietveld refinements converged with lower Ry,
values for RFO (11 %) and PFO (11 %) compared to CFO (15 %) and HFO (15 %) (see Figure
3 and Table S1). Moreover, structure refinements indicate that RFO and PFO can be classified
as defect-poor forsterites, as their refined atomic positions possess only small changes (Az <
0.003) compared to pristine forsterite. In contrast, noticeable structural changes are observed
in both HFO and CFO. As an example, the O(3) in HFO slightly deviates from its initial position
(Az = 0.010) while CFO shows even stronger changes (Az < 0.018). The strength of these
observed structural changes is proportional to the expected defect concentration in the crystal,

which is described in more detail in section 3.3.
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Figure 3 X-ray powder diffraction data Rietveld plots of different forsterites.
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3.3. Raman spectroscopy

The factor group analysis predicts that orthorhombic Mg.SiO4 has 84 normal vibrational modes
(11 Ag+ 11 B1g+ 7 Bog+ 7 B3g + 10 Ay + 10 B1y + 14 Bz, + 14 Bay), among which Ag, B1g, Bog,
and B3y modes are Raman-active (lishi, 1978, Hofmeister, 1987). Raman spectra of different
forsterites are shown in Figure 4. Peak fitting was performed for each experimental spectrum,
representatively shown in Figure 85 for PFO. The peak maxima along with comparative
experimental reference data (Kolesov & Geiger, 2004) and theoretical calculations
(Stangarone et al., 2017, McKeown et al., 2010) are given in Table S2. The observed band
frequencies are in good agreement with those of the reported ones (Kolesov & Geiger, 2004,
Stangarone et al., 2017, McKeown et al., 2010) and our own theoretical calculation. Typically,
Raman spectra of olivine-type Mg,SiO4 can be classified into three regions: <400 cm™', 400
cm™ -700 cm™ and >700 cm™'. The lower region bands are attributed to the vibrational modes
from Mg (M(2)-site) and negligible contribution from lighter silicon (Stangarone et al., 2017,
Chopelas, 1991). Peaks between 400 cm™ and 700 cm™" are mainly contributed from bending
motion of the Mg(2) with oxygen (Stangarone et al., 2017). The high-frequency region (>
700 cm™) can be attributed to the internal Si-O stretching vibrations of the SiO4 tetrahedra
(Chopelas, 1991, Stangarone et al., 2017). The most dominant characteristic forsterite spectral
range lies at around 820 cm™ and 860 cm™' (Chopelas, 1991, lishi, 1978, Wang et al., 1995,
Wang et al., 2004).

Some vibrational features from optical phonons are clearly distinguishable between the defect-
poor samples (RFO and PFQO) and the defect contained samples (CFO and HFO). Global red-
shifts of +1 cm™ along with peak broadening (AFWHM < 2 cm™) are observed in HFO.
Moreover, greater red-shifts of approximately 3(1) cm™ as well as peak broadening (AFWHM
< 4 cm™) are observed in CFO. The dominant two intense modes related to Si-O are further
shifted to 825(1) cm™ and 857(1) cm™, with FWHM of 11(1) cm™ and 13(1) cm™, respectively.
In general, peak shifting and broadening in Raman can be attributed to crystallite size effects

and the degree of disorder in a structure (Swamy et al., 2006, Islam et al., 2005, Gouadec &
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Colomban, 2007, Demtroder, 2008). Here, the Raman peak broadening and shifts are
proportional to the defect concentration in the structure. This finding further indicates that the
CFO sample exhibits local structural disorder with the highest concentration.

A I} —— PBEsol
—HFO
—CFO

WMM\_JJ\L —PFO

PBEsol

CFQC

Normalized intensity
Normalized intensity

\_

T T T T T T T T
200 400 600 800 1000 800 850 900 950
Raman shift /cm™' Raman shift /cm™'

Figure 4 Raman spectra of different forsterites collected at ambient condition and PBEsol calculation
(left). Magnified view of the high-frequency region (right), where the vertical dashed lines are guide for
the eyes.

3.4. PDF analysis

To further investigate the defects and local structures of the samples, total scattering
experiments were carried out (beamline P02.1@PETRA-III, DESY, Hamburg). The analysis of
the total scattering data allows extracting information from both Bragg and diffuse scattering
contributions. Bragg scattering contribution can be analyzed by conventional approach in
reciprocal space and provides information on the average and long-range periodic structure,
whereas the diffuse scattering which lies between and beneath the Bragg reflections (Egami
& Billinge, (2003)) yields information regarding the short-range order and local structure
deviations. Each measurement was integrated, background corrected, and Fourier
transformed to obtain the reduced pair distribution function G(r). The G(r) describes the
probability of finding two atoms separated by a distance of r (Teck et al., 2017). While the
observed PDFs (G(r)) of RFO, PFO, and HFO are very similar, the one of CFO shows
significant discrepancies, e.g. broadened signals, clear shoulders and lower intensities, as

seen in Figure 5.
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Figure 6 Representative PDF-Rietveld refinement plots of PFO and CFO in the long (left) and short
to medium (right) range.
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Defect-free, symmetry-constrained structural models of Mg.SiO4 were fitted against the
experimental PDFs using a small box modelling approach including symmetry constrains
(PDF-Rietveld). Representative PDF-Rietveld refinements of the investigated forsterites are
shown in Figure 6. The refinements of CFO converged with Repr = 26 %, significantly higher
compared to those of RFO, PFO (Rpor = 16 %) and HFO (Repor = 18 %). The higher Rppr of
CFO indicates that a simple PDF-Rietveld refinement using an ideal average crystal structure
model struggles in describing the defect-rich local nature of the post-milled sample. As such,
a more advanced defect-rich structure model based on DFT-PDF refinements is proposed in
this work, which is described in more detail in section 3.5.

The bond lengths obtained from Bragg- and PDF-Rietveld refinements are compared in
Table S3 within each of the forsterite samples. Based on Bragg-Rietveld refinements, the
average bond lengths (further notated as <Mg(1)-O>, <Mg(2)-O>, and <Si-O>) of RFO and
PFO are virtually identical, while bond lengths of HFO only differ by a maximum of 0.1 pm.
Interestingly, <Mg(1)-O> and <Mg(2)-O>) of CFO are slightly longer than those of the defect-
poor forsterites (A1 pm (<Mg(1)-O>) and A0.5 pm (<Mg(2)-O>)). On the contrary, the <Si-O>
of CFO is the shortest among all forsterites (A2 pm). As a consequence, the bond valence sum
(BVS) (Brese & O'Keeffe, 1991) of Si in the CFO is found to show over bonding (4.19(2) v.u.).
Unlike the Bragg-Rietveld refinements, which suggest shorter <Si-O> bond lengths for CFO,
the <Si-O> bonds determined through PDF-Rietveld refinements consistently display similar
values. This results in a Si BVS of 3.84(3) v.u. across all forsterites. We attribute the different
interatomic distances obtained from PDF-Rietveld and Bragg-Rietveld analyses to ACS
limitation effects of the short synchrotron wavelength due to maximal observable average
crystallite size (MOACS, (Gesing & Robben, 2024)) and the repeated observation.
Furthermore, Rietveld refinements often describe local distortions, such as atom displacement,

with an increase in the Debye-Waller factor (Abeykoon et al., 2009).
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3.5. DFT-PDF refinement

3.5.1. Single phase refinement

Small box (single unit cell)

In section 3.4 the fitting results against crystalline Mg.SiO4 for all samples have been given.
To receive a better fit of the structure model against the experimental PDF data of CFO, DFT-
assisted PDF refinements (DFT-PDF) were implemented. As initial step, a geometry-optimized
structure model of Mg»SiO4 without defects (GOSWD) was selected. Single-phase DFT-PDF
refinements using this symmetry-free structure model showed a slightly better fit (Rror = 23 %)
compared to the original (symmetry-constraint) model for defect-free, crystalline Mg>SiO4 (Rror
= 26 %). Then, 17 structure models containing vacancy, Schottky, and Frenkel defects (see
Figure S1) were generated from the DFT-PDF workflow (section 2.7). Furthermore, each
DFT-PDF-generated structure model was individually selected for DFT-PDF refinement.
Overall, the new defective structure models gave Rppr in the range of 22 % - 28 %, where

defects involving oxygen show the lowest values.

Large box (2x2x2 unit cells)

To realize lower concentrations of defects, larger systems (2x2x2 unit cells) were employed.
To begin with, DFT-PDF refinements of a pristine 2x2x2 structure without further structure
variation gave Rppr of 37 %, while its GOSWD converged with Repr of 27 %. The significant
mismatch observed between these refinements offers additional indications that the crystalline
structure is unable to accommodate the defect-rich characteristics of the CFO sample. As
before, 17 defective 2x2x2 models containing vacancy, Frenkel, and Schottky defects were
generated from DFT-PDF optimization. The refinements converged with Rppr in the range of
19 - 22 %. Nine of them (4 different vacancies, 2 Frenkel and 3 Schottky defects) have almost

identical Rppr values of 19 %.
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Point defect (2x1x2 unit cells)

In a third approach, charge defect analysis was in focus. Both charged and neutral defects are
considered for this calculation, for which the size of 2x1x2 unit cells was selected. In total, 10
defective 2x1x2 structure models were investigated: Mg interstitial and vacancy, O interstitial
and vacancy, as well as Si interstitial. The refinements converged with Rppr of 25-28 %,
showing trends like the values for the single unit cells used. Table $4 summarizes the Rppr

values of all defective structure candidates.

3.5.2. Stability of defective structure candidates

The calculated formation energies of the defective structure candidates are reported in Table
S$4. Positive numbers indicate metastable or unfavorable structures, whereas negative values
indicate spontaneous or favorable formation of the structures. It can be observed that most of
the structures have positive formation energies. Especially Schottky defects show the highest
formation energies (>8 eV), and therefore those structures should be discarded as possible
candidates. Table 3 shows selected defective structure candidates (CIFs can be found in Sl)
with formation energies < 5 eV. Note, the formation energies in Table 3 were not corrected to
account for the formation of a single defect in the dilute limit, since we expect high defect
concentrations in CFO. A complete list of formation energies at different defect concentrations
and extrapolated for the dilute limit can be found in Table S5.

The interpretation of formation energies is not straightforward, since they strongly depend on
the calculation scheme and the defect concentration/size of the simulation cell. Earlier studies
by Walker et al. (Walker et al., 2009, Walker et al., 2003) did not consider the possible
interaction between the defects, i.e. they performed a “mere” energy difference, hence the
interaction of charged defects is long-ranged and sizeable. As improvement, we extrapolated
the free energy of formation to infinite volume, i.e. to the dilute limit (using the formula shown
in the Sl). Nevertheless, similarly we found that Mg(1) Frenkel defects are energetically stable

with a formation energy of 2.98 eV. In addition, we performed vacancy and interstitial supercell
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calculations with charged point defects and found comparable results to the available literature
(Walker et al., 2009, Walker et al., 2003). At high defect concentrations, both Si** and Mg?*
interstitials seem to be the most energetically favorable. However, oxygen vacancies are found
to be the most favorable defects in the extrapolated dilute limit (very low concentration). This
could be the generalized gradient approximation (GGA) trend to overestimating oxygen bonds.
Table S5 summarizes the formation energy of charge defect structures computed using
different fixed supercell sizes and extrapolated dilute limits.

Table 3 Selected defective structure candidates along with their symmetry analysis upon cell

relaxation, formation energy, and Rppr values. GOSWD = Geometry Optimized Structure Without
Defect, F = Frenkel, I = Interstitial, V = Vacancy.

Defective _structure Uni.t cell Symmefry Formation Reor 1%

candidate size analysis energy /leV

GOSWD 1 Pbnm (62)* 0.01 23
Mg(1) F 1 P1(2) 2.98 25
Mg | +0 2x1x2 P1(1) 3.73 27
Mg | +2 2x1x2 P1(1) -5.25 27
Ol+0 2x1x2 P1(1) 1.37 27
OV +2 2x1x2 P1(1) 1.49 27
Sil +4 2x1x2 P1(1) -9.07 28

3.5.3. Multi-phase refinement

Ultimately, all structure motifs with favorable energy (as listed in Table 3) were used in
combined multi-phase refinements. In principle, the respective defective structure is treated as
a secondary phase alongside the crystalline one (GOSWND). The refined defective phases
showing a negative scale factor were removed one at a time from the refinements. The best fit
is finally achieved using a combination of a single unit cell of GOSWD and Mg(1) Frenkel,
along with 2x1x2 Mg?"* interstitial defect structures which converge to Repr of 18 %, as

illustrated in Figure 7. This fitting indicates that crushed forsterite (CFO) consists of 67(3) wt-%
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GOSWD, 23(3) wt-% Mg Frenkel and 10(3) wt-% of Mg?* interstitial. The optimized defective
forsterite structure models are shown in Figure 8. Note, however, that any defect summarized
in Table 3 might possibly be present in defective Mg>SiOs, but not in the CFO sample with
defects mechanically induced by ball milling. Although Si** interstitials might be favorable from
an energetic point of view, this motif does not improve the PDF fit of CFO. Therefore, the
presence of this type of defect is rather unlikely, and most probably prevented by the

atmospheric reaction condition leading to a high concentration of oxygen-rich phases.

Gobs

CFO

r/nm

Figure 7 Multi-phase DFT-PDF refinement plot of crushed forsterite (CFO) in the long and short to
medium (inset) range.
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Figure 8 DFT-PDF optimized crystal structure of (A) 2x1x2 Mg*" interstitial and (B) single unit cell
Mg(1) Frenkel defects in comparison with (C) pristine forsterite structure.

77



4. Conclusion and outlook

Structural differences between defect-poor and defect-rich forsterite (Mg.SiO4) were
investigated. Mechanically induced defect-rich forsterite was obtained by ball milling of defect-
poor (pristine) forsterite. Implementing PDF-Rietveld refinements on X-ray synchrotron data
indicated a complex disorder structure in the defect-rich forsterite. Raman peaks broadening
and global red-shifts complemented the structural features of the defective phases. The defect-
rich structure models were simulated using the DFT-PDF method to better describe the
disorder in the local structure. DFT-PDF refinements indicate that post-processed forsterite
contains Mg Frenkel-type and Mg?* interstitial defects with concentrations of 23(3) and 10(3)
wt-%, respectively. DFT calculations confirmed that the defective structure models are
energetically stable. This finding is an important starting point to characterize and quantify
defect-rich Martian regolith. Further investigations involving a larger number of phases are
necessary as a stepwise strategy to structurally describe multi-phase Martian regolith.
Additionally, a comparative study between radiation-induced defects and the mechanically
induced defects described here would be of high demand to understand the mechanism of

space weathering effects.
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S1. Defect formation energy in the dilute limit

The dilute limit for (point) defects assumes that a single defect is present in an infinite perfect
crystal. This is a good approximation when its concentration is limited to a few percentage
(Freysoldt et al., 2014). When the defect is charge, the simulation in periodic boundary
conditions (PBC) comes with a number of cautions to take into account. The major issue is the
slow decay of the long-range nature of the Coulomb interaction, which decays as the inverse
of the cell size L (Komsa et al., 2012), or equivalently as the inverse cube root of the cell
volume Q. To extrapolate the value in the dilute limit, one could adopt a correction scheme
(Komsa et al., 2012) or alternatively extract the value from a series of supercells calculations.
The formation energy can be written as a function of the defective supercell volume (subject

to PBC), as:

b
+ —

Q] = Ef ) + —
B0 =E ot onty

where Ef ,, a, and b are parameters to fit. In particular, E/ ., represents the formation energy
in the dilute limit, i.e. when Q — o. Using the formation energies in Table S5, E/, is
extrapolated for all the presented charged defects. A rigorous treatment of the electrostatic
should also account for the misalignment of the average potential with the reference pristine
bulk (Freysoldt et al., 2014). Nevertheless, this results in small energy corrections, usually
lower than 1 eV/atom (Freysoldt et al., 2014). Since our calculated formation energies are well
separated in energy and considering we do not need such accuracy for screening the type of
defects for the further refinement, we neglect this extra term in the prediction of the formation

energy in the dilute limit in this study.
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Figure 81 Crystal structure of (A) pristine forsterite, defective forsterite with (B) vacancy in
Mg(2)-site. (C) Schottky Mg(2)-O(2) where both atoms are missing, and (D) Frenkel where Mg(2) is

dislocated (coloured in pink) close to another Mg(2)-site.
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Table S1  Comparative metric and structural parameters of forsterites obtained from Bragg-Rietveld
refinements of XRPD data.

Atom Site X y z Biso /10* pm?
Literature (Smyth & Hazen, 1973), Pbnm, a = 475.6(1) pm, b = 1020.7(1) pm, ¢ = 598.0(1) pm

Mg(1) 4a 0 0 0 0.26(1)

Mg(2) 4c 0.9915(2) 0.2774(1) 0.25 0.22(1)

Si 4c 0.4262(1) 0.0940(1) 0.25 0.08(1)
O(1) 4c 0.7657(3) 0.0913(2) 0.25 0.27(2)
0(2) 4c 0.2215(4) 0.4474(2) 0.25 0.24(2)
0O(3) 8d 0.2777(2) 0.1628(1) 0.0331(2) 0.27(2)

RFO sample, Pbnm, a = 475.15(1) pm, b = 1021.26(2) pm, ¢ = 598.54(1) pm, Rwp = 11(1) %

Mg(1) 4a 0 0 0 0.81(4)
Mg(2) 4c 0.9919(4) 0.2775(1) 0.25 0.81(4)

Si 4c 0.4272(3) 0.0941(2) 0.25 0.57(4)
o(1) 4c 0.7626(5) 0.0922(3) 0.25 0.40(5)
0(2) 4c 0.2195(5) 0.4500(3) 0.25 0.40(5)
0@3) 8d 0.2804(4) 0.1617(2) 0.0357(3) 0.40(5)

PFO sample, Pbnm, a = 475.30(1) pm, b = 1020.84(2) pm, ¢ = 598.48(1) pm, Rwp = 11(1) %

Mg(1) 4a 0 0 0 0.95(4)
Mg(2) 4c 0.9929(4) 0.2775(2) 0.25 0.95(4)

Si 4c 0.4268(3) 0.0940(2) 0.25 0.76(4)
o(1) 4c 0.76226) 0.0923(3) 0.25 0.54(5)
0@) 4c 0.2205(6) 0.4501(4) 0.25 0.54(5)
0(3) 8d 0.2802(4) 0.1621(2) 0.0358(4) 0.54(5)

CFO sample, Pbnm, a = 475.46(5) pm, b = 1020.48(1) pm, ¢ = 598.40(7) pm, Rwp = 15(1) %

Mg(1) 4a 0 0 0 2.74(11)
Mg(2) 4c 0.9840(1) 0.2766(4) 0.25 2.74(11)

Si 4c 0.4300(9) 0.0983(4) 0.25 2.89(13)
o(1) 4c 0.7578(15) 0.0878(9) 0.25 2.20(14)
0(2) 4c 0.2211(15) 0.4490(11) 0.25 2.20(14)
0@3) 8d 0.2762(11) 0.1546(6) 0.0510(10) 2.20(14)

HFO sample, Pbnm, a = 475.24(2) pm, b = 1020.30(4) pm, ¢ = 598.23(2) pm, Rwp = 15(1) %

Mg(1) 4a 0 0 0 3.18(7)
Mg(2) 4c 0.9915(7) 0.2769(2) 0.25 3.18(7)

Si 4c 0.4275(5) 0.0949(3) 0.25 2.95(8)
o(1) 4c 0.7616(9) 0.0907(5) 0.25 2.68(9)
0@) 4c 0.2162(8) 0.4518(6) 0.25 2.68(9)
0@3) 8d 0.2833(6) 0.1583(4) 0.0435(6) 2.68(9)
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Table S2 Raman frequencies (cm™) of the deconvoluted peak maxima of different forsterites are
compared with those of theoretical (PBEsol) and literature values.

Raman shift /cm™

(Kolesov (Stangarone (McKeown
RFO PFO CFO HFO & Geiger, of al 92017) et al., PBEsol Assignment
2004) ” 2010)
- - - - - - - 171 Bzg
- - - - - - - 183 Ag
188(1) 188(1) 187(1) 187(1) 184 191 190 186 Bag
- - - - - - - 216 Big
- - - - - - - 219 Ag
231(1)  231(1) 229(1) 230(1) 227 228 224 240 Bzg
247(1)  247(1) 241(1) 246(1) 243 234 246 250 B1g
- - - - - - - 279 Bag
307(1) 308(1) 303(1) 306(1) 304 304 - 304 Ag
- - - - - - - 310 Bag
- - - - - - - 313 Big
320(1)  320(1) 319(1) 319(1) 316 315 317 318 Bzg
332(1)  333(1) 330(1) 332(1) 329 324 332 322 Ag
343(1) 343(1) 338(1) 341(1) - 336 - 338 Ag
- - - - - 351 354 348 Big
- - - - - - - 360 Bzg
- - - - 373 372 383 370 Bag
377(1)  377(1) 374(1) 376(1) - 378 - 375 Big
- - - - - - - 404 Bag
414(1)  414(1)  412(1)  412(1) 421 424 - 419 Ag
424(1)  425(1) 422(1) 424(1) 434 432 433 430 B1g
439(1) 439(1) 435(1) 437(1) - 448 443 433 Bzg
- - - - - - - 520 Aq
548(1) 549(1) 544(1) 547(1) 544 556 534 556 B1g
- - - - - - - 559 Bzg
589(1) 588(1) - - 588 594 574 566 Bag
595(1) 595(1) 590(1) 591(1) - 603 582 586 Ag
612(1) 612(1) 610(1) 611(1) 608 605 600 608 B1g
- - - - - - - 805 Aq
827(1) 827(1) 825(1) 826(1) 824 819 821 817 B1g
841(1) 841(1) - 840(1) 838 834 - 836 Ag
860(1) 860(1) 857(1) 859(1) 856 857 852 845 Big
869(1) 869(1) - - 866 867 861 863 Bzg
885(1) 885(1) 882(1) 884(1) 882 886 880 900 Bag
923(1) 922(1) 920(1) 922(1) 920 929 917 945 Ag
969(1) 969(1) 965(1) 967(1) 966 974 967 956 Big

90



Table S3  Selective interatomic distances (/pm) and their average values (<M-0>) in Mg,SiO4

obtained from Bragg- and PDF-Rietveld refinements along with the bond valence sum (BVS).

Sample
Bond length Method
RFO PFO CFO HFO

Si-O(1) Bragg 162.0(1) 162.0(1) 159.2(1) 162.1(1)
PDF 162.0(2) 162.4(2) 161.4(3) 162.3(2)
Si-0(2) Bragg 163.8(1) 163.8(1) 160.8(1) 163.7(1)
PDF 164.2(2) 164.2(2) 163.9(2) 164.7(2)
Si-03 (2x) Bragg 162.0(1) 162.0(1) 161.3(1) 161.9(1)
PDF 163.8(2) 163.9(2) 165.2(2) 164.3(2)
<Si-0> Bragg 162.6(1) 162.6(1) 160.7(1) 162.4(1)
PDF 163.3(2) 163.5(2) 163.5(3) 163.8(2)
BVS Bragg 3.99(1) 3.99(2) 4.19(2) 4.00(1)
PDF 3.89(2) 3.87(2) 3.84(3) 3.84(1)
Mg(1)-O(1) (2x) Bragg 208.5(1) 208.5(1) 210.5(1) 208.4(1)
PDF 208.3(1) 208.5(2) 210.7(8) 208.7(2)
Mg(1)-0(2) (2x) Bragg 207.2(1) 207.2(1) 207.2(1) 207.2(1)
PDF 207.7(1) 208.3(1) 208.1(7) 207.6(2)
Mg(1)-O(3) (2x) Bragg 213.3(1) 213.3(1) 214.0(1) 213.3(1)
PDF 212.7(2) 212.9(2) 214.8(8) 212.7(2)
<Mg(1)-0> Bragg 209.7(1) 209.7(1) 210.6(1) 209.6(1)
PDF 209.6(2) 209.9(2) 211.2(8) 209.7(2)
BVS Bragg 2.02(1) 2.02(1) 1.97(1) 2.02(1)
PDF 2.02(1) 2.00(1) 1.94(4) 2.02(1)
Mg(2)-0(1) Bragg 217.1(1) 217.0(1) 217.8(1) 216.9(1)
PDF 217.5(3) 216.8(4) 218.2(4) 216.6(2)
Mg(2)-0(2) Bragg 206.2(1) 206.1(1) 206.9(1) 206.1(1)
PDF 204.8(3) 204.5(3) 203.0(4) 204.7(2)
Mg(2)-O(3) (2x) Bragg 208.2(1) 208.2(1) 208.6(1) 208.1(1)
PDF 206.3(2) 206.4(3) 205.7(5) 206.4(2)
Mg(2)-O(3) (2x) Bragg 220.4(1) 220.4(1) 220.6(1) 220.4(1)
PDF 222.5(3) 222.4(4) 220.5(4) 221.9(2)
<Mg(2)-0> Bragg 213.4(1) 213.4(1) 213.9(1) 213.3(1)
PDF 213.3(3) 213.2(4) 212.3(5) 213.0(2)
BVS Bragg 1.85(1) 1.85(1) 1.82(1) 1.85(1)
PDF 1.86(2) 1.87(2) 1.92(2) 1.88(1)
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Table S4 Defective structure candidates along with their symmetry analysis, formation energy, and
Rppr values. GOSWD = Geometry Optimized Structure Without Defect, F = Frenkel, I = Interstitial,
V = Vacancy. Several structure models (noted with *) fall back to the pristine structure upon
optimization.

Defective .structure Uni.t cell Space Formation Reoe 1%
candidate size group energy /leV
GOSWD 1 Pbnm (62)* 0.01 23
GOSWD 2x2x2 Pbnm (62)* 0.01 27
Frenkel defect
Mg(1) 1 P1(2) 2.98 25
Mg(1) 2x2x2 P1 (1) 5.41 20
Mg(2) 1 Pbnm (62)* 0.01 26
Mg(2) 2x2x2 Pbnm (62)* 0.01 20
o(1) 1 P1 (1) 7.92 23
0(1) 2x2x2 P1(1) 7.64 21
0(2) 1 Pbnm (62)* 0.01 27
0(2) 2x2x2 P1 (1) 7.69 19
0(3) 1 Pbnm (62)* 0.01 27
0(3) 2x2x2 P1 (1) 7.69 19
Vacancy defect
Mg(1) 1 P1 (1) 9.06 26
Mg(1) 2x2x2 P1(1) 9.11 19
Mg(2) 1 Pm (6) 10.14 23
Mg(2) 2x2x2 Pm (6) 10.27 19
o(1) 1 Pm (6) 6.44 23
o(1) 2x2x2 Pm (6) 6.51 22
0(2) 1 P1(1) 6.54 22
0(2) 2x2x2 P1(1) 6.56 21
0(3) 1 P1 (1) 6.54 23
0(3) 2x2x2 P1(1) 6.56 19
Si 1 P1(1) 12.37 25
Si 2x2x2 P1(1) 12.37 19
Schottky defect
Mg(1)-0(1) 1 P1(1) 10.59 25
Mg(1)-0(1) 2x2x2 P1(1) 11.64 19
Mg(1)-0(2) 1 P1(1) 8.79 28
Mg(1)-0(2) 2x2x2 P1(1) 9.88 19
Mg(1)-O(3) 1 P1 (1) 9.22 28

92



Mg(1)-O(3) 2x2x2 P1(1) 9.80 20

Mg(2)-O(1) 1 P1(1) 9.69 24
Mg(2)-O(1) 2x2x2 P1(1) 13.99 20
Mg(2)-0(2) 1 P1(1) 9.55 28
Mg(2)-0(2) 2x2x2 P1(1) 10.87 19
Mg(2)-0(3) 1 P1(1) 9.55 28
Mg(2)-O(3) 2x2x2 P1(1) 10.98 23

Charge defect

Mg | +0 2x1x2 P1(1) 3.73 27
Mg I +2 2x1x2 P1(1) -5.25 27
Mg V -2 2x1x2 P1(1) 9.05 25
Mg V +0 2x1x2 P1(1) 9.25 25
01+0 2x1x2 P1(1) 1.37 27
ol1-2 2x1x2 P1(1) 10.24 23
OV +2 2x1x2 P1(1) 1.49 27
oV+0 2x1x2 P1(1) 6.66 27
Sil+0 2x1x2 P1(1) 6.39 27
Sil+4 2x1x2 P1(1) -9.07 28

Table S5 Formation energy of charge defect structures computed using different fixed supercell size
and dilute limit*. F = Frenkel, I = Interstitial, V = Vacancy.

Formation energy /eV

Defective ) h
structure Unit cell size
candidate 1 2x1x2 3x1x2 3x2x2 3x2x3  Dilute limit
Mg | +0 3.13 3.73 3.99 4.29 4.24
Mgl +2 -6.45 -5.25 -4.99 -4.78 -4.90 -4.64
MgV +0 9.15 9.25 9.27 9.38 11.49
Mg V-2 6.46 9.05 9.38 9.80 9.77 10.21
Ol+0 1.76 1.37 1.38 1.40 1.24
Ol-2 1.74 10.24 10.53 6.32 6.46 -9.63
OV +0 6.45 6.66 6.73 6.72 6.56
oV+2 0.77 1.49 1.65 1.87 1.71 2.00
Sil+0 4.33 6.39 8.67 6.77 6.68
Sil +4 -13.39 -9.07 -8.14 -7.30 -7.13 -4.92
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ABSTRACT

Plagioclase feldspars draw intensive interplanetary research attentions because of its
abundance in the Martian regolith. It is predicted to consist of defect-rich crystal structures due
to long-lasting space weathering by mechanical impact from extra-terrestrial objects and the
solar wind radiation. For possible future human settlement on Mars, the available plagioclase
feldspars would be of crucial importance within the frame of in-situ resource utilization process.
As such, the present report focuses on the synthesis of representative plagioclase feldspars
and their simulated mechanical weathering wusing ball miling. A series of
(CaixNay)(Al2-xSi2+x)Os plagioclase feldspars are synthesized using an established solid-state
method with subsequent calcination schemes. The crystal structure of each phase pure
sample is characterized by X-ray powder diffraction and Rietveld refinement. The bulk
chemical compositions obtained from energy dispersive X-ray spectroscopy have been used
to obtain for Al/Si ratio in the sample. The total scattering data are collected using in-house X-
ray facilities, and analyzed by pair distribution function refinements. The vibrational modes of
the synthetic plagioclase feldspars are evaluated by Raman spectroscopy, complementing the

local structural features.

Keywords: plagioclase feldspar, mechanical weathering, SEM/EDX, X-ray, PDF, Raman
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1. Introduction

Plagioclase feldspars are volumetrically the most dominant mineral in the Martian crust [1].
The highly-abundant plagioclase feldspars on the Marian surface were detected by thermal
infrared [2], visible near-infrared spectroscopy [3, 4], and in-situ X-ray diffraction data from the
Mars Science Laboratory on the rover Curiosity [5, 6]. Bish et al. [5] reported that approximately
41 wt-% of plagioclase feldspar was identified in Martian soil, which is later supported by
Achilles et al. [6] who estimates a value between 36 wt-% and 41 wt-%. The X-ray diffraction
data analysis suggested an amorphous fraction in Martian regolith, which ranges from 28 wt-
% to 45 wt-% [5-8]. Such high concentration of amorphous content in Martian regolith can be
understood due to extreme weathering [9] by mechanical impact from extraterrestrial object
[10-12], as well as the solar wind radiation [13-15]. Assuming future human settlement on Mars,
in-situ resource utilization (ISRU) of these plagioclase feldspars for building materials would
be of great research attention. As such, investigation on representative plagioclase feldspars
and their simulated mechanical weathering are of crucial importance. Details of their structural
and spectroscopic characterizations are necessary prior to human’s mission on Mars.

Plagioclase feldspars belong to MT4Os aluminosilicates group, with a structure composed of
corner-sharing AlO4 and SiOg4 tetrahedra (T) linked in an infinite three-dimensional array [16]
as shown in Figure 1. The tetrahedra are arranged in four-membered rings which are stacked
to form crankshafts parallel to the crystallographic a—axis. The crankshafts are connected
together in an open structure with large cavities to accommodate alkali- or alkaline earth metals
(M). The structural complexity of plagioclase feldspar arises from the interplay between the
Al/Si ordering among these tetrahedra and the displacive distortions of the entire framework
[17]. Due to variation of the Al/Si molar ratio in the (Cai..Nax)(Al2Si2+x)Os plagioclase
feldspars, a different type of tetrahedra ordering occurs within the solid solution [18-20]. Of

particular crystal-chemical aspects, the anorthite (CaAl2Si2Os) endmember with Al:Si = 2:2

allows for a complete long range order with 11 [21] symmetry, whereas the albite (NaAISizOs)
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endmember with Al:Si = 1:3 crystallizes in the space group €1 [22] with short range order. Kroll
and Miiller [23] suggested that the 11 < €1 transformation occurs between x = 0.3 and x = 0.4.
Later, Carpenter and McConnell [24] determined this transformation as a steep line passing

through the points ~x = 0.41 at 1273 K and ~x = 0.23 at 1713 K in the anorthite-albite binary

phase diagram.

Figure 1. Crystal structures of anorthite (left) and albite (right). The crankshaft chain parallel to a—axis
(mid-top) are built from stacked four-membered ring (mid-bottom).

Several studies have been conducted on naturally occurred plagioclase feldspars with
particular interests on its bulk moduli [25], thermodynamic properties [26] and dissolution rate
[27]. Synthesis of both single crystals [28, 29] and polycrystalline plagioclase feldspars
ceramics [30-32] by various techniques have been reported earlier. Li et al. [32] reported
synthesis of plagioclase feldspars for x = 0, 0.2, 0.4 and 0.67 with focus of the microwave
dielectric properties. Krzmanc et al. [31] extended the solid solution for x = 0, 0.2, 0.4, 0.6,
0.67, 0.8 and 1. To the best of our knowledge, a systematic crystal-chemical study is still
missing for a complete solid solution of plagioclase feldspars and their post-mechanical

weathering effect relevant to Martian regolith.
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The present study mainly addresses the synthesis and characterization of plagioclase
feldspars (CaixNax)(Al2-xSi2+x)Os for x =0 — 1.0 with Ax = 0.1. Since mechanical stress can
simulate mechanical weathering [33], leading to induce defects and amorphous contents [34,
35], selective members are mechanically weathered using high energy ball mill to represent
the defect-rich Martian plagioclase feldspars. Details of the structural features of each member
of the solid solution is characterized using X-ray powder diffraction (XRPD) and X-ray total
scattering, followed by Rietveld and pair distribution function (PDF) [36-38] analysis,
respectively. In addition, Raman spectroscopy and SEM/EDX were used as complementary

characterization.

2. Materials and methods

2.1. Synthesis

Calcium carbonate (CaCO3z, ChemPUR 99 %), sodium carbonate (NaCO3;, ORG Laborchemie
99.5 %), Kaolin (AlLSi,Os(OH)4, Sigma-Aldrich) and amorphous SiO2 (Thermo scientific
99.9 %) were used as starting materials. Stoichiometric amounts of aforementioned starting
materials were ground in an agate mortar. The mixed powder was transferred to a porcelain
crucible and calcined in a muffle furnace at 1173 K for 12 h. The obtained solid was ground
and pressed into a pellet using uniaxial force of 10 kN in a 20 mm diameter cylinder mold for
5 minutes. The pellets were placed on a platinum sheet and calcined in air for 5 days at various
final temperature, as listed in Table 1, with heating- and cooling rate of 10 and 3 K/min,
respectively. The solid was then hammered into coarse pieces and finely ground for further
characterization. Selective members of (Cai.xNax)(Al-xSi2+x)Os plagioclase feldspars (x =0, 0.4
and 1) were mechanically weathered using high energy ball milling to accumulate potential
energy and introduce defects on their surface [39]. Each powder was milled with tungsten
carbide (WC) jar and balls. The ball to powder ratio was set to 5:1, while milling frequency and

time were set for 15 Hz and 1 h, respectively.
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Table 1. Final calcination temperature of (Cai-xNax)(Al2-xSiz2+x)Os plagioclase feldspars.

X Calcined temp /K
0.0 1673
0.1 1623
0.2 1583
0.3 1553
0.4 1513
0.5 1473
0.6 1423
0.7 1393
0.8 1363
0.9 1323
1.0 1273

2.2. X-ray powder diffraction

X-ray powder diffraction (XRPD) data collections were carried out on a Bruker D8 Advance
diffractometer using CuKq1 radiation (Akq1 = 154.05929(5) pm) in Bragg—Brentano geometry.
Data were collected at ambient condition from 10° to 130° 26 with a step width of 0.0145° 26
and a measurement time of 2.1 s per step. XRPD data Rietveld refinements were carried out
using TOPAS V6.0 (Bruker AXS, Germany). During the Rietveld refinements, the background
parameters, sample displacement, metric, and atomic positional parameters were optimized.
The site occupancy factors (SOF) were determined by respective Al/Si-O distances [40]. The
amorphous fraction of the samples was quantified from the degree of crystallinity (DC) as
implemented in the TOPAS software. For these calculations it was assumed that the average
scattering power of the crystalline fraction of the sample is identical to the scattering power of
the X-ray amorphous fraction. The latter one could consist of either glassy or quantum-
crystalline contributions [41]. Using the fundamental parameter approach [42], the apparent
average crystallite size (ACS) was calculated from all observed X-ray reflections, which is

described as Lvo(/B) by the TOPAS suite. Lvo(/B) refers to the volume-weighted mean size of
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the coherently diffracting domains using the integral breadth for the description of the reflection
profile. The respective pseudo-Voigt profile function was deconvoluted into Gaussian and
Lorentzian components, describing the ACS and the micro-strain (go), respectively. The
information deduced during these (classical) Rietveld refinements are, except the DC, based
on the appearance of the Bragg reflections and an ideal arrangement of atoms in a unit-cell

only [43].

2.3. Total scattering

Total scattering measurements data were collected in order to calculate the respective atomic
pair distribution functions (PDF). Powder samples were placed in a borosilicate glass capillary
of 0.5 mm outer diameter and 0.01 mm wall thickness. Thereafter, they were mounted on a
Stoe STADI MP diffractometer (Stoe & Cie. GmbH, Darmstadt, Germany) in Debye—Scherrer
geometry. Homogeneous irradiation of the powders was achieved with a sample spinner.
Ge(111) monochromatized MoK+ radiation was used for the measurement with a MYTHEN
4K (Dectris) detector from 3° to 105° 26 and a step width of 0.015° 26. The measurement time
per data point for pristine- and weathered samples were of 33,390 s and 57,240 s, respectively.
Thus, the pristine- and weathered samples total measurement time were of 70 h and 120 h,
respectively. Each measured dataset was background corrected with an empty capillary. The

pair distribution function G(r) was calculated using the program PDFgetX3.

2.4. Microscopy

Elemental analysis was employed on the synthesized plagioclase feldspars by scanning
electron microscopy/energy dispersive X-ray (SEM/EDX) spectroscopy. SEM was carried out
using a JMS-6510 (JEOL GmbH, Munich, Germany) equipped with an X-Flash 410-M detector
(Bruker) for EDX spectroscopy. A small amount of powder sample was taken on conducting
carbon tabs and sputtered with gold for 20 s with a JFC-1200 coater (JEOL). EDX spectra

were collected using an excitation voltage of 20 kV.
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2.5. Raman spectroscopy

Raman spectra were recorded on a LabRam ARAMIS (Horiba Jobin — Yvon) micro-Raman
spectrometer equipped with a green laser (Aex = 532 nm and < 20 mW power). A 100x objective
(Olympus) with a numerical aperture of 0.9 provides a focus spot of 721 nm diameter when
closing the confocal hole to 200 um. Each spectrum ranges between 40 cm™ and 1200 cm”’
with a spectral resolution of approximately 1.2 cm™ using a grating of 1800 grooves/mm and a

thermoelectrically cooled CCD detector (Synapse, 1024 x 256 pixels).

3. Results and discussion

3.1. Synthesis

The solid-state reactions with the proposed calcination scheme leads to phase pure (> 99
wt.-%) (Cai-xNax)(Al2-xSi2+x)Os plagioclase feldspar solid-solution member. Trace impurities of
cristobalite SiO, are detected for plagioclase feldspars for x = 0 - 0.4, which were calcined at
an elevated temperature of =2 1513 K. An attempt to have equal final calcination temperature
lead to the formation of krotite (CaAl>O4) as a byphase. Moreover, nepheline (NaAISiO4) and
gehlenite (Ca2Al.SiO7) were attained upon calcination below the proposed final temperature

within short time (< 24 h).

3.2. SEM/EDX

Representative SEM micrographas of synthesized plagioclase feldspars are given in Figure 2,
showing a non-uniform distribution of agglomerated micro-particles. Table 2 shows the
complete Ca/Na and Al/Si atomic ratio obtained from the SEM/EDX analysis. Within the
estimated standard deviation, the obtained Ca/Na and Al/Si values are comparable to those of

the respective nominal ones, supporting the phase purity of the samples.
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Figure 2. Micrographs of (Ca1-xNax)(Al2-xSi2+x)Os plagioclase feldspars with x = 0, 0.4 and 1 (left to right).
The first row belongs to the pristine samples, while second row are the ball-milled ones.

Table 2. Ca/Na and Al/Si atomic ratios of (Cai-«Nay)(Al2-xSi2+x)Os plagioclase feldspars obtained from
SEM/EDX. RV = real value, NV = nominal value. The boldfaced italic rows refer to post-milled samples.

Ca/Na Al/Si

* RV NV RV NV

0 - - 0.94(2) 1

0 - - 0.98(5) 1
0.1 8.68(47) 9.00 0.86(3) 0.90
0.2 3.58(32) 4.00 0.78(5) 0.82
0.3 2.15(27) 2.33 0.76(3) 0.74
0.4 1.55(13) 1.50 0.67(2) 0.67
04 1.64(19) 1.50 0.66(3) 0.67
0.5 1.05(9) 1.00 0.62 0.60
0.6 0.64(7) 0.67 0.54(2) 0.54
0.7 0.44(4) 0.43 0.49(2) 0.48
0.8 0.26(3) 0.25 0.46(3) 0.43
0.9 0.13(2) 0.11 0.38(2) 0.38

1 0.00 0.00 0.34(2) 0.33

1 0.00 0.00 0.33(2) 0.33
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3.3. Crystal structure

3.3.1. Plagioclase feldspar solid solution

The XRPD stack plots of all synthesized plagioclase feldspars are shown in Figure S1
(Supplementary Information). The degree of crystallinity (DC) of the synthesized plagioclase
feldspars remain between 73 wt.-% and 84 wt.-%, suggesting substantial amount of diffuse
scattering contributions from the associated amorphous contents. A modified anorthite crystal
structure [21] with space group I1 was used for the Rietveld refinement for x = 0 - 0.4, whereas
the rest of the solid solution members require a modified albite crystal data [22] with the space
group C1. A representative Rietveld plot of the Ca(Al,Siz)Os anorthite is shown in Figure 3. A
complete list of synthesized plagioclase feldspars and their XRPD characterization results are

given in Table 3.
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Figure 3. Representative X-ray powder data Rietveld plot of Ca(Al2Si2)Os.

The apparent average crystallite size (ACS) and the micro-strain (e0) of the synthesized
(CaixNay)(Al2.xSi2+x)Osg plagioclase feldspars are depicted in Figure 4. XRPD data Rietveld
refinements indicate that anorthite CaAl»Si>Os crystallizes with an ACS of approximately 252(9)
nm, while the other endmember albite NaAlSisOs with 145(4) nm. The ACS gradually

decreases down to ~ 90 nm for x=0.6 — 0.7 and slightly increases afterward to the albite
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endmember. Inversely, the micro-strain (€o0) exhibits the maximum value for x = 0.7. The point
of inflection at x = 0.7 for both ACS and (g) are also supported by the distinctive XRPD

reflections in the 26-range from 27.2° to 28.2° (Figure S1).

Table 3. Phase quantification, average crystallite size (ACS) and micro-strain (o) of
(Ca1-xNay)(Al2«Si2+x)Os plagioclase feldspars along with the degree of crystallinity (DC) obtained from
the XRPD data Rietveld refinements. The boldfaced italic rows refer to post-milled samples.

X Phase fraction /% DC /% ACS /nm € 1%
0 CaAlzSi20s 99 83(5) 252(9) 0.075(1)
Cristobalite SiO2 1 - - -
0 CaAl:Si20s 99 78(5) 56(1) 0.044(1)
Cristobalite SiO: 1 - - -
0.1 (Cao.osNao.1)(Al1.9Si2.1)Os 99 81(5) 228(9) 0.084(1)
Cristobalite SiO2 1 - - -
0.2 (Cao.sNao.2)(Al1.8Si2.2)Os 99 78(5) 175(6) 0.085(1)
Cristobalite SiO2 1 - - -
0.3 (Cao.7Nao.3)(Al1.7Si2.3)Os 99 80(5) 164(5) 0.092(1)
Cristobalite SiO2 1 - - -
0.4 (CaosNao.4)(Al1.6Si2.4)Os 99 84(5) 122(3) 0.094(1)
Cristobalite SiO2 1 - - -
04 (Cao.sNao.4)(Al1.6Si2.4)Os 99 82(5) 63(1) 0.077(1)
Cristobalite SiO: 1 - - -
0.5 (Cao.sNao.s)(Al1.5Si2.5)Os 100 73(5) 100(3) 0.097(1)
0.6 (Cao.4Nao.s)(Al1.4Si2.6)Os 100 74(5) 86(2) 0.111(1)
0.7 (Cao.sNao.7)(Al1.3Si2.7)Os 100 75(5) 89(3) 0.154(1)
0.8 (Cao.2Nao.s)(Al1.2Si2.8)Os 100 75(5) 135(5) 0.129(1)
0.9 (Cao.1Nao.9)(Al1.1Si2.9)Os 100 79(5) 133(4) 0.105(1)
1 NaAlISizOs 100 81(5) 145(4) 0.090(1)
1 NaAlSizOs 100 79(5) 86(1) 0.066(1)
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Figure 4. Changes of the average crystallite size (ACS) and micro-strain (eo0) with respect to chemical
composition x in (Ca1-xNax)(Al2xSiz2+x)Os plagioclase feldspars.

Figure 5 illustrates the evolution of metric parameters in changing the compositional x in
(CaixNax)(AlxSi2+x)Os plagioclase feldspars. The a-lattice parameter follows similar trend to
those of ACS, i.e. x = 0.7 possesses the lowest value. Lattice parameter b, ¢ and volume are
in general increasing with respect to CaAl - NaSi chemical composition changes. For a
triclinic crystal system, the lattice angles are important to be taken into account, mainly the y-
angle. It is a well-known function which is sensitive to the occupancy of the Si/Al within
tetrahedral site [44]. In other words, the Al/Si ordering state of plagioclase feldspar can be
examined by the y-angle [45-48]. The apparent y-angle are pronouncedly declining until x =
0.5 followed by moderate decrease to albite endmember. The synthesized anorthite possesses

relatively lower y of 91.125 ° comparable to the reported value of 91.280 ° [17, 21]. In contrast,
synthesized albite keeps y of 90.243(2) ° which is close to the maximum value of high albite

(90.25 °) with ordering parameter of 0 [47].
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Figure 5. Evolution of the metric parameters while changing the compositional x in
(Car-xNay)(Al2xSi2+x)Os plagioclase feldspars. A modified anorthite crystal structure was used for
refinement of x = 0-0.4, whereas x = 0.5-1 were refined using albite crystal data (c and V values are
doubled for good comparison).

During Rietveld refinements, the average T-O bond length is restrained between 174 pm
(correspond to Al-O) and 162 pm (correspond to Si-O) for each tetrahedral geometry, which
certainly (indirectly) correlates the site occupancy factor (SOF) of Al/Si in the tetrahedral sites.
That is, a longer T-O indicates higher Al-content and the shorter the predominance of the Si-
content in the tetrahedral sites. The change of the average bond length and the Al/Si SOFs
are listed in Table 4 and Table 5, respectively. Note that high values of estimated standard
deviations (ESDs) are obtained from refinement of the fractional atomic positions altogether.
Indeed, an isomorphic substitution of Al** with Si** shows linear decreasing trend of the grand
average T-O bond length (<T-O>) irrespective to the symmetry and, the cationic radius of the

Na* and Ca?* [49] in the series.
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Table 4. Evolution of average bond length (Tn-O) in tetrahedral sites and its grand average (<T-O>) of

synthesized (Ca1-xNay)(Al2«Si2+x)Os plagioclase feldspars.

X -0 T2-0 T73-0 T4-0 75-0 T6-0 T7-0 T8-0 <T-O>
0 168.0(27) 170.1(28) 167.6(31) 168.3(29) 168.4(32) 167.4(33) 167.3(32) 167.2(32) 168.0(30)
01 168.7(30) 170.0(35) 166.0(32) 169.1(33) 167.9(29) 167.5(28) 168.1(32) 165.5(31) 167.8(30)
02 168.9(31) 169.7(32) 166.3(36) 169.8(28) 167.2(32) 166.7(34) 167.2(32) 164.4(33) 167.5(31)
03 168.8(32) 168.8(34) 167.9(34) 167.4(31) 166.2(32) 165.7(32) 168.0(34) 165.0(33) 167.2(32)
04 166.6(33) 167.6(34) 168.6(34) 166.6(35) 166.4(32) 166.4(31) 167.3(34) 165.1(35) 166.8(33)
05 166.7(11) 166.7(12) 166.3(13) 166.3(12) - 166.5(12)
06 166.3(13) 166.3(12) 166.2(14) 166.1(13) - 166.2(13)
07 166.0(14) 166.0(13) 165.9(15) 165.9(13) - 165.9(14)
08 165.8(12) 165.6(11) 165.3(12) 165.7(12) - 165.6(12)
09 165.2(12) 165.7(11) 165.9(12) 164.8(11) - 165.4(12)
1 164.9(11) 164.8(11) 165.5(10) 164.9(11) - 165.0(11)

Table 5. Site occupancy factor of Al in tetrahedral sites (7n) and its average (<T>) of synthesized (Ca1-

xNay)(Al2-xSi2+x)Os plagioclase feldspars.

X M T2 T3 T4 75 T6 T7 T8 <T>
0  05039) 0678(11) 0.4659) 0.521(9) 0532(10) 0.450(9) 0.442(8)  0.434(8)  0.503(9)
0.1 05589) 0.664(13) 0.3356) 0595(12) 0.493(8) 04558) 0.505(10) 0.295(5)  0.487(9)
0.2 0.574(11) 0.644(12) 0.357(8) 0.647(11) 0.430(8) 0.388(8) 0.430(8)  0.197(4)  0.458(8)
0.3 0569(11) 0.571(12) 0.489(10) 0.452(8)  0.350(7)  0.307(6) 0.496(10) 0.251(5)  0.435(8)
0.4 0380(8) 0.468(9) 0.552(11) 0.384(8) 0.364(7)  0.370(7) 0.439(9)  0.261(6)  0.402(8)
05 0387(3) 03953) 0.360(3)  0.360(3) - 0.376(3)
0.6 0361(3) 0.355(3) 0.350(3)  0.340(3) - 0.351(3)
0.7 0330(3) 0.331(3) 0.324(3)  0.324(3) - 0.327(3)
0.8 0315@2) 0.299(2) 0271(2)  0.306(2) - 0.298(2)
0.9 02682 0309(2) 0.3252)  0.236(2) - 0.285(2)

1 0243(2) 0232(2) 02952)  0.244(2) - 0.253(2)
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3.3.2. Milled Plagioclase Feldspars

XRPD data Rietveld refinements confirm that selective (x = 0, 0.4 and 1) post-milled
(CaixNay)(AlSi2+x)Osg plagioclase feldspars, as shown in Figure 6, possess identical phase
fractions to its pristine form. Figure S2 depicts how the further ball milling broadens the Bragg
reflections along with significantly lower intensity. As a consequence, the post-milled
plagioclase feldspars exhibit notable lower degree of crystallinity (DC), smaller average
crystallite size (ACS), and lower micro-strain (o) (Tab. 3). The post-milled anorthite maintains
the biggest difference of DC (ADC ~ 5 %) compared to other plagioclase feldspars
(ADC ~ 2 %). Alike, for the post-milled intermediate member of x = 0.4, both the ACS and the
€o decrease from 122(3) to 63(1) nm) and from (0.094(1) to 0.077(1) %), respectively. Rather
small differences are observed for the endmember albite with AACS of 59(5) nm and Ago of
0.024(2) %. These results indicate for a given mechanical weathering, the microstructural

features are more susceptible to the anorthite than the albite.
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Figure 6. Representative X-ray powder data Rietveld plot of milled anorthite Ca(Al2Si2)Os.
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3.4. Pair distribution function (PDF) analysis

Total scattering measurements were carried out to further investigate the defects and local
structures of the plagioclase feldspars. The analysis of the total scattering data allows
extracting information from both Bragg and diffuse scattering contributions. Bragg scattering
contribution can be analyzed by conventional approach in reciprocal space and provides
information on the average and long-range periodic structure, whereas the diffuse scattering
which mostly lies beneath the Bragg reflections [50] yields information regarding the short-
range order and local structure deviations. While the observed PDFs of prior- and post-milled
anorthite are almost similar, one of intermediate plagioclase feldspars for x = 0.4 shows notable
differences such as better resolved peaks for the post-milled samples as seen in Figure 7.
Such a greater difference is observed for the albite endmember, suggesting that the
mechanical weathering create more disordered structure for plagioclase feldspar with higher

Si/Al ratio.
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Figure 7. Observed G(r) of prior- and post-milled (Ca1-xNay)(Al2-«Si2+x)Os plagioclase feldspars.

Symmetry-constrained structural models obtained from Rietveld refinement of the selective
plagioclase feldspars were fitted against their experimental PDFs. PDF-Rietveld refinements
of the investigated plagioclase feldspars are shown in Figure 8. The refinements of prior-milled
anorthite converged with Repe = 17 %, noticeably higher compared to that of post-milled one
(Reor = 25 %). Analogically, the same behaviors are observed in albite and intermediate

plagioclase feldspar of x = 0.4. The refinements of prior-milled intermediate feldspar and albite
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converged with Repr Of 15 % and 23 %, whereas their post-milled possess higher Repr of 26
% and 46 %, respectively. The Rppr differences between prior- and post-milled samples
(ARppF) are increasing with respect to Si/Al ratio. The higher Repr indicates that a simple PDF-
Rietveld refinement using an ideal average crystal structure model can hardly describe the

local nature of the post-milled sample, in particular, for the albite endmember.
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Figure 8. Representative PDF-Rietveld refinement plots of prior- (left) and post-milled albite (right).

3.5. Vibrational properties

3.5.1. Plagioclase feldpsar solid solution

Raman spectra of the synthesized (Cai.xNax)(Al>«Si>+x)Os plagioclase feldspars are shown in
Figure 9. The changes in chemical composition have strong influence on the Raman modes.
Factor group analysis predicts 39 and 78 Raman active modes [51], respectively for albite-rich
(C1) and anorthite-rich structure (/1) samples. Peak fitting was performed for each
experimental spectrum. The characteristic peak maxima along with comparative experimental
reference data of anorthite [51-53] and albite [51, 52, 54] endmembers are given in Table 6.
Typically, the Raman spectra of plagioclase feldspar can be categorized into five regions:
<200 cm™, 200 cm™ - 450 cm™, 450 cm™ - 600 cm™', 600 cm™ - 800 cm, and > 800 cm™. The
low-frequency region (< 200 cm™') are associated with the cage-shear modes [55, 56] with

medium intensities. The second region (200 cm™ - 450 cm™") show similar intensities than those
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in the lower region. The spectral intensity in this region is mainly contributed by the rotation—
translation modes of the four-membered rings [55, 56]. The third region (450 cm™ - 600 cm™)
spectra can be attributed to ring-breathing modes of tetrahedra four-membered rings [52, 55,
56]. The most intense feature in the plagioclase feldspar Raman spectra is the doublet within
this region. The exact position and the distance between the two peaks vary with chemical
composition. For instance, the two strongest bands are observed at 486 cm™ and 504 cm™ in
anorthite. The distance gets wider upon changes to Na-rich composition, with those of albite
are observed at 476 cm™ and 509 cm™'. The peaks observed at fourth (600 cm™ - 800 cm™)
and fifth region (> 800 cm™) are correspond to deformation- and vibrational stretching modes
of the tetrahedral [51, 52, 55-57], respectively. The Raman peaks within these regions tend to
be relatively weak, in particular of albite-rich composition. The measured Raman spectra
suggest that the phase transition occurred at x = 0.4, as illustrated by selective Raman peak

shifts in Figure 10.
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Figure 9. Raman spectra of plagioclase feldspars collected at ambient condition for
(Ca1-xNay)(Al2-xSiz+x)Os.
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Table 6. Characteristic Raman frequencies of anorthite (CaAl2Si20s) and albite (NaAlSizOs) in this study
compared with those of literature values.

Raman shift /cm™

Anorthite CaAl2Si20s

This work 401(1) 486(1) 504(1) 557(1)
Bersani et al. [51] 402 488 504 555
Freeman et al. [52] 402 488 505 556

Xie et al. [53] 401 487 504 558

Albite NaAlSisOs

This work 408(1) 476(1) 509(1) 574(1)
Bersani et al. [51] 407 478 507 578
Freeman et al. [52] 406 480 508 576

Bendel [54] 408 480 508 580
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Figure 10. Selective Raman peak shifts with respect to compositional x in (Cai-xNay)(Al2-xSi2+x)Os
plagioclase feldspar.
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3.5.2. Milled plagioclase feldpsars

The vibrational features of some optical phonons can be clearly distinguished between the
prior- and the post-milled plagioclase feldspars as depicted in Figure 11. The full-width at half-
maximum (FWHM) of the resolved peaks significantly broadens for the post-milled samples,
which eventually shifts the peaks within the estimated uncertainty, as given in Table 7. For
albite, the peak slightly broadens (AFWHM < 3 cm™) accompanied by a negligible frequency
shift. A greater peak broadening (AFWHM < 4.5 cm™) and shifts are observed in intermediate
member of x = 0.4. Any additional Raman peaks attributed to defects are not so far resolved
within our experimental datasets. However, the noticeable peak broadening clearly indicates
the differences in crystallite size and the degree of disorder [58-61] before and after the milling.
In contrast, the Raman spectra of the post-milled anorthite possesses prominent difference
from its pristine counterparts. In general, global red-shifts together with significant peak
broadening (AFWHM < 16 cm™) are observed in post-milled anorthite. The dominant two
intense modes related to four-membered ring-breathing of Al/Si tetrahedra are further shifted
to 482(1) cm™ and 501(1) cm™, with FWHM of 22(1) cm™ and 24(1) cm™, respectively. In

addition, stronger intensities of two bands at 181(1) cm™ and 257(1) cm™" are clearly perceived.
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Figure 11. Raman spectra of prior- and post-milled (Cai-xNax)(Al2-xSi2+x)Os plagioclase feldspars
collected at ambient condition.
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Table 7. Selective Raman frequencies (wi /cm) and their full-width at half-maximum (FWHM /cm-) of
the deconvoluted peak maxima of different (Cai-xNax)(Al2xSi2+x)Os plagioclase feldspars and their
respective milled representatives.

Sample wi FWHM wi FWHM wi FWHM wi FWHM

CaAl2Si20s

Prior 401.1(2) 12.6(5) 486.12) 15.6(5) 504.5(2) 11.7(5) 556.9(2) 18.5(5)

Post-milled 399.5(2) 21.4(5) 481.7(2) 22.3(5) 500.6(2) 23.7(5 552.4(2) 34.4(5)

(Cao.sNao.a)(Al1.6Si2.4)Os

Prior 405.2(2) 23.4(5) 484.4(2) 24.2(5) 508.6(2) 17.9(5) 559.5(2) 24.1(5)

Post-milled 405.0(2) 25.0(5) 484.2(2) 25.1(5) 508.8(2) 22.5(5) 558.8(2) 26.6(5)

NaAlSisOs

Prior 408.4(2) 12.2(5) 476.2(2) 23.5(5) 509.2(2) 12.8(5) 574.4(2) 18.8(5)

Post-milled 408.2(2) 15.1(5) 476.3(2) 23.8(5 509.4(2) 15.1(5 574.7(2) 21.7(5)

4. Summary and outlook

The plagioclase feldspar (Cai.xNax)(Al>xSi2+x)Og solid solution was successfully synthesized
by solid-state methods. SEM/EDX analysis indicates that synthesis with the desired chemical
compositions were attained. Structural analysis was performed on X-ray powder diffraction
data by means of Rietveld refinements. The synthesized plagioclase feldspars exhibit degrees
of crystallinity of 73 wt.-% — 84 wt.-%, suggesting substantial amount of the amorphous
scattering contents. Selective plagioclase feldspar members (x = 0, 0.4 and 1) were
mechanically weathered using high-energy ball milling. Implementing PDF-Rietveld
refinements on X-ray Mo data indicates a complex disorder structure, in particular of post-
milled albite endmember. Raman peaks broadening and frequency shifts complemented the
structural features of the defective phases. This finding is an important step to characterize
and quantify defect-rich Martian regolith. Further investigations involving other phases are

necessary as a stepwise strategy to describe multi-phase Martian regolith. Additionally, a
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comparative study between radiation-weathering and the mechanical-weathering described

here would be of high demand to understand the mechanism of space weathering effects.
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Figure S1. X-ray powder diffraction patterns of (Cai.xNax)(Al>-xSi2+x)Og plagioclase feldspars.
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Figure S2. X-ray powder diffraction patterns of prior- and post-milled anorthite (CaAl2Si2Og).
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Figure S3. PDF-Rietveld refinement plots of prior- (left)
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(Ca1.xNax)(Al2-xSi2+x)Osg plagioclase feldspars.
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Chapter 6 — Outlook

Within the scope of this thesis, two solid solutions of Martian regolith phase constituents,
(Mg1.xFex)2SiO4 olivines and (Cai.xNax)(Al2-xSi2+x)Os plagioclase feldspars were successfully
synthesized. Additionally, selective defect-rich structure investigations were conducted to
study mechanical weathering process occurred on Mars. The samples are characterized using
X-ray powder diffraction Rietveld refinement, X-ray total scattering pair distribution function
analysis, SEM/EDX, Raman- and UV/Vis spectroscopy.

Mechanochemical synthesis of (Mg+.xFex)2SiO4 olivine solid solution (Chapter 3) was carried
out to cover the wide range of olivine composition on Mars. The synthesized olivines exhibit
relatively low amount of the amorphous scattering contents with DC of 92 wt.-% — 97 wt.-%.
Nevertheless, synthesis of high-amorphous olivine phases would mimic closer condition to the
real Martian regolith and provide better understanding of their crystal chemical properties.
Moreover, the third olivine endmember in the form of tephroite (Mn2SiO4) might also be present
despite of their small fraction on Martian regolith. Additional synthesis of their combination
series, i.e. full solid solution of (Mg1-xMn)2SiO4 and (Fe1.xMny)2SiO4 olivines would expand the
data base for complete preparation prior humans’ mission on Mars.

Investigation on the defect-rich and highly-amorphous Mg»SiO. (forsterite, Chapter 4) was
fulfilled to study mechanical weathering impact using high-energy ball mill. The X-ray powder
diffraction data and vibrational Raman spectroscopy indicated the presence of high-
amorphous and disorder structure. PDF-Rietveld refinement confirmed the existence of the
defect-rich structure. Systematic study involving greater range of defect concentration in
forsterite would be of interesting future studies. That is, extensive research to explore
possibility of other defect-rich structural motifs with lower formation energy.

The plagioclase feldspar (CaixNax)(Al2-xSi2+x)Os solid solution (Chapter 5) was successfully

synthesized by solid-state methods. The synthesized plagioclase feldspars exhibit substantial
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amount of the amorphous scattering contents with DC of 73 wt.-% — 84 wt.-%. Due to similar
X-ray scattering power of Al and Si, the Al/Si and Ca/Na site occupancy factors (SOFs) were
determined from the grand average Al/Si-O bond lengths within their tetrahedral sites. While
this method is able to provides reasonable refinements and structure fittings of the series, the
structure solution remains open for mechanically-weathered samples, in particular of the high
standard deviation vyielded. Thus, neutron diffraction on each member of the
(CaixNax)(AlxSi2+x)Os series and selective mechanically-weathered plagioclase feldspar
would clarify this issue and provide more reliable refinements.

Overall, these findings are important starting point to characterize and quantify defect-rich
Martian regolith. In contrast to naturally occurring minerals, the synthesized samples have an
advantage of providing high-purity materials (299 %) for further experiments of extraterrestrial
metal fabrications on Mars. Further investigations involving a larger number of phases are
necessary as a stepwise strategy to structurally describe multi-phase Martian regolith.

In addition, a study of radiation-induced defects would complement the research. Selective
pristine and post-mechanical weathering samples should be irradiated with proton to simulate
billion years of radiation damage. The samples will be analyzed again with multi-tool structural
and spectroscopic characterization techniques. Comparative results between mechanical-,
radiation-, and total-weathering process would be of high demand to understand the
mechanism of space weathering effects. The overall simulation would mimic the Martian
weathering process, leading to representative samples to shed light on the feasibilities of the

ISRU.
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