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In this work, three different tochilinite-like materials have been
obtained by sophisticated synthetic methods that allow to
control the distribution of iron ions. The purity of the samples
was confirmed by powder X-ray diffraction. From elemental
analysis and Mossbauer spectroscopy data, detailed composi-
tions could be determined: T1) Fe,,:5*0.86 [Fe’ "o Fe’ " ssMg®™
043(OH) 011 T2) FeggeS*0.85 [Fe?"ossFe’ o1 AP 33(0H),; g4(0)o.16l;
T3) Fey7;5*0.79 [Fe?* g 25Fe* 4 75Mg* ¥ 4,61AP ¥ 6,61 (OH); 65(0)g 02l
These compositions fit to typical compositions of tochilinite in
regard of the amount of iron vacancies and the volume ratio of

Introduction

Tochilinite (Figure 1) is a rare layered hybrid mineral that
belongs to the valleriite mineral group. This group contains all
known hybrid minerals that are composed of sulfide and
hydroxide layers. Tochilinite consists of iron sulfide and
magnesium hydroxide layers with slightly distorted mackina-
wite and brucite structures as described by Organova et al. in
1973. Tochilinite has been reported to crystallize in the space
group P1 with triclinic symmetry but monoclinic metrics with
a=537A, b=1565A, c=1072A; a=p=90° and y=95°.
Tochilinite is mainly found in carbonaceous chondrites and
rarely occurs at sulfide ore deposits.”™® As tochilinite is a rarely
occurring mineral, a convenient synthesis for pure tochilinite is
required. Layered hybrid materials have attracted some atten-
tion as functional materials for electronic, magnetic and optical
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the hydroxide layers to the sulfide layers. Besides hydroxide
ions, oxide ions are also present in the hydroxide layers as a
result of surface oxidation after the synthesis due to the high
reactivity of the particles. TEM and SEM investigations show
that the obtained powders consist mainly of thin sheets
accompanied by nanotubes with BET surface areas ranging
between 20 m?’/g and 40 m’/g. The thermal stability was
investigated by TGA and DSC analysis and it depends signifi-
cantly on the composition.

Fe@ SO MgO 00

Figure 1. Unit cells of mackinawite' (left) and tochilinite® (right).

applications and tunable tochilinite may be an interesting
candidate for future developments.”'"! Additionally, it may be a
suitable mediator for prebiotically relevant reactions as has
been suggested and experimentally shown for other iron
sulfides.">'® Besides being delivered by meteoritic impacts,
tochilinite forms from iron sulfides in basic anoxic environments
and might have been quite common on the early earth."”'®
Synthetic tochilinite has been produced before, however, with-
out the ability to control the iron ion distribution and the
samples have always been contaminated by side products like
pyrrhotite, pyrite and magnetite."*?? Therefore, a composi-
tional analysis of the sulfide and the hydroxide layers
independent of each other has not been reported so far.
Previous studies were limited to diffraction experiments or
Méssbauer studies.*'*? This work is the first to report on a
synthesis of pure tochilinite-like materials. The combination of
X-ray diffraction, MOssbauer spectroscopy and elemental analy-
sis by ICP-OES made it possible to obtain detailed compositions
of the synthetic materials.
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Results and Discussion

Natural tochilinite contains Fe’™ in the sulfide layers and mainly
Mg?*, APT, Fe’* and Fe’*" in the hydroxide layers with a
composition of

Fe?*, . S ¥y [Fe*",Fe*" ,Mg*" AP*y (OH),] with
0.1<x<03anda+b+c+d=1andb+d=x
and 0.7 < y < 0.912352227-29)

Our aim was to synthesize tochilinite-like materials with
three different compositions of:

T1) Fe**,, S "y [Fe*",Mg®", ,(OH),]
T2) Fe**,, S *y [Fe*",_, AP, (OH),]

T3) Fe’*,, S "y [Fe*",_Fe’",(OH),]

with 0.1 <x< 0.3 and 0.7 <y <0.9.

As has been described before, we used a hydrothermal
synthesis approach.*'”?'?? |n contrast to previous works, we
only used solid Fe, S, Al, Mg and FeO(OH) without any soluble
salts. One advantage of using elemental metals is that their
oxidation provides a sufficiently high hydrogen gas pressure
that is necessary to limit the oxidation of Fe’" to Fe**. All
syntheses were carried out in stainless-steel pressure reactors
with a Teflon inlet. The side products that needed to be dealt
with are pyrrhotite, pyrite, magnetite and residual iron.

Synthesis of T1, magnesium tochilinite

For the synthesis of T1, a two-step procedure was developed.
At first, a suspension of FeS nanoparticles in water was
synthesized from an equimolar amount of elemental sulfur and
elemental iron following the procedure as described previously
by us!™ Then, a suspension of powdered magnesium and
FeO(OH) was prepared in a stainless-steel pressure reactor with
a Teflon inlet. Both suspensions were combined and heated
under autogenous pressure for 3 days at 160 °C. Pyrrhotite and
pyrite formation could be suppressed by using the two-step
process and an excess of FeO(OH). Magnesium in contact with
elemental sulfur and water oxidizes very fast and forms soluble
magnesium polysulfides. The S*~ and Fe’* released by FeS
dissolution rapidly react with dissolved FeO(OH) and Mg** to
form tochilinite. Excess Mg*", Fe’"™ and Fe’" precipitate as Mg**™
-containing magnetite that is the least soluble compound in
this system. Residual elemental iron and any magnetite can be
removed after the reaction with a strong magnet leading to
pure magnesium tochilinite samples.

Synthesis of T2, aluminum tochilinite

The aluminum tochilinite we aimed at should only contain AP*
and Fe’" in the hydroxide layers. To suppress the formation of
Fe** in the reaction solution, a relatively high hydrogen gas
pressure was maintained during the reaction. This was done by
a comparable high total mass of the starting materials. A
suspension of a finely ground mixture of Fe, S and Al in water
was prepared and heated for 3 days at 130°C. Pyrrhotite and
pyrite formation could be suppressed by the kinetic control of
the reaction and an excess of elemental iron. As aluminum very
rapidly oxidizes in hot water, the AP* availability is high already
at the beginning of the reaction.

2Al+6H,0—2AI(OH), +3H, ] 1)

The high H,-pressure arising from this reaction slows the
oxidation of Fe in a way, that it mainly oxidizes in the reaction
with elemental sulfur.

Fe+2 H,0 — Fe(OH), +H, 1 o)

Fe +S — FeS (3)

The so formed FeS rapidly reacts with A" and OH™ to form
stable tochilinite crystallites giving the FeS little time to convert
to pyrrhotite (Fe,_,S) or to form pyrite (FeS,). The excess
elemental iron and any magnetite formed was again removed
after the reaction using a strong magnet leading to pure
aluminum tochilinite samples.

Synthesis of T3, ferrotochilinite

The tochilinite analogue containing only iron ions is called
ferrotochilinite®™ and is easily available by the following
method. An aqueous suspension of a finely ground mixture of
elemental iron and sulfur in a 3:1 mass ratio that is heated at
130°C for three days already leads to its formation. Pyrrhotite
and pyrite formation could be suppressed by using an excess of
elemental iron. The oxidation of the elemental iron in this
system is fast enough to provide the necessary amounts of
Fe?™, Fe’* and OH™ to rapidly form stable tochilinite particles
that do not transform significantly to pyrrhotite at the reaction
temperature. If the suspension of iron and sulfur is heated at
160°C instead of 130°C, only magnetite and pyrrhotite are
formed. The excess elemental iron and any magnetite formed
was again removed after the reaction using a strong magnet
leading to pure ferrotochilinite samples.

Powder X-Ray Diffraction

Typical XRD patterns for the three tochilinite analogues are
shown in Figures S1 to S3. The XRD patterns are dominated by
two strong reflections, the d-values of which at approximately
11 A and 5.5 A can be assigned to the 001 and 002 diffraction
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peaks as previously reported for natural tochilinite.**'”" All other
diffraction peaks have little intensity, which might by caused by
preferred orientation or turbostratic stacking of the layers. From
the obtained patterns it can be concluded, that none of the
known side products of pyrrhotite, pyrite, magnetite and
residual iron are present in significant amounts after the work
up procedure.

Elemental Analysis by ICP-OES

Elemental analyses of the tochilinite samples were carried out
by ICP-OES and the obtained compositions are shown in
Table 1, 2.

Méssbauer spectroscopy

Méssbauer spectroscopy was used to discriminate between the
different iron species that can be expected from previous works
on tochilinite (Table 2). The room temperature spectra are given
in Figures S4 to S6 and the fit parameters are given in
Tables TS2 to TS4. The Mossbauer data for T1 and T2 were
obtained by fitting the Méssbauer spectrum for *’Fe with three
different iron species: Fe’* in a tetrahedral sulfide environment
(Fe’™) as well as Fe’™ and Fe’" in an octahedral hydroxide
environment (Fe’*,,/Fe**,). For the fit of T3, a second Fe’"
species in a slightly different octahedral hydroxide environment
(Fe’*,,) was introduced in accordance with previous reports.”
All signals are split into two lines by quadrupole splitting. For
synthetic mackinawite an isomer shift of 0.37 mms™' was found
at room temperature.’®*® The slightly higher isomer shifts
(041 mms™' to 0.45mms~') obtained for the Fe’" in the
mackinawite-like layers in tochilinite compared to those in pure
mackinawite might arise from an expansion of the unit cell®?*

Table 1. Compositions obtained from ICP-OES.

Fe/mg S/mg Mg/mg Al/mg n.d./mg *
T1 57.92 27.50 8.92 0.02 30.03
+0.93 +1.98 +0.01 +0.01 +2.55
T2 58.25 22.92 0.00 5.32 28.99
+0.93 +1.65 +0.01 +0.06 +2.67
T3 63.25 24.25 0.03 0.07 23.20
+1.03 +1.75 +0.01 +0.01 +2.59

* n.d.=not determined. A portion of the analyzed sample masses
cannot be assigned to Fe, S, Mg or Al and is assumed to represent
the H and O content.

Table 2. Content of the different iron ions obtained by M&ssbauer
spectroscopy.

Compound Fe’' Fe’ ) Fe’* Fe’ '

T1 59+5% 3+3% - 38+5%
T2 55+5% 32+5% - 13+£5%
T3 46 +5% 10£3% 54+3% 38+5%

or the iron deficiency that leads to different Fe—S distances,
thereby influencing the isomer shift.? The quadrupole splitting
of the signals is very small with 0.18 to 0.24 mms™".

The determined values of Fe’* s, Fe’y,) and Fe’* ., (Table 2)
fit well to literature values for tochilinite and the values for Fe**
@ to the structurally similar valleriite as is shown in Table TS1.

The fitted areas for Fe’*, and Fe’*, strongly overlap and
are partly interchangeable without lowering the quality of the
fit. Therefore, reasonable constraints were applied to the fit of
Fe’* . Regarding the sulfur content obtained from ICP-OES, the
content of Fe’* cannot have arbitrary values. It has been
reported multiple times, that tochilinite contains less Fe’'
compared to the amount of sulfide ions. As these iron vacancies
in mackinawite-like layers have not been reported to be more
than 30%,"**"19?) a minimum and a maximum value for Fe?*
was given for the fit. The ranges of error for the proportions of
Fe’* ¢ and Fe’*, might therefore be higher than given.

The unassigned sample fractions (marked as n.d.) are
assumed to represent the masses of H,0, OH™ and O*". As the
sulfur content is only expected in the form of sulfide ions,
charge balancing was used to determine the amounts of OH™
and O>. Natural tochilinite is reported to only contain
hydroxide ions. Therefore, the total residual mass was initially
assumed to represent only hydroxide ions, but in the cases of
T2 and T3 there were more positive than negative charges. To
obtain balanced charges, some of the hydroxide ions were
replaced by oxide ions. The resulting compositions are
summarized in Table 3.

The occurrence of oxide instead of hydroxide ions is
reasonable, as the data obtained from ICP-OES and Mdssbauer
spectroscopy were obtained from samples subjected to
oxidation by air. In this regard, surface oxidation of Fe?* to Fe**
can easily lead to the formation of oxide ions. The surface
oxidation of freshly prepared tochilinite-like materials following
the synthesis routes described here, is very exothermic. The
samples showed pyrophoric behavior and needed to be cooled
during their first air contact. This was done by an additional
stream of nitrogen gas while isolating and drying the solid
materials by filtration. After the oxidation of the particle
surfaces, the materials could be handled in air without the risk
of ignition. The calculated formulas fit to typical composition of
natural tochilinite in regard of the general composition but also
the amount of iron vacancies and the volume ratio of hydroxide
to sulfide layers. The compositional data clearly show that the
controlled synthesis of tochilinite analogues was successful.

Table 3. Compositions obtained from combining ICP-OES and
Méossbauer data compared to the composition reported by
Organova et al.

Compound Composition*

T Fe765%0.86 [Fe’ oo Fe’ +0,56’\/‘92+o,43(OH)2.01]
T2 Fe805%0.85 [Fe? "o ssFe®t o 11 AP T 33(0H), 4(0)o 16l
T3 Feq7,5%0.79

[Fe?" o ,5Fe® 57sMg” " 6,61 AP 4.01(OH); 05(0)g. 0]
Natural Feys5%0.83 [Mgg1Feq20(0OH).]

Tochilinite?
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Tochilinite particle characteristics

All samples have been investigated by scanning electron
microscopy (SEM) and transmission electron microscopy (TEM)
(Figures 2-6). The SEM images show thin platelets and nano-
tubes as has been reported for natural and synthetic
tochilinite.'”?**¥ The edge lengths of the thin platelets are in
the micrometer regime but they are only nanometers thick.

The T1 and T2 samples are composed of platelets with
various shapes whereas the T3 sample shows a more hetero-
genous picture probably due to oxidation. A sample of T1 was
also investigated by TEM. The obtained images show an

accumulation of nanotubes probably caused by the sample S s e .:" "'8"":}1 P t
preparation. As the small particles form micrometer-sized ; ignatik sinins 1Prba= 27 JCSITIH:

WD = 42mm Mag= 1081 KX 1Jul 2020 Do Lo fe ot Bt

aggregates which could hardly be separated, only the edges of E—
these aggregates could be investigated.

BET surface areas were determined using adsorption Figure 4. SEM image of T3.
isotherms of argon gas at 87 K. The determined surface areas
are summarized in Table 4.

i ,’h Figure 5. Magnified TEM image of T1.
Signal A = InLees ph Jcsmg

Mag= 1148 KX

“,
™

Figure 6. TEM image of T1.

EMT = 600 Signal A= InLons |Probe= 271 pA Jcsmg
WD = 43 mm Mag= 1248KX 1. 2020 J Cartar e St Pl

Figure 3. SEM image of T2.
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Table 4. BET surface areas determined from argon adsorption
isotherms.

Compound BET surface area/m**qg"
T1 40+1
T2 3141
T3 23+1

Thermogravimetry and Differential Scanning calorimetry

The TGA/DSC analyses show (Figures S7 to S9), that the mass of
all samples decreases from the start already at low temper-
atures. This may be attributed to a loss of adsorbed water as
the samples were used shortly after their synthesis without
excessive drying. The pronounced loss of mass at higher
temperatures is attributed to the formation of magnetite,
magnesioferrite and pyrrhotite accompanied by the loss of
water. The temperatures at which the decomposition starts is in
the order T1 (335°C)>T2 (318°C) >T3 (243°C). The stability of
the tochilinite analogues clearly changes with their composi-
tion.

Conclusions

The synthesis of tochilinite has been described before but a
proper characterization with an elemental analysis was missing.
In this work, three different pure tochilinite analogues have
been obtained by synthetic methods that allow to control the
composition of the hydroxide layers. Moreover, the formation
of any side product could either be suppressed or removed
after the reaction. Ferrotochilinite containing exclusively Fe**
and Fe*" in the hydroxide layers has not been synthesized
before.

T1) FegzS *0.86 [Fe2+0_01 FeHo.saN‘gHoAs(OH)z.m}
T2) FeggS *0.85 [FeHo.ssFeHo.HAI3+0.33(0H)1.84(0)0.16]

T3) Feo7S *0.79 [Fez+o.25Fe3+0,73M92+o.01A|3+o.01 (OH),.68(0)0.02]

These formulas show that the compositions obtained fit to
typical composition of natural tochilinite in regard of the
general composition but also the amount of iron vacancies and
the volume ratio of hydroxide to sulfide layers. The oxidation
state of iron ions could be controlled within a small margin of
error by using appropriate reaction conditions. Controlling the
different ion concentrations by the kinetics of their release and
consumption is a suitable approach to synthesize complex
layered hybrid sulfide minerals. This may offer the exploration
of synthetic analogues of other valleriite-group minerals like
yushkinite, haapalaite vyalsovite, ekplexite and kaskasite. Addi-
tionally, the formation conditions described in these syntheses
may offer a deeper insight into natural tochilinite formation in
outer space as well as on the early earth.

Experimental Section

T1, magnesium tochilinite

88 g of a mixture of iron and sulfur with a molar ratio of 1:1. was
ground thoroughly in an automated mortar. 3.00 g of this mixture
containing powdered iron (1.904 g, 34 mmol) and powdered sulfur
(1.096 g, 34 mmol) was transferred into a 25-ml microwave vial and
sodium chloride (0.181 g, 3 mmol) was added. The vial was sealed
and the air was replaced by nitrogen. To this mixture 10 ml of
deaerated water was added and the resulting suspension was kept
at room temperature overnight without stirring. The solids turned
black within a couple of hours and the complete conversion to
mackinawite was controlled with a strong magnet. In a steel
autoclave with a Teflon inlet, powdered magnesium (0.36 g,
16 mmol) and powdered iron oxide hydroxide (0.30 g, 5 mmol)
were mixed with the iron sulfide suspension and 10 ml of deionized
water were added. The reactor was sealed and heated in an oven
for 4 days at 160°C without stirring. After cooling down to room
temperature, the obtained black suspension was transferred into a
500 ml beaker and charged with 200 ml deionized water. The
suspension was stirred with a strong magnet for multiple minutes
and all magnetic material was removed. The residual solid was
isolated by filtration, washed successively with water, ethanol,
acetone and diethyl ether and dried under a stream of nitrogen
gas.

T2, aluminum tochilinite

90.6 g of a mixture of iron, sulfur and aluminum was ground
thoroughly in an automated mortar. 9.06 g of this mixture
containing powdered iron (6.000 g, 107 mmol), powdered sulfur
(2460 g, 77 mmol) and powdered aluminum (0.600 g, 22 mmol)
were transferred into a steel autoclave with a Teflon inlet. 20 ml of
deionized water were added and the reactor was sealed and heated
in an oven for 3 days at 130°C without stirring. After cooling down
to room temperature, the obtained black suspension was trans-
ferred into a 500 ml beaker and stirred with a strong magnet for 5
minutes and all magnetic solids were removed. The solid was
isolated by filtration and washed successively with water, ethanol,
acetone and diethyl ether and dried under a stream of nitrogen
gas.

T3, ferrotochilinite

40 g of a mixture of iron and sulfur was ground thoroughly in an
automated mortar. 4.00 g of this mixture containing powdered iron
(3.000 g, 54 mmol) and powdered sulfur (1.000 g, 31 mmol) and
additional powdered sulfur (0.111 g, 3 mmol) were transferred into
a steel autoclave with a Teflon inlet and 20 ml of deionized water
were added. The reactor was sealed and heated in an oven for
3 days at 130°C without stirring. After cooling down to room
temperature, the obtained black suspension was transferred into a
500 ml beaker and stirred with a strong magnet for 5 minutes and
all magnetic solids were removed. The solid was isolated by
filtration and washed successively with water, ethanol, acetone and
diethyl ether and dried under a stream of nitrogen gas.

Powder X-ray diffraction (XRD)

Powder X-ray diffraction (XRD) patterns were collected at a tabletop
Rigaku Mini-Flex 600 equipped with a copper anode with 0.6 kW
and an energy dispersive detector to minimize effects of X-ray
fluorescence.
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Elemental Analysis by ICP-OES

Elemental analysis was carried out with an ICP-OES spectrometer
725ES (Agilent, Waldbronn, Germany) with CCD-detector. The
samples were dissolved in aqua regia in acid digestion vessels at
high temperatures. The vessels used could not be charged with the
tochilinite sample and the acids without the loss of H,S before they
can be closed. To circumvent this problem, the samples were
loaded into the digestion vessels and charged with 10 ml of water
to cover the sample completely. The water was frozen carefully
with liquid nitrogen so that the tochilinite sample was protected by
a cover of ice. On top of the ice surface, 10 ml of aqua regia was
added and the autoclave sealed before the ice starts to melt. The
autoclaves were then heated to 130°C overnight to obtain clear
and deep orange solutions. The solutions were transferred into a
250 ml volumetric flask and filled to the mark with distilled water.
The obtained solutions were immediately transferred into poly-
ethylene vials to reduce any contamination from the glass walls
and subjected to ICP-OES analysis.

Méossbauer spectroscopy

M@ossbauer spectra were obtained on a homemade spectrometer
based on a RCPTM MS-96 Mossbauer spectrometer equipped with a
Ritverc Co57 in a Rh-matrix source, a YAP:Ce scintillating crystal
detector, and a Janis SVT-400 helium-bath cryostat. The samples
(roughly 30 mg) were filled into weighing paper that was folded to
squares, and parafilm was wrapped tightly around it. The sample
was inserted into an Al sample holder, which was then inserted into
the Mossbauer spectrometer. Spectra were calibrated against a-
iron at room temperature and fitted using the MossWinn 4.01
software.

SEM and TEM imaging

Scanning electron microscopy (SEM), High-resolution transmission
electron microscopy (TEM) and BET-analysis were used to inves-
tigate the tochilinite particle characteristics. SEM imaging was
performed with a Sigma VP Field Emission Scanning Electron
Microscope (Carl-Zeiss AG, Germany) using the InLens detector with
an accelerating voltage of 6 kV. EDX was performed with an Oxford
EDX system in combination with a Sigma VP Field Emission
Scanning Electron Microscope (Carl-Zeiss AG, Germany). TEM
measurements were conducted with a FEI Tecnai G* 20 Trans-
mission Electron Microscope. 15 uL of the sample solution was
blotted onto lacey carbon grids (Plano). Images were acquired at an
acceleration voltage of 200 kV.

BET surface areas

BET surface areas of tochilinite were determined with a Quantach-
rome ASiQwin. The surface areas were determined using adsorption
isotherms of argon gas at 87 K. The samples were pretreated by
outgassing under high vacuum at 130°C for six hours.

Thermogravimetry and Differential Scanning calorimetry

TGA/DSC analyses were carried out with a Netzsch Jupiter STA 449
F1. The device was equipped with a SiC oven, a high-performance
Heat-Flux DSC with a nanogram-resolution thermobalance and a
Netzsch Typ S sensor for measurements in corrosive atmospheres.
The atmosphere in the device could be set to nitrogen gas, argon
gas or CO, gas supplied from gas bottles bought from Linde.
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