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ABSTRACT. Two-dimensional phenomena are attracting enormous interest at present and the
search for novel 2D materials is very challenging. We propose here the layered material
valleriite composed of altering atomic sheets of Cu-Fe sulfide and Mg-based hydroxide
synthesized via a simple hydrothermal pathway as particles of 50-200 nm in the lateral size and
10-20 nm thick. The solid products and aqueous colloids prepared with various precursor ratios
were examined using XRD, TEM, EDS, X-ray photoelectron spectroscopy (XPS), reflection
electron energy loss spectroscopy (REELS), Raman, Mdssbauer, UV-vis-NIR spectroscopies,
magnetic, dynamic light scattering, zeta potential measurements. The material properties are
largely determined by the narrow-gap (less than 0.5 eV) sulfide layers containing Cu” and Fe**
cations, monosulfide and minor polysulfide anions but are strongly affected by the hydroxide
counterparts. Particularly, Fe distribution between sulfide (55-90%) and magnesium hydroxide
layers is controlled through insertion of Al into the hydroxide part and by Cr and Co dopants
entering both layers. Room-temperature Mossbauer signals of paramagnetic Fe*" transformed
to several Zeeman sextets with hyperfine magnetic fields up to 500 kOe in the sulfide layers at
4 K. Paramagnetic or more complicated characters were observed for valleriites with higher
and lower Fe concentrations in hydroxide sheets, respectively. Valleriite colloids showed
negative zeta potentials, suggesting negative electric charging of the hydroxide sheets, and
optical absorption maxima between 500 nm and 700 nm, also depended on the Fe distribution.
The last features observed also in the REELS spectra may be due to localized surface plasmon
or, more likely, quasi-static dielectric resonance. The tunable composition, electronic,
magnetic, optic and surface properties highlight valleriites as a rich platform for novel 2D
composites promising for numerous applications.



1. Introduction

Two-dimensional (2D) materials attract much attention nowadays!!'"'*! owing to the large
specific surface area and a wide spectrum of unique physical and (electro)chemical properties,
which are of vivid interest for electronics, spintronics, energetics, sensors, photonics, catalysis,
biomedical applications, and other areas. Many efforts have been made in recent years to
manufacture and explore such materials beyond graphene as transition metal dichalcogenides,
chalcogenides and ternary metal dichalcogenides,!'!"!) constructed by two-dimensional sheets
stacked mainly by van der Waals (vdW) forces. For example, MoS: and related substances
having metallic conductivity are rather inert because of a low density of active centers and
should be modified for many applications, while other metal chalcogenides incline to
undesirable oxidation and corrosion.!'!"!] A variety of electronic, magnetic, optical properties
of Mo and W dichalcogenides, as well as MXenes with Ti3C,Tx as a typical representative (Tx
is the surface terminal groups O, OH, S, F), is limited by the metal nature. Consequently, the
search for novel two-dimensional systems with requested characteristics is a very challenging
task.

We report here a simple hydrothermal synthetic route to 2D composites constructed by
alternating atomic sulfide layers close to CuFeS, composition and magnesium hydroxide-based
sheets and their main characteristics. The natural prototype of this material is mineral
valleriite?*-3) that remains insufficiently explored and its ores are not involved in commercial
processing, despite the high content of heavy and precious metals.[*®?°! The minerals usually
contain Al and Fe cations partially substituting Mg in the brucite-like hydroxide layers,
whereas sulfide layers are often depleted in Fe. For instance, Hughes et al.*%! have reported the
composition of synthetic valleriites ranged from [CuFeS;]-1.67[Mgo.70Alo30(OH)2] to
[Cui30Fe0.70S2]-1.35[Mgo.74Alo26(OH)2]. Minerals of the valleriite group®!* can have
prevalent iron in hydroxide layers (ferrovalleriite),*!*?! or chromium instead of iron in
hydroxide and sulfide sheets.l**] These findings imply that such synthetic systems should be
stable and their chemical composition could be widely varied and adjusted on demand.

Valleriite has been established?*?*233% to crystallize in a hexagonal lattice with the sulfide

sublattice being rhombohedral (space group R3m with hexagonal axes @ = 0.3792 nm and ¢ =

0.341 nm) and the hydroxide one having hexagonal lattice (space group P3m1, a = 0.307 nm
and ¢ = 1.137 nm). Two atomic S layers form tetrahedral sites occupied, probably statistically,
by Cu" and Fe* cations, whereas metals are in octahedral coordination with OH" anions in the
hydroxide part (Figure 1). AI** cations located in Mg?" sites have been suggested to induce a
positive electric charge of the brucite-type layer, so the sulfide sheets are charged negatively,
and the quasi-monoatomic layers to be stacked by the opposite electric charges,’*” in contrast
to more common vdW materials. Iron is thought to occur as preferential Fe**-S centers but
Fe?*-S, Fe**-OH and Fe?"-OH species to exist too, as derived from >’Fe Méssbauer spectra at
room temperature.[?633371 Recently, we acquired X-ray absorption spectra together with
Méssbauer and magnetic measurements for natural valleriite samplest**>°! and found that the
central Mossbauer signal of paramagnetic iron transforms to a series of Zeeman sextets owing
to internal local magnetic fields arising below 70 K but antiferromagnetic ordering
characteristic of bulk chalcopyrite CuFeS; and other Cu-Fe sulfides!*’! was absent. Exact nature
of Fe species, as well as many properties of natural valleriites, remain uncertain due to complex
composition of the mineral assemblages.
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Figure 1. Scheme of atomic structures of Cu-Fe sulfide and (Mg,Fe,Al)(OH)., sheets in
valleriite (slightly tilted for better view).

The attempts to synthesize valleriite via thermal sintering or hydrothermal routes have been
undertaken?%3-374142 byt mixtures of valleriite with chalcopyrite, magnetite and other by-
products have been obtained. It should be noted that a number of layered composites of lithium-
based and some other hydroxides and iron selenides (Lij-xFex)(OH)-FeSe,*7]
[(Fe,Al)(OH).][FeSe]i.2,*¥! iron sulfides [(Lio.sFeo2)OH]Fe(S1+Sex),*! (NayFe1x)(OH)FeSP!
and similar®!l have been prepared and studied with focus on their superconductivity (critical
temperature T¢ up to 40 K). However, the compounds with alkaline metal hydroxides tend to
hydrolysis hindering their exploration and wider exploitation.

The aims of the current study were to develop a pathway for production of pure valleriites,
including colloidal solutions, to estimate effects of the material modification (with Al, Si, Cr,
Co, rare earth metals), and to elucidate their basic characteristics. One more target was to
outline the promises and problems of spectroscopic techniques (XPS, Mdssbauer, UV-vis-NIR,
Raman) for characterization of these uncommon materials. The results highlight the valleriite
family, m(Cu,Fe)S> n(Mg,Al,Fe)(OH): as a new platform for multifunctional two-dimensional
composites with special and controllable properties for a variety of applications and some
intriguing features, requiring further investigation.

2. Experimental section

2.1. Materials and synthetic procedures

Analytical grade iron (II) sulfate FeSO4-7H>0, copper sulfate CuSO4-5H>O, sodium sulfide
NaxS-9H,0, magnesium sulfate MgSO4-7H>0O, aluminum sulfate Al>(SO4)3-18H20, cobalt(II)
chloride CoCl:6H>0, chromium(Ill) chloride CrCl3-6H>0, lanthanum(IIl) chloride
LaCl3-7H20, gadolinium(III) nitrate Gd(NO3)3-5H20 and aqueous ammonia were used without
further purification. Deionized water (Millipore Milli-Q grade) was utilized to prepare the
reagent solutions, to wash the precipitates, etc. In a typical procedure, pre-determined
quantities of Fe and Cu sulfates (e.g., 0.556 g and 0.50 g, respectively) were dissolved in a
small water volume and freshly prepared 20% solution of Na>S was slowly added under
agitation, producing black precipitate of metal sulfides. Gelatinous sediments of magnesium
hydroxide or its mixture with aluminum hydroxide were obtained by adding 25% aqueous
ammonia to aqueous solutions of Mg and Al sulfates. Then, this dispersion was transferred to
the glass with Fe and Cu sulfides, pH was adjusted to 10-11 with aqueous ammonia, and the
mixture was loaded into an in-home made stainless steel with Teflon liner autoclave!®?! (Figure
S1). The vessel (32 cm?) was purged with Ar and sealed. The autoclave was rotated (8 rpm) at
room temperature for about 1 h and then heated to 160 °C using air thermostat. After the heating



(2 h to 100 h), the autoclave was cooled in air, and solid products were separated using
centrifugation (CR4000, Centurion Scientific, UK) at 4000 Hz for 15 min. The precipitate was
washed 4-5 times via re-dispersion in water and centrifugation. The residue was stored as a wet
paste and dried in air at room temperature before examination; the samples washed and dried
with acetone or ethanol were found to be more oxidized. So, the process was performed using
a large, 2-to-10-fold excess of sulfide anions relative to the CuFeS; stoichiometry, with
excessive reagents rejected upon the centrifugation and washing. Totally, more than 50
specimens were successfully manufactured, as confirmed using XRD and XPS. Table 1 shows
designations and the synthesis conditions for valleriite samples selected to present in this paper;
the letters (a)-(i) are used to mark the specified samples throughout the article.

Table 1. Designations, atomic proportions of precursors, and time of heating under
hydrothermal conditions (160 °C) for selected valleriite samples

Sample Atomic proportions of precursors Time
index Fe Cu S Mg Al Dopant (h)
a 2 1 10 2 - - 33
b 2 1 14 2 2 - 33
c 2 2 15 1.5 15 - 50
d 2 2 14 2 0.5 - 25
e 1.8 2 148 1.5 1 Cr0.2 50
f 1.5 2 148 1.5 1 Cr0.5 50
g 1.8 2 148 1.5 1 Co0.2 50
h 1.8 2 148 15 1 La02 50
i 2 2 14 2 05 Sil.0 32

To produce colloidal solutions, the residue (approximately 0.01 g) was dispersed in 50 mL
of aqueous 2 mM sodium dodecyl sulfate (SDS) solution (Merck) with ultrasonic treatment (22
kHz, 15 W/cm?, 3 min) with a Volna-M source (Center of ultrasound technologies, Russia).
Colored supernatants (sols) spontaneously formed in some cases during centrifugation were
diluted with water before examination.

2.2. Characterization

X-ray powder diffraction patterns were obtained from air-dried powders using a PANalytical
X'Pert Pro diffractometer with Cu Ka radiation.

Transmission electron microscopy (TEM) images, energy dispersive X-ray analysis (EDS)
and selected area electron diffraction (SAED) patterns were collected with a JEM 2100
microscope (JEOL, Japan) operated at accelerating voltage of 200 kV. Particles were dispersed
in ethanol before the experiment and a droplet of an aqueous sol placed on a carbon coated Ni
grid (Ted Pella Inc., USA) and allowed to dry at room temperature. Scanning electron
microscopy (SEM), EDS and elemental mapping were made utilizing a Hitachi TM 3000
instrument operated at the acceleration voltage of 15 kV, equipped with a Bruker Quantax 70
analyzer.

X-ray photoelectron spectra were acquired with a SPECS instrument (SPECS GmbH)
equipped with a PHOIBOS 150 MCD-9 analyzer operated at the pass energy of 20 eV for
survey spectra and 10 eV for high-resolution spectra. Monochromatic Al Ka irradiation
(1486.7 eV) of the X-ray tube was used for excitation. The pressure in an analytical chamber



was in the range of 10-9 mbar. Samples were placed on sticky carbon tape; hydrosol droplets
were dried on highly oriented pyrolytic graphite (HOPG). The atomic concentrations were
obtained from the survey spectra. The high-resolution spectra were fitted with Gaussian-
Lorentzian peak profiles after subtraction of the Shirley-type background. Spin-orbit splitting
and an intensity ratio for S 2p3.,12 doublet were assumed of 1.19 eV and 2:1, respectively. The
Fe 2p spectra were fitted with two sets of multiplet lines (four narrow peaks and a wider
satellite)®*! for Fe** cations bonded to hydroxide anions and Fe’*-S species; possible
contributions of Fe?* were taken into consideration too. CasaXPS software was applied for data
processing. Electron energy loss spectra in the reflection mode (REELS) were collected using
a STAIB electron gun incorporated in the SPECS instrument, with the width at half maximum
(FWHM) of elastically reflected beam of 0.7 eV.

3"Fe Mossbauer spectra were measured in a transmission mode employing an MC-1104Em
spectrometer (Cordon, Russia) with a >’Co(Rh) source that was kept at room temperature, while
the absorber (powdered valleriites about 3 mg/cm? of Fe in thickness) were either at 20 °C or
cooled down to liquid helium temperature (4.2 K). Isomer shifts (IS) are given relative to a-
iron at room temperature. Probabilities P of quadrupole splitting P(QS) and magnetic hyperfine
fields P(H) were first determined from the experimental spectra and were used to generate a
model spectrum and then to fit the results by varying the complete set of parameters.>*!

Magnetization of valleriite samples was measured using a superconducting quantum
interference device (SQUID) magnetometer,>*! typically with a magnetic field of 500 Oe in
field cooled, FC, and zero field cooled, ZFC, regimes in the temperature range from 4.2 K to
290 K. The magnetic moment was also determined as a function of the magnetic field varied
from 0 to 800 Oe.

Raman spectra were collected from dry vallerrites in the backscattering geometry with a
Horiba Jobin-Yvon T64000 spectrometer (Horiba, Japan) equipped with a liquid nitrogen
cooled charge-coupled device detection system in subtractive dispersion mode. CW DPSS laser
(Spectra-Physics Excelsior-532-300-CDRH) with A = 532 nm and power of I mW on a sample
was used as an excitation light source.

Dynamic light scattering (DLS) and zeta potential measurements were performed using
Zetasizer Nano ZS spectrometer (Malvern Instruments, UK) at scattering angle 173° in a
polycarbonate cell with Pd electrodes at 25 °C. UV—vis-NIR absorption spectra of hydrosols
were collected in the range 200 - 1400 nm in a thermostatic quartz cell with the optical path of
1 cm using a Shimadzu UV 3600 instrument.

3. Results

3.1. Morphology, phase and chemical composition

Figure 2 shows typical X-ray diffraction patterns and TEM micrographs of the hydrothermal
products. XRD, as well as electron diffraction (not shown in Figures), revealed reflections of
valleriite as the only or predominant crystalline phase, which are in full agreement with the
literature,?®! for the reaction mixtures contained atomic proportions of Fe/Cu of 1-2, Fe/Mg of
about 1£0.25 and a big excess of sulfide. Extra peaks at the diffraction patterns are minor, if
any, as, for example, the one of brucite Mg(OH); near 2 theta of 18° (sample a). Valleriite
forms within 2 h heating and the XRD reflections became narrower as the reaction proceeds.
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Figure 2. X-ray diffraction patterns and representative TEM images of valleriite samples
synthesized (a) without Al, (b) with Al and (¢, d) various initial ratios of Fe, Cu, Mg precursors.
Right XRD panel illustrates the effect of additional metals: (e, f) Cr, (g) Co and (h) La;
reflections of Mg and La hydroxides are marked as Mg (a) and La (h). Please see Table 1 for
details regarding the sample preparation and designations.

TEM micrographs show plain particles of 50-200 nm in the lateral size together with elongated
ones with the width of 10-25 nm. The latters are not nanorods but the same particles exposing
the edge; this is obvious from the TEM images taken from tilted specimens (Figure S2). TEM
on the particle edge (a’, b’) revealed the interatomic distances of about 1.1 nm typical for
valleriite structure.2’2°3° The particles are usually 10-20 layers thick, and both the lateral
dimension and thickness increase with the reaction time. In the samples showing insignificant
X-ray reflections of brucite, a number of tiny nanoparticles observed around the larger ones
appear to be magnesium hydroxide. The size and shape of the particles also depend on
composition of the reaction media. Particularly, the particles became smaller and less regular
as Al was introduced, but no new (crystalline) phases emerged for the reaction ratio AI/Mg less
than 1. XRD reflections widened (compare the samples a and b) and showed a reduction of
some interplanar distances, e.g. [006], due to disordering the hydroxide structure caused by
smaller AI** cations. Additional phases were not detected by XRD upon substitution of Fe with
transition 3d metals (the contents of Co and Cr up to 30% of Fe were tested). A main share of
rare-earth metals (La, Gd), as well as Si, formed their own hydroxide phases (see Figure 2, h
as an example) rather than entered valleriite.



Table 2. Concentrations of elements (C and O are disregarded) in the products determined
using EDS and XPS; see Table 1 for description of the samples

Sample Concentrations (at.%)

Fe Cu S Mg Al Na Co
a 23.6 12,5 339 30.0 -
XPS 127 83 37.8 412 - -
b 146 94 264 272 204 - -
XPS 102 6.2 341 314 18.1 - -
g 162 19.3 345 188 88 0.7 1.7

XPS 93 152 36.0 214 150 22 09

The chemical composition of several valleriite samples determined using EDS analysis are
given in Table 2. The compositions generally fall within the range reported in the
literature.?”*% They can substantially differ from the initial proportions of precursors used in
the synthesis as excessive amounts of S, Al, partially Fe, Mg are rejected together with Na.
Nevertheless, dosing the reagents allows tuning the product composition; in particular,
valleriites have deficit of Fe regarding CuFeS; for the initial proportion Fe/Cu ~1 (b, g), and
excess of Fe for the proportion Fe/Cu =2 (a), although the magnitude of non-stoichiometry is
not so big. The samples may contain small quantities of Na and sulfate uptaken by the
nanoscale solids with high surface areas or/and the remnants of aqueous media. Table 2 shows
also surface concentrations derived from XPS, which principally confirm the above. Elemental
maps (Figures S3, S4, Supporting Information) indicate quite uniform spatial distribution of
elements, including dopants.

3.2 XPS and REELS

XPS analysis found the concentrations in reasonable agreement with the EDS data, but the
deficit of iron and excess of sulfur are larger (Table 2, Figure 3), probably, due to oxidation of
the probed outer layers exposed to the environment. The spectra of copper are essentially the
same for all the samples, with the major Cu 2p3,» peak (more than 80% of intensity) at the
binding energy (BE) of 932.5 eV £ 0.1 eV and Cu LsMM Auger peak at 917.0 eV. Shake-up
satellites at 944-948 eV are negligible so the 3d states are (almost) completely occupied. These
specify Cu® cations bonded to sulfur.*®°6->"1 The Cu 2ps» maxima are slightly broadened at

higher BEs that is typical for many copper sulfides due to minor Cu**/Cu’-O species and/or
shake-off satellites.[>6>7]
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Figure 3. X-ray photoelectron spectra of valleriites synthesized with different proportions of
Fe and Cu precursors without Al (a) and with Al (b, ¢, e, f, g) and also doped with (e), (f) Cr
and (g) Co. The designations a, b, etc. correspond to the samples listed in Table 1 and 2. The
spectra of sample (d) (Table 1), which are similar to those of sample (c), are omitted.

The Fe 2p32 bands can be fitted using two five-line multiplet sets including wider high-
energy satellites’®> with the first peaks at 708 eV and 711-712 eV attributable to Fe*" centers
bonded with sulfide and hydroxide anions, respectively.[’*%6% The position of the Fe-S lines
is almost the same in all valleriites while the BEs of Fe**-OH lines can vary by more than 1 eV
concurrently with those of Mg 2p and O Is as described below. This means, among other
things, that these Fe atoms occur in the hydroxide layer of valleriite but not in a separate phase.
The fitting with numerous peaks is not unambiguous, and minor Fe?'-S and Fe?*-O species
may be missed. The Fe 3p spectra, which don’t have complicated multiplet structure and
characterize somewhat thicker probing depths due to higher kinetic energies (lower BEs) of
photoelectrons, are composed of wide maxima and also are inconclusive in terms of possible
minor components. Both the Fe 2p and 3p spectra show that from 55% to 90% of iron atoms
are located in the sulfide sheets as predominant Fe*" species, and the rest are in brucite-like
layers. The relative concentration of the S-bonded Fe increases with addition of Al, a decrease
of the initial precursor proportion Fe/Cu, and, in a lesser extent, with prolonging the reaction
time.



The main S 2p doublet with the BE of S 2ps3,2 peak at 161.7+0.1 eV amounts up to 80% of
the total intensity, which decreases in case of a large share of Fe-O species whereas the small
components at about 162.5 eV and 163.5 eV from di- and polysulfide species, respectively,*
01 grow. The S 2p spectra are better fitted using an additional broad maximum centered near
164.5 eV that appears to arise from a satellite related to electron transfer to vacant Fe 3d
states.’%% Up to 10% of sulfur presented as sulfate anions adsorbed from the solution.
Therefore, the sulfide part of valleriite is often depleted in metals, mainly Fe that could transfer
to hydroxide sheets and then to the environment from the near-surface layers, leaving S-S
bonding. The deficit of Fe in the sulfide sheets can be diminished by using, first of all, an Al
modifier in the synthesis.

While the photoelectron lines of Cu, S and Fe-S species stay within a narrow range of 0.1
eV, the BEs of Mg 2p and O 1s peaks, as well as of Fe*"-OH signals, increase up to ~1 eV as
Al was added. The effect should be assigned to a shift of the Fermi level toward a higher energy
in the brucite-like structure (see Figure S5) rather than changes of the chemical state of the
elements. The O 1s spectra show, along with the major signal of OH™ groups shifted from 531.5
eV to ~532.5 eV, an increased contribution from O species at a binding energy of ~530.5 eV.
The high-energy shifts fade with extending the synthesis time, probably because the particles
grow and the impact of surfaces decreases, but the influence of Al on the distribution of iron
between hydroxide and sulfide maintains. These findings suggest a negative, or less positive,
charging of the Al-bearing hydroxide layers due to a transformation of OH™ into O  anions
releasing protons, and distortions of the hydroxide structure via displacement of Mg** and Fe**
species by smaller AI*" cations.

XPS of Cr- and Co-doped samples found (Figure 3, lower panels) that about 80% of Cr enters
Al-bearing hydroxide layers (Cr 3p spectra of the samples e, fin the lower wright-hand panel);
this results in increasing proportion of Fe’>"-OH species, probably due to decreasing content of
Al. Two thirds of cobalt go into sulfide sheets (spectra g), and 80% of Fe remains S-bonded, at
least for the moderate concentrations of the dopants used (Table 1). Rare earth metals and Si
form separated hydroxide phases, and XPS can’t distinguish minor quantities of the elements
in the doped valleriites.

Figure 4 shows electron energy loss spectra measured in the reflection mode (REELS)
aligned to zero energy loss and normalized by the intensity of the reflected elastic peak. The
spectra were acquired using the primary electron beam energy from 3 000 eV to 300 eV, and
so the probing depths from about 5 nm to 1 nm. The energy band gap (E) can be determined
from the REELS spectra by approximating the slope of maxima by a straight line and assigning
E, to values at the intersection with the energy axis.[®! The two linear plots may correspond to
two band gap energies of 0.25 £ 0.2 eV and 4.2+ 0.5 eV which can be tentatively attributed
either to sulfide and hydroxide parts, or, more likely, to the narrow gap between the valence
band (VB) and the “intermediate” empty Fe 3d band, and the wide fundamental gap,
respectively, by analogy with chalcopyrite.’%°%6% The first E, value satisfactorily complies
with the optical band gap (see Figure 8). The REELS spectra exhibit also a distinct maximum
with the energy losses of ~2.5 eV and ~2.1 eV for the samples synthesized with (a) and without
Al (b), again in agreement with the optical UV-vis-NIR absorption.
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Figure 4. Reflection electron energy loss spectra and XPS spectra of the valence band (VB) of
vallerite samples (a) without and (b) with Al (Table 1), in comparison with the spectra of bulk
chalcopyrite CuFeS,. REELS was measured using varying energy of the incident electron beam
marked in the plots.

It is interesting to compare REELS and photoelectron spectra of the valence band of
valleriites with those of chalcopyrite CuFeS: (lower panels). The plasmon maximum of
chalcopyrite has a lower energy of 20.8 eV vs. 22.7 eV in valleriites due to diverse dielectric
properties, which are not considered here. The narrow band gap of chalcopyrite (about 0.5
eV)P*5571 cannot be reliably determined from the REELS. The total density-of-states (DOS) in
the VB region are rather similar for both compounds as the main contribution is due to Cu 3d
states peaked at 2.9 eV below the band edge, and they have small differences near the Fermi
level and at BEs of 4-5 eV where the density of Fe 3d states is significant. The position of the
REELS feature at 2.7 eV is close to the DOS maximum for chalcopyrite but the one at 2.1-2.5
eV notably differs from the VB peak for valleriites; it also should be kept in mind that REELS
is insensitive to the Fermi energy position and electrostatic charging,®!! in contrast to
photoelectron spectra. The origin of the features will be further discussed below in relation
with UV-vis spectra of valleriite colloids.

3.3. Mossbauer spectroscopy and magnetic measurements

TFe Mossbauer spectra (Figure 5, Table S1) of the valleriites without impurity phases shed
new light onto state of iron in comparison with the previous work on natural mineral
assemblages and synthetic samples.[?®2>373% The asymmetric central signals observed at room-
temperature can be fitted using 2 or 3 doublets with isomeric shifts (IS) and quadrupole splitting
(QS) of IS = 0.34£0.03 mm/s and QS = 0.55+0.06 mm/s, and IS = 0.4+£0.05 mm/s and QS =
1.1£0.1 mm/s (Figure 5, a-c), which should be assigned, from comparison their intensities with
the XPS spectra (Figure 3), to paramagnetic Fe** centers in tetrahedral coordination with S and
octahedral coordination with OH", respectively. The spectra from the samples (a, b) prepared
with excessive Fe precursor (i. e., Fe/Cu=2) are better fitted by using additional weak signals
with a small or zero QS, which may be due to minor low-spin Fe?" centers. The spectra of the
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samples prepared with Cr, Co, La dopants can be fitted using an additional doublet with QS >
1.2 mm/s possibly from Fe centers irregularly surrounded by different cations.
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Figure 5. Mossbauer spectra of synthetic valleriites containing (a) no Al, (b), (¢) with Al, (d)
Cr, (e) La measured at room temperature (left panels) and 4.2 K, and the probabilities of
quadrupolesplitting P(QS) and hyperfine field P(H). Colored lines are the results and points
below the spectra are the errors of fitting; the best fit parameters are given in Table S1. The
designations (a), (b), (c), (d), (e) correspond to the samples a, b, ¢, e, h listed in Table 1,
respectively.
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The spectra collected at 4.2 K consist of a series of Zeeman six-line components and minor
doublets. The intensities of the sextets with smaller QS correlate with those of doublets
associated with Fe’*-S centers at 300 K, whereas the ones with QS > 1 mm/s are likely due to
Fe’* in hydroxide sheets, in agreement with the room-temperature Mdossbauer and
photoelectron spectra. The emergence of sextets means transitions to ordered magnetic states
involving a variety of Fe positions in the 2D layers. Interestingly, for Al-containing valleriites
(samples b, c), almost half of Fe centers in the sulfide sheets exhibit the hyperfine magnetic

fields H as high as ~500 kOe, while the spectra (d),(e) of the samples with additional magnetic
cations (Cr, Ln) show no high field magnitude sextets.
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Figure 6. Temperature (FC and ZFC) and field dependences (hysteresis loops at 4.2 K) of
magnetization of valleriite samples (a) without Al, (b), (c) containing Al; sample (d) is Cr
doped. Insertions in (a) and (d) show reciprocal susceptibility 1/y vs temperature plots. The

samples (a), (b), (¢) and (d) correspond to those marked as (a), (b), (c) and (e) in Table 1
presenting the preparation details.

Typical temperature dependences of magnetization of valleriite samples and magnetic
hysteresis loops at 4.2 K are presented in Figure 6. Almost coinciding, pure paramagnetic FC
and ZFC curves were observed for the samples with no Al and larger content of Fe in hydroxide
layers. The more complicated behavior of valleriites, which contain Al and exhibit Zeeman
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sextets with internal magnetic fields of 400-500 kOe in the Mdssbauer spectra, may be
interpreted in terms of paramagnetic, superparamagnetic and also minor ferromagnetic
contributions!®*%# below ~120 K. Bulk antiferromagnetism that is characteristic of Cu-Fe
sulfides (CuFeS,, CusFeS4)l**%3 is not observed, possibly because of the strong paramagnetic
signal, but local antiferromagnetic interactions cannot be ruled out. Valleriites doped with Cr
(Figure 6, d) are mainly paramagnetic but show small ferromagnetic features (a drop of the
reciprocal magnetic susceptibility 1/y and a hysteresis loop) below 20 K. Since high hyperfine
fields were not found in the °’Fe Mdssbauer spectra (Figure 5, d), this ferromagnetism may be
due to Cr centers. Thus, Mdssbauer and magnetic measurements reveal peculiar spin effects
related with distribution of iron centers in the 2D layers and possible size effects.

3.4. Raman spectroscopy

Raman spectroscopy is an important tool for characterization of 2D materials that it sensitive
to their atomic and electronic structures, number of layers and so forth.[®! Figure 7 compares
the Raman spectra of synthetic vallerriites having excess of Fe without () and with Al (b) and
so high and low relatively contents of Fe in hydroxide layers, with total deficit of Fe (¢) and
Co-doped valleriite (sample d; please consult Table 1 for details), and a natural valleriite!®”]
and chalcopyrite!®®"! for comparison. The spectra of valleriites are composed of three main
broad maxima at about ~255, 290 and 330 cm’!, and weaker ones at 80 and 140 cm™. The
maxima are better resolved for bulk minerals and synthetic Al-free valleriite with more prefect
crystalline structure. The positions of maxima only slightly differ for the synthetic nanoflakes
and the bulk mineral but relative intensities change considerably. It would be instructive to
compare the Raman spectra of valleriites with that of chalcopyrite, CuFeS,,[*"!] whose main
peak at 292 cm™! and smaller ones at 315-380 cm™! are believed to arise from the A; mode and
B2/E modes, respectively, of the Fe-S bond vibrations, and the weaker feature near ~270 cm’!
is likely due to the Cu-S bond (B2 mode).

Intensity (arb. units)

R .. e it
200 400 600 800

Raman shift (cm™)
Figure 7. Raman spectra of valleriites synthesized using (a) no Al and Fe/Cu =2 precursors,
(b)Fe2,Cul, Al2, (c) Fe=Cu=2, A10.5, (d) Al and Co-doped valleriite, (¢) natural valleriite!®”!
and (f) chalcopyrite CuFeS,.[®®! Narrow peaks at ~170 cm™! in the plots (c) and (d) are artefacts
due laser harmonics. The spectra marked as (a), (b), (¢) and (d) correspond to the synthetic
samples (a), (b), (d) and (g) listed in Table 1, respectively.
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In the 2D sulfide layers of valleriite, the central peak appears to originate mainly from the
Fe-S bond vibrations of the A type too, with metal atoms moving in the plane and S atoms
shifting normally to the sheet. The maxima at ~255 cm™ and 330 cm™ in the spectra of valleriite
may be tentatively assigned to vibrations of Cu-S and Fe-S bonds, respectively. This
corroborates with enhanced maxima at ~255 cm™ for the samples (a) and (c), which have the
sulfide layers depleted in Fe and enriched in Cu. So, Raman spectroscopy can provide
information both on composition and structure of the sulfide sheets; unfortunately, weak
scattering from hydroxide part was practically undetectable.

3.5. Colloidal solutions

Both hydrosols spontaneously formed during washing of valleriite and those produced by
ultrasonic treatment of the residue in 2 mM sodium dodecyl sulfate (SDS) solutions were
studied using DLS, zeta-potential measurement, XPS and TEM. Clear differences between the
colloidal particles synthesized without and with Al, that is, with high and low content of Fe in
hydroxide layers, were observable in both cases but more pronounced for the surfactant-free
colloids. The hydrodynamic diameters Dy (Figure 8, panel (a)) varied from about 70 nm for
Al-bearing particles to ~150 nm for Al-free ones, in general agreement with TEM data (Figure
2). The former particles showed more negative zeta-potential (about -40 mV vs -30- -35 mV)
(Figure 8, (b)). For SDS-capped particles, D, magnitudes were almost the same but their zeta-
potentials were in the range from -20 mV to -35 mV with a smaller distinction between Al-
containing and Al-free valleriites (Figure 8, (d), (e)). The negative zeta-potentials for colloids
both with and without SDS are almost independent of pH in the range of 3 to 11 (dissolution
yielding H,S and covellite CusS started at pH < 3). This is surprising because brucite having the
isoelectric point at pH = 1112 should be charged positively in the pH region utilized here, and
it seems unlikely that the outermost hydrophilic surface of valleriite is formed by sulfide sheets.
The problem cannot be ultimately resolved using TEM images and XPS spectra of the colloidal
particles, which are generally similar to those of the relevant precipitates (Figure 2, a’ and
Figure 3).
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Figure 8. Distributions of (a), (d) hydrodynamic diameter Dy, (b), (€) zeta potentials and (c),
(f) UV-vis-NIR absorption spectra of valleriite hydrosols spontaneously formed during the
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water washing (upper panels (a)-(c)), and prepared using sonification of corresponding final
residues in aqueous 2 mM SDS solution (lower panels (d)-(f)). In upper panels, samples were
synthesized (32 h) using the initial precursor ratios: a3-a5 - Al 0.5, Fe 2, Cu 2, Mg 2, S 14;
b3,b5-Al10,Fe2, Cu2, Mg2, S 14, with indexes 3,4,5 standing for a number of washing cycle
in which this sol was formed. In lower panels, hydrosol sample a contained no Al, b,c — Al-
containing, e,f — Cr-doped, g — Co-doped (the designations are the same as in Table 1). pH
10.5%0.2, 25 °C.

UV-vis spectra (Figure 8, panels (c) and (f)) show absorption maxima centered at ~520 nm
(2.5 eV) for the particles containing Al and 600-700 nm (~2 eV) if no Al was added; Cr- and
Co-doped particles show red-shifted absorption despite the presence of Al. Analogous optical
response with the absorption band at ~500 nm has been found for nanocrystals of chalcopyrite
CuFeS; and assigned to localized surface plasmon resonance (LSPR)!*7 albeit low free
carrier densities in the semiconducting chalcogenides. Alternatively, a quasi-static dielectric
resonance associated with an intermediate band of empty Fe d-states has been suggested to
cause the optical absorption in the visible region.”>””] The spectra shift to larger wavelengths
with decreasing content of Fe,”’! and the NIR absorption for copper chalcogenides with no or
low Fe concentration has been attributed to LSPR from electron holes in the VB related with
Cu vacancies,””°) although this is doubtful too!8! because of the lack of correlation between
the peak position and intensity expected for LSPR. The energies of the optical absorption of
valleriite colloids coincide with the electron energy loss bands at 2.0-2.5 eV in REELS (Figure
5), and it is unlikely that these features are due to LSPR.

Tauc plots,®” which allow determining the band gap width, are presented in Figure 8, f as
the (ahv)"? vs hv graphs for indirect band gap. The x-axis intersection points of the linear fit
in the vis-NIR region give the band gap values of 0.4%0.1 eV for all the samples that is close
to the gap width of chalcopyrite and correlates with the results of REELS. The high energy
regions appear uninformative (the gap values varied from 1 to 3 eV) because of overlapping
the absorption maxima.

4. Discussion

The above findings on the synthesis, main properties and potential applications of valleriite-
based materials following from the research are summarized in Figure 9. The flake-like
nanoparticles composed of altering quasi-atomic Cu-Fe-S sulfide and Mg hydroxide sheets are
manufactured in the environment-friendly hydrothermal process using common reagents. Such
a chalcogenide-hydroxide incommensurate structures looks unusual and complex but there
exist a number of natural?*3* and synthetic!*->!l layered materials, suggesting that those are
quite stable and spontaneously assemble via a mechanism that needs to be understood. The
composition and then morphology and properties of the materials can be engineered by varying
the nature and concentrations of precursors, modifiers, dopants far beyond those used in this
case study. In general, these 2D materials are still scarcely studied and their potential is highly
underestimated.

The current research demonstrates, in particular, that the distribution and state of iron in the
hydroxide and sulfide parts affect many characteristics of valleriites, which can be modified by
changing the initial proportion of Fe and Cu precursors, doping with transition metals and,
interestingly, modifying the hydroxide layers, especially with smaller aluminum cations. It has
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been accepted in the literature that the hydroxide component bears a positive electrical charge
due to AI** and/or Fe** replacing Mg?* cations. However, XPS and zeta potential measurements
are indicative of its negative charge and a likely positive charge of sulfide sheets. We
hypothesize that the excessive charge of trivalent cations is neutralized by O species detected
in XPS and additional OH™ anions in the hydroxide sheets, distorting the brucite-like structure.
Monovalent modifiers akin to Li" are expected to have an opposite effect; such research is now
underway in our laboratory.

Electronic, magnetic and optical properties of the composites are apparently determined by
the 2D transition metal sulfide component that exhibits the narrow forbidden band on the order
of 0.4 eV close to that of chalcopyrite. This concurs with DFT+U simulation (to be published
elsewhere) found that the gap between the VB and unoccupied Fe 3d band is ~0.9 eV for an
ideal atomic CuFeS; sheet with ordered electron spins of Fe atoms and it decreases due to
disordering. The sulfide properties are expected to depend also on the metal (primarily Fe)
vacancies, S-S bonding, transition metal doping, and the electron density induced by hydroxide
counterparts. The sulfide layers are in a kind of electron equilibrium with the brucite-like ones,
and the Fermi level Er effectively pinned in the narrow-gap sulfide varies within the wide-gap
Mg-based hydroxide due to changing the concentrations of foreign elements, particularly Fe
and Al (Figure S5). Despite comparably small shifts of the Er in the sulfide sheets, the
corresponding electron density changes should strongly affect their properties.

Reagents [ Cu’, Fé/Nas, Mg, NH,0H J
+modifiers o
[ [(CuFe)Sy [(MgFe)OHR] | | Al dgpanty
r,Lo,

[ [(CuFer., ST [(Mg.Fe,  AL)OH) | | REE-SE -
R F K, R [(Cu.Fe,Cr)S I [(Mg Fe,Cry(OH)]

2D sulfide-hydroxide (nano)composites B
. with variable composition

Properties High surface area, hydrophilicity,

narrow-gap (@ high conductivity in sulfide sheets,
2D electronic and magnetic phenomena... W

Aqueous colloids
negative surface charge,
tunable optical absorption

thin films,

quantum dots.
inks, ...

Applications

spintronics, photovoltaics, electrode materials, sensors,
catalysis, adsorbents, etc.

Figure 9. Scheme illustrating the main factors influencing the production, composition and
properties of valleriites as explored in this work, and their potential applications.

The nanoscale products easily form aqueous colloids either spontaneously without additional
stabilizers (mechanisms behind this effect are not quite clear yet), or via peptization of the
precipitates with a surfactant. Both sorts of colloids show unexpected negative pH-independent
zeta-potentials, and optical absorption in visible and NIR spectral region, with the energies of
the optical resonance of 2-2.5 eV agree with those observed in REELS. The origin of the
maxima and their shift to lower energies with increasing content of iron in hydroxide layers
may be rationalized in terms of quasi-static dielectric resonance.’>’”1 To the best of our
knowledge, these phenomena have been not studied for 2D composites, and their nature needs
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to be clarified. The tunable optical response of nanoscale valleriite is prospective for
plasmonics, energy conversion, sensors and theranostics.

Consequently, the numerous characteristics of valleriite-type 2D composites can be tailored
through the total chemical composition, distribution of Fe in the sulfide and hydroxide layers,
insertion of foreign cations, size and morphology of the (nano)particles and other factors. In
comparison with graphene, transition metal dichalcogenides, MXens, double layered
hydroxides and so forth, valleriites and related materials appear to have more diversified
features suitable for potential applications in electronics, spintronics, energy storage, and so
on. It is worth recalling, for example, that similar composite of metal (Li and others) hydroxide
and iron selenide monolayers are superconductors.*>3!! The large surface area, layered
structure, and specific surface properties are essential for applications of the nanoscale
valleriites as adsorbents, catalysts, sensors, electrode materials, etc. The feasible peptization of
the materials paves the way for their utilization as quantum dots and inks or manufacturing thin
films on various supports. The last but not the least is that the metal sulfide sheets embedded
between hydroxide layers are more stable towards oxidation. The valleriite-based composites
emerge, therefore, as a novel platform for 2D materials with a very rich spectrum of prospective
and, maybe, unique properties. At the same time, a lot of questions regarding the formation
mechanisms, structure, physical and chemical properties and their tailoring still need to be
answered.

5. Conclusions

We propose a simple method of green hydrothermal synthesis of valleriite particles (50-200
nm in the lateral size and 10-20 nm thick) composed of altering 2D sheets of Cu-Fe sulfide and
Mg-based hydroxide. The sulfide sheets close to CuFeS, composition contain Cu® and Fe**
cations and monosulfide anions along with minor S-S species, formed in conjunction with
cationic (most often Fe) vacancies. XPS and Mdssbauer spectroscopy found that ferric iron is
distributed between sulfide (55-90%) and hydroxide layers; the content of Fe-OH can be
reduced, in particular, by addition of Al. Valleriite was modified with transition 3d metals (Cr,
Co) entering both sulfide and hydroxide layers, whereas only insignificant quantities of rare-
earth elements and Si were incorporated into hydroxide layers. The electronic and magnetic
characteristics of the composites are largely determined by the sulfide component that has the
forbidden band gap of about 0.4 eV as derived from REELS and optical UV-vis-NIR spectra.
Room-temperature Mdssbauer spectra comprise of central signals of paramagnetic Fe in the
sulfide and hydroxide layers, which transform to a series of Zeeman sextets due to magnetic
ordering at 4.2 K, with the sextets with higher, up to 500 kOe, hyperfine magnetic fields
originating from the sulfide layers. SQUID measurements revealed pure paramagnetism and
more complicated behavior in composites containing considerable and small amount of Fe in
hydroxide part, respectively. Raman spectra were found sensitive to structural order and Fe/Cu
ratio in the sulfide layers. Colloidal solutions of valleriite, both spontaneously formed during
the product washing and prepared by sonification of the precipitates in sodium dodecyl sulfate
solutions, have negative zeta potentials almost independent on pH, suggesting a negative
charge of hydroxide sheets, in agreement with the shift of relevant photoelectron lines. UV-
vis-NIR spectra show absorption maxima between ~500 nm and ~700 nm, whose energies
concur with the loss maxima at 2-2.5 eV in REELS, tentatively attributed to the quasi-static
dielectric resonance involving “intermediate” empty Fe 3d band. So, the nanoscale sulfide-
hydroxide composites unveiled a number of controllable electronic, magnetic, optical,
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interfacial properties interesting for many applications, designating valleriites as a novel family
of two-dimensional materials.

Supporting Material. Scheme and photos of autoclave set-up (Figure S1), additional TEM
images (Figure S2), elemental mapping (Figures S3, S4), scheme illustrating the band
structures and changes of binding energies in XPS (Figure S5), Mdssbauer parameters (Table
S1).
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