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Abstract

Objectives. Chalcogenides of transition elements with low oxidation states, as well as their substituted derivatives, remain a poorly
studied class of chemical compounds. Rhenium disulfide has many distinctive features and great application potential as a new two-
dimensional semiconductor. This is due to its unusual structure and unique anisotropic properties. The presence of weak interlayer
bonding and a unique distorted octahedral (1T) structure suggests the possibility of creating new phases on its basis. The aim of this work
is to obtain and study phases in systems Re(IV)S,~Ti(IV)S,, Re(IV)S,~Mo(IV)S,, and Re(IV)S,-W(IV)S,.

Methods. The samples were obtained by high-temperature solid-phase ampoule synthesis in a vacuum. The study was carried out using
X-ray phase analysis and X-ray photoelectron spectroscopy.

Results. The regions of existence of solid solutions, intercalates and two-phase regions in the resulting systems were established.
Diffraction patterns were obtained for the new phases and the crystal lattice parameters were calculated. Based on data relating to the
binding energies of core electrons with the nucleus, the study showed the valence states of the elements after synthesis. The study also
confirmed that all phases obtained as a result of synthesis contain transition elements in the oxidation state (IV).

Conclusions. Intercalated solid solutions are formed in areas rich in rhenium, while in areas close to titanium and molybdenum
disulfides, intercalated phases are attained. In the ReS,~WS, system there is a region of solid solutions, including 30, 50, and
70 mol % rhenium disulfide. Their structure is a polymorphic modification of the structure of the original components. The presence
of rhenium, molybdenum, and tungsten in these phases in the oxidation state (+IV) was confirmed. The data obtained on phase formation
in dichalcogenide systems can be practically used in the creation of materials with unique electronic, magnetic, and optical properties
with a wide range of applications.
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AHHOTaUuus

Kniouyesblie cnoea

(a3zoo0pazoBaHue, KPUCTAIUTNYECKAs PEIETKA, SHEPTHU CBA3U

Ana unTUpoBaHua

TBEP/IbIE PACTBOPHI, HHTEPKATIATHI, TUCYIb(GHIbI MEPEXOAHBIX METAIIIOB,

ey, XaabKOreHH b IEPEXOAHbBIX IEMCHTOB C HU3KOW CTCICHBI OKUCIICHUS, 8 TAK)KE UX 3aMCIICHHBIC POM3BOAHBIC 0 CHX MOP
SIBJISIFOTCSL MaJIOM3YYCHHBIM KJIACCOM XMMHYECKUX COCAMHEHHUII. B KauecTBe HOBOTO JABYMEPHOIO MOJNYHNPOBOJHUKA AUCYIb(OUI PCHUSI
HUMEET MHO)KECTBO OTJIMYUTEIBHBIX 0COOCHHOCTEH 1 001ajaeT OONBIIMM MOTCHIMAIOM ISl IPUMEHEHHs OJ1aroapsi CBOei HeOObIYHOM
CTPYKTYpPE M YHHKAJIBHBIM aHH30TPOIHBIM CBOICTBAM, a HAIMYKME Y AaHHOTO COCIMHEHHMS ClIaboi MEKCIIOMHOI CBS3H U YHHKAIBHOI
HCKaKeHHOH okTadapuueckoil (1T) cTpyKTypsl MO3BONISET MPEINONI0KUTh BO3MOKHOCTD CO3JaHHsl HOBBIX (a3 Ha ero ocHose. Leinb
JIaHHOW PabOThI — MoJTyueHue u uccnepopanue pas B cucremax Re(IV)S,~Ti(IV)S,, Re(IV)S,~-Mo(IV)S, n Re(IV)S,~W(IV)S,.

MeToasl. O6pa3ub! OBUTH ITOTYYEHEI METOZOM BEICOKOTEMITEPaTyPHOTO TBep10(ha3HOTO aMITyJIBHOTO CHHTE3a B BakyyMe. MccnenoBanue
TIPOBOVIIN METOAAMH PEHTI€HO(A30BOr0 aHATHN3a M PEHTTCHOBCKOH ()OTOIEKTPOHHON CHEKTPOCKOIIHH.

Pe3yabTaThl. YCTaHOBIEHBI 00JIACTH CYIIECTBOBAHUS TBEPABIX PACTBOPOB, HHTEPKATIATOB U JBYX(a3HBIX 001acTell B MOIYIEHHBIX CH-
ctemax. J{ns HOBBIX (ha3 MOTydUeHBI AUPPAKTOrPAMMBI U PACCUUTAHBI MapaMETPhl KPUCTAININYECKON pemeTky. [1o qJaHHbIM Hepruii
CBSI3H OCTOBHBIX JIEKTPOHOB C SIIPOM MOKA3aHO, B KAKMX BAJICHTHBIX COCTOSHHAX HAXOAATCS AIEMEHTHI ITOCTIe CHHTE3a, MOATBEPKICHO,
YTO BCE TOIYYEHHBIC B Pe3yIbTaTe CHHTE3a (pa3bl copeprKaT MePEeXOaHbIC AEMEHTHI B cTeneHu okucnenus (IV).

BouiBoabl. B 6orateix penneM o01acTsax 00pa3yroTcsi TBEpIbIe pacTBOPHI MO TUITY BHEAPEHUS, B TO BpeMs Kak B 00/1acTAX, OMU3KUX K AU-
cynb(unam THTaHa U MOJUOICHa, Peallu3yIoTCs HHTepKanupoBanHblie pasel. B cucteme ReS,~WS, cymecTsyeT obmacth TBepbIX pac-
TBOPOB, BKJItouarommas 30, 50 u 70 mox. % aucynbduaa peHus, CTPyKTypa KOTOPBIX ABIAETCS MOIMMOp(HOH MonudHKauel CTpyKTypbl
MCXOJIHBIX KOMIIOHEHTOB. ITOATBEPkK/IEHO MPHCYTCTBUE PeHUs, MOMMOAEHA U Bolb(ppama B 3THX (azax B creneHu okucienus (+1V).
IMonmyuenHble naHHbIE 0 (a3000pa30BaHUH B CHCTEMAX AMXaIbKOTCHH/IOB MOTYT OBITh MPAaKTHYECKH UCIIOJIL30BAHbI ITPH CO3aHUH MaTe-
pHaJIOB, 00JIAAIOIINX YHUKAIbHBIMH 3IEKTPOHHBIMH, MATHUTHBIMU 1 ONITHYECKUMU CBOWCTBAMH C OOIIMPHOIT 001aCThIO IPUMEHEHHS.
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INTRODUCTION

Layered transition metal dichalcogenides are a relevant
area of numerous scientific studies. This is due to the
variety of physical and physicochemical properties of
materials based on these compounds [1-3]. However,
transition element chalcogenides with low oxidation
degree, as well as their substituted derivatives, are still
an understudied class of chemical compounds [4].
Transition element dichalcogenides are of interest due
to their layered structure and a wide range of electrical
properties from semiconducting in group 4 (d0) to
metallic in group 5 (d1), then back to semiconducting in
group 6 (d2). Here d0, d1, and d2 are the number of free
valence electrons which remain after bond formation

in dichalcogenides [5]. Dichalcogenides can also act as
superconductors [6]. Furthermore, dichalcogenides are
known for their segmentoelectric, catalytic and optical
properties, and also have a forbidden zone of tunable
widths [7].

Solid solutions and doped compounds of transition
metal disulfides are important objects of research in
chemical technology (materials science). This is due
to the variety of electronic, magnetic and optical
properties for which they are used in electronics
(second harmonic generators, field-effect transistors),
catalysis and in power engineering (solar cells) [2].
The combination of different properties (e.g.,
semiconductor and dielectric properties) can lead
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to interesting results and promising applications
of the materials [9, 10]. Transition metals and their
sulfides can be used as additives designed to improve
the properties of the original layered materials. For
example, rhenium sulfide is used as an additive to
a photocatalyst for hydrogen evolution, or to cadmium
sulfide, in order to increase the speed of this process.
In the future this will allow us to completely move
away from catalysts based on noble metals [11-13].

Rhenium disulfide (ReS,) forms two-dimensional
(2D) layered crystals [14]. As a novel 2D semiconductor,
rhenium disulfide has many distinctive features. It also
has great potential for applications due to its unusual
structure and unique anisotropic properties [15]. Due
also to its crystal structure, rhenium disulfide has many
distinctive characteristics when compared with titanium,
molybdenum and tungsten dichalcogenides: it has weak
interlayer bonding and a unique distorted octahedral
structure (structure type 1T). Due to such distinctive
characteristics, bulk and monolayer ReS, have almost
identical zone structures, and both of them belong to
direct-gap semiconductors [16, 17]'.

Combination of the properties of 4th and 6th groups
of disulfides (titanium, molybdenum, tungsten) with the
properties of rhenium disulfide in a single structured
phase of the host-guest type, can be assumed to result in
a change in their properties.

The aim of the present work is the synthesis of
new phases: solid solutions in the Re(IV)S,~Ti(IV)S,,
Re(IV)S,~Mo(IV)S,, and Re(IV)S,~W(IV)S, systems.

MATERIALS AND METHODS

The following initial substances were used in the
work: rhenium—metal powder with the content of
the main component not less than 99.9% of rhenium
(GOST  25278.16-87%), titanium—metal powder,
chemically pure (Company Standard Technical
Specification KOMP 3-272-10), tungsten—metal
powder, chemically pure (Company Standard
Technical Specification KOMP 3-684-13), elemental
sulfur, especially pure (Component-Reactive, Russia,
TU 3-304-10), and molybdenum disulfide (Spets
Metal Master, Russia, TU 48-19-133-90). Other
dichalcogenides were obtained by direct interaction of
powders of corresponding metals (titanium, tungsten,
and rhenium) and elemental sulfur.

Lookup_table.pdf. Accessed October 18, 2022.

The synthesis of rhenium disulfide was carried out
by the method described above [4]. The suspensions
of metallic thenium and elemental sulfur were placed
in a quartz ampoule, vacuumized (pressure 107> atm),
sealed, and placed in a muffle furnace. Synthesis was
carried out in the following mode. Over a period of 5 h the
ampoule with the reaction mixture was gradually heated
to a temperature of 1000°C and kept at this temperature
for 20 h. Then the ampoule with the sample was cooled
in the furnace for a day. The yield of the product by
sulfur is stoichiometric. Titanium and tungsten disulfides
were prepared by a similar method.

The synthesis of samples in the double disulfide
systems Re(IV)S,~Ti(IV)S,, Re(IV)S,~-Mo(IV)S,, and
Re(IV)S,~W(IV)S, was carried out in the following
way. The disulfides were mixed in stoichiometric
amounts. Then the resulting charge was homogenized
in a ball mill for 30 min and then sealed in a vacuum-
quartz ampoule. The synthesis was carried out in
a muffle furnace and heated to 1100°C for 10 h. It
was then kept at this temperature for 48 h, and then
spontaneously cooled. Samples of double sulfides were
prepared with the ratio of the main component from
0 to 100%.

X-ray studies were performed on a XRD-6000
diffractometer (Shimadzu, Japan) (Cu-K  radiation,
20 = 10°-60°, imaging step 0.2 deg/min, exposure 10 s).
A ICDD-JCPDS? card index was used to identify the
phases (rhenium disulfide (card 89-0341), trigonal crystal
lattice; titanium disulfide (card 15-853), hexagonal
crystal lattice; molybdenum disulfide (card 17-744),
hexagonal crystal lattice; tungsten disulfide (card 8-237),
hexagonal crystal lattice).

Studies of the electronic structure and composition
by X-ray photoelectron spectroscopy were carried out on
a Kratos AXIS Ultra DLD electron spectrometer (Kratos
Analytical, United Kingdom) with a monochromatized
X-ray source Al Ka (hv = 1486.6 eV, energy resolution
0.5eV).

RESULTS AND DISCUSSION
Phase formation in the ReS,-TiS, system

Diffractograms of some samples of the system in the
titanium-rich region are shown in Fig. 1. The calculated
unit cell parameters of these phases are presented in
Table 1. It should be noted that the nature of the X-ray

BE Lookup Table for Signals from Elements and Common Chemical Species. URL: https://xpslibrary.com/wp-content/uploads/2019/07/BE

2 GOST 25278.16-87. State Standard of the USSR. Alloys and foundry alloys of rare metals. Methods for determination of rhenium. Moscow:

Izdatel’stvo standartov; 1998.

December 28, 2023.

International Center for Diffraction Data (former name—1Joint Committee on Powder Diffraction Standards). https://www.icdd.com/. Accessed
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diffractograms of the initial components, namely the
insufficient number of reflexes (for example, the number
of reflexes is four for rhenium disulfide according to
the ICDD-JCPDS card catalog), may lead to an error in
the calculation of lattice parameters of solid solutions.
However, this does not affect the determination of phase
formation of the synthesized samples. The results of
X-ray phase analysis established the invariability of
lattice parameters in this region of rhenium disulfide
concentrations, allowing us to speak about the formation
of solid solutions of RexTi(HC)S2 composition in the
range 0 < x < 0.04. With increasing Re content, the
existence of a two-phase region with the presence of
TiS, was noted.

Analysis of Fig. 2 shows that compositions with
rhenium disulfide content of 50% have two phases, and
with a content of 60% and more—one phase. Thus,
solid solutions are established in a wide region rich in
rhenium. It can also be seen that in compositions with
rhenium content of 60% and 70%, the reflexes 34° and
57.7° are present. These belong to the rhenium disulfide
phase which is consistent with the data obtained from
the JCPDS database (card 89-0341). Calculation of
lattice parameters was performed for the solid solutions
obtained (Table 1). When analyzing the results, it should
be borne in mind that the ionic radii of all transition
elements in the oxidation degree (IV), considered in this
work, are approximately equal and are ~0.6 A [18]. In
this case, the consistency of the lattice parameters may
indicate the formation of solid substitution solutions
based on both titanium disulfide and rhenium disulfide.
At the same time, it can be assumed that the changes
observed in the ¢ parameter indicate the formation of
intercalated compounds based on rhenium disulfide. This
is natural if we assume that the layers in the structure

Re 2.5% Ti97.5%
A ).

Re 3.5% Ti 96.5%

. —
T T T T T 1

ﬁ Re 7.5% Ti 92.5%

| WP
T T T T T 1

Re 10% Ti 90%
T T T T T T T

1 Re 20% Ti 80%

I, WSV N

I, a.u
T
G'? ‘%—'é =1

20 25 30 35 40 45 50 55 60
20
Fig. 1. Diffraction patterns of some samples of the system

ReS,-TiS,, including solid solutions of composition
substitution Re;  Ti,S, (2.5 and 3.5% Re)

\ ReS2
—7r 1 * 1 v 1 * 1 ‘* 1 ‘" 1 * T T T ' 1
]L Re 90% Ti 10%
T T T Ar_’ T -“.Jll T T 1
5 I Re 80% Ti 20%
N,\ T T T T T T T T T T T 1
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) Re 70% Ti 30%
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v} o Re 50% Ti 50%
-1 r 1 r f v 1. 1 T 1 r T r 1T T T r 1
10 15 20 25 30 35 40 45 50 55 60

20

Fig. 2. Diffraction patterns of the original ReS, and solid
solutions synthesized from it with the nominal composition
Re, TiS,

of rhenium disulfide are weakly connected and that the
interlayer distance of rhenium disulfide is larger than that
of titanium disulfide. Noticeable changes caused by the
intercalation of rhenium in TiS, include the broadening

Table 1. Crystal lattice parameters and bond energies of some phases RexTi(l_x)S3

Composition a, A c, A v, A3 Re bond energy, eV Ti bond energy, eV
ReS,, trigonal crystal lattice 6.35(5) 12.78(15) 434.49 41.00 -
ReS, 95% 6.39(5) 12.23(15) 432.39 42.06 -
ReS, 90% 6.41(5) 12.27(15) 436.21 - -
ReS, 80% 6.55(5) 12.76(15) 47491 - -
ReS, 70% 6.41(5) 12.28(15) 437.66 - -
ReS, 3.5% 3.40(4) 5.69(6) 56.93 40.92 456.09
TiS,, hexagonal crystal lattice 3.40(4) 5.69(6) 57.14 - 457.20

Note: a and c are lattice measurements, ¥ is unit cell volume.
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of the diffraction maxima (compared to the original
ones) and a decrease in their relative intensity. This effect
may be due to the appearance of microstresses in the host
lattice or a decrease in the crystallite size.

X-ray photoelectron spectra were measured
for titanium(IV) sulfide and samples of three
compositions: Re; 35Tl 9655, Rej 95Tl 055, and
a sample from the two-phase region with rhenium(IV)
sulfide content of 20% (Table 1). The Ti 2p line has
an energy of 457.2 eV, corresponding to tetravalent
titanium in the sulfides. Insamples Re) 4535Ti 9455, and
Re 95Tl o5S, both peaks of titanium were shifted.
This suggests the formation of solid solutions in the
considered systems. Other forms of rhenium in the
samples were not observed.

Phase formation in the ReS,—MoS, system

Figure 3 shows the diffractograms of samples of the
rhenium disulfide-molybdenum disulfide system with
a different ratio of components (from 20 to 90%). The
results of calculation of crystal lattice parameters are
presented in Table 2. The table shows that the parameters
of samples with different sulfide content differ from those
of pure metal disulfides.

Analysis of the X-ray diffraction patterns enables
two regions of solid solutions to be defined: on the
basis of ReS,—up to 35 mol % MoS,, and on the basis
of MoS,—up to 20 mol % ReS,. In the concentration
range from 20 to 65 mol % MoS, a two-phase region is
observed in the system. The MoS, based solid solutions
show a change in both lattice parameters as the rhenium
content increases. This may indicate the formation of
a solid solution introduction. On the rhenium disulfide
side, there is a sharp change in the a and V' parameters
for the phase containing 20 mol % MoS,. This may
suggest the formation of a solid solution of introduction
on the basis of thenium disulfide. Given weak interaction
between ReS, layers, the introduction of molybdenum

A Re 90% Mo 10%
T T T T T T T T T T T T T T T T T T T 1
ol Re 80% Mo 20%
. 7 ; i T T T T g |
A Re 65% Mo 35%
g L S T T T Re45% Mo 5%
.N“ T T T T T T —A’T_- T T 1
A s Re 40% Mo 60%
v T \_' " T Re35% Mo 65%
— T T g T T T T J\/I
i Re 20% Mo 80%
; + g 7 g T 7 T g |

10 20 30 40 50 60

20

‘ Fig. 3. Diffraction patterns of the ReS>-MoS: system

into the layer structure will naturally affect mainly
the a parameter, while the ¢ parameter may remain
unchanged.

Phase formation in the ReS,-WS, system

According to the X-ray diffraction patterns of samples
of ReS,~WS, system (Fig. 4) and calculated parameters
of crystal lattices (Table 3), a conclusion can be drawn
about the formation of solid solutions in the region
with the content of rhenium disulfide from 30 to
70%. Figure 4 shows that X-ray diffraction patterns
of samples with rhenium disulfide content of 70, 50,
and 30% are characterized by additional reflections.
This may indicate polymorphism in this part of the
double system. Since the presence of polymorphic
modifications in this system is characteristic only for
tungsten disulfide, it can be assumed that polymorphism
refers to this sulfide [19] specifically. The decrease in
the values of the crystal lattice parameters of solid
solutions compared to those of rhenium disulfide can
be related to the strengthening of interlayer interaction
during the introduction of WS, into the layers and the
alignment of their wavy structure.

Table 2. Crystal lattice parameters and bond energies of solid solutions formed in the ReS,~MoS, system

ReS, composition a, A ¢, A v, A3 Re bond energy, eV Mo bond energy, eV
MoS,, hexagonal crystal lattice 3.161(18) 12.290(4) 106.43 - 229.50
ReS, 20% 3.165(25) 12.254(87) 106.30 42.67 227.21
ReS, 35% 3.173(46) 12.328(16) 107.50 41.15 226.31
ReS, 80% 6.749(03) 12.727(5) 501.99 41.61 226.32
ReS,, trigonal crystal lattice 6.352(52) 12.779(44) 434.49 41.00 -
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X-ray photoelectron spectra of some synthesized
samples of double systems (Tables 1-3, Fig. 5)
show the presence of transition elements (titanium,
molybdenum, tungsten, and rhenium) in oxidation
degrees (IV). Pure disulfides of rhenium, molybdenum,
tungsten, and titanium were used as reference
compounds in analyzing the spectra. This concurs
well with the literature date (see Footnote 1). Certain
changes in the binding energy of the backbone
electrons of these elements are due to the formation
of solid solutions. This is natural, bearing in mind that
in individual disulfides the metal-to-metal interatomic
distances are small and comparable to the interatomic
distances in metals.

I, a.u.

Re 80% W 20%

Re 70% W 30%

-

et

Re 50% W 50%

Re 30% W 80%

Re 20% W 80%
A

20 30 40 50 60
20

-

1

Fig. 4. Diffraction patterns of solid solutions
in the ReS,~WS, system

Table 3. Crystal lattice parameters and bond energies of solid solutions formed in the ReS,~WS, system

ReS, composition a, A ¢, A v, A3 Re bond energy, eV | W bond energy, eV
WS,, hexagonal crystal lattice 3.15(6) 12.31(54) 153.76 - 32.00
ReS, 20% 3.29(7) 12.4(87) 169.05 42.11 33.88
ReS, 30% 5.75(62) 12.45(33) 519.29 4127 32.97
ReS, 70% 5.39(7) 12.64(56) 462.59 40.34 32.01
ReS, 80% 5.71(98) 12.69(12) 521.08 42.62 34.67
ReS,, trigonal crystal lattice 6.35(21) 12.78(65) 649.67 41.00 -

Intensity, a.u.

WS5d Res5d

T T
1000 800

T T
600 400

T
200

Intensity, a.u.

Mo 4p Re 4f

Re5d Mo 4d

T T T
1000 800 600

T
400

T
200

1200 0 1200 0
Binding energy, eV Binding energy, eV
(a) (b)
Fig. 5. Survey spectrum of the ReS, 35%~WS, 65% solid solution (a) and the ReS, 80%—-MoS, 20% solid solution (b)
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Analysis of the chemical state of atoms (rhenium,
molybdenum, and sulfur) on the surface of solid solution
sulfides Rej (Mo, ,S, consisted in a detailed study of the
spectra of the electronic levels of Re 4f, Mo 3d, and S 2p.
This enabled us to quantitatively characterize the binding
energies of the backbone electrons with the nucleus.

In the X-ray photoelectron spectrum of Re 4f spin-
orbit splitting of the peak occurs, in all samples the
element is characterized by the presence of two lines. This
is consistent with the literature date (see Footnote 1). In
samples containing molybdenum, the binding energies of
both peaks shifted, possibly indicating the formation of
solid solutions in the systems under consideration. Other
forms of rhenium in the samples were not observed.

Molybdenum is present in the spectrum of solid
solution with a rhenium content of 20% in two lines, and
in three lines in the rest of the samples. This suggests
the possible formation of the oxide form with Mo(IV)
along with disulfide, as well as the presence of trace
amounts of molybdenum in higher degrees of oxidation.
The presence of these peaks prevents us from accurately
determining the atomic ratio of elements in the samples
obtained. Conclusions on energy redistribution were
made only on the bonding energy. This corresponds
to molybdenum in disulfide (Table 2). In the samples
containing molybdenum and tungsten, the bond energies
of both peaks shifted, possibly indicating the formation
of solid solutions in the systems under consideration.

In all samples tungsten is represented by one line
corresponding to the energy of the sulfide of the element
with valence (IV). The samples show a change in the
binding energy of the backbone electrons to the nucleus
(Table 3), indicating redistribution of energy during the
formation of solid solutions.

For the Re(IV)S,~Ti(IV)S, system, the photoelectron
spectra of three samples were investigated: intercalate

of composition Re; (35Tl 9455,, solid solution of
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