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The rapidly growing interest in synthesising 2D Janus materials is supported by the numerous theoretical
predictions of the unique properties of this material category. Here, we report the discovery of the novel
2D Janus material RhSeCl, which crystallises in a space group with a hexagonal symmetry, P6smc, with
the unit cell parameters a = 3.48760(10) and ¢ = 11.5791(5) A. Crystals of RhSeCl exhibit a plate-like mor-
phology, which is typical of 2D materials. We present two methods of synthesising RhSeCl, either as poly-
crystalline powder via a solid-state reaction or as single crystals via chemical vapour transport, the latter
allowing the control of the crystal size and thickness. Using XRD, SEM and EDX, we show that the
described method has high reproducibility. The direct deposition of the 2D Janus crystal RhSeCl provides
a broader approach to the study of the Janus phenomena and could further be adjusted to other promis-
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1 Introduction

Functional solid-state materials, and in particular, inorganic
oxides, halides and chalcogenide compounds, have a wide
range of applications." Specific examples include the use of
LiMn,0, as a cathode material in Li-ion batteries, TiCl; as a
catalyst for the polymerisation of olefins>® and MoS, as a
semiconductor in transistors.*® Further development of these
compounds is mainly focused on the variation of cations,
whereas the influence of anions, particularly the combination
of different anions, is seldom investigated. These so-called
“mixed anion compounds” or “heteroanionic materials” rep-
resent a new type of artificial inorganic material with unique,
distorted coordination geometries and, thus, crystal structures.
Accordingly, the combination of two anions opens up a whole
new level in material design and should lead to compounds
with chemical and physical novelties.®

Two-dimensional (2D) Janus materials represent a unique
family among mixed anionic compounds. In Janus compounds,
different atoms are positioned on either side of an atomic layer,
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breaking the mirror symmetry.”” The term “Janus” is derived
from the two-faced Roman god and was introduced by
Casagrande in 1989."° Theoretical studies have shown that the
broken symmetry leads to new physical, chemical and quantum
phenomena, e.g. Rashba splitting'* and vertical piezoelectricity,
making them good candidates for the use in skyrmions/
quantum optospintronics.”> The Janus concept represents a
novel form of functionalisation, and the interest in these
materials is growing rapidly. So far, only a few representatives of
2D Janus materials have been reported, for example, graphene-
based Janus-layers,”® Janus transition metal dichalcogenides
such as MoSSe™ and 2D Janus chalcohalides such as
BiTeCL.'""'> However, there is a large gap between the theoretical
predictions and the experimental results, which is probably
related to the difficulties in sample preparation.”® The search
for novel materials with the Janus structure and the optimi-
sation for simple synthesis strategies therefore are important
steps towards the development of this category of materials.

Here, we present the novel 2D Janus material RhSeCl syn-
thesised by a solid-state reaction (SSR) and chemical vapour
transport (CVT). The latter is a scalable method that allows us
to control both the film thickness and the size of the crystals.
Depending on the parameters, single crystals of size as large
as 0.2 millimeters are formed. The elemental uniformity of the
polycrystalline powder and crystal structure is confirmed by a
variety of characterisation techniques. Finally, our work allows
an easily accessible synthesis of 2D Janus crystals and provides
a broad access to study the phenomena of the Janus concept
in detail.
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2 Results and discussion
2.1 Synthesis process

The preparation of polycrystalline samples of RhSeCl via a
one-step solid-state reaction of Se and RhCl; was first postu-
lated by Kretschmer.'® A drawback of this synthesis method is
the formation of SeCl, or Se,Cl, during the synthesis. To cir-
cumvent the involvement of these impurities, elemental
rhodium was included in the reaction (see ESI Fig. S1f). A
gray-black powder was obtained and small crystals precipitate
on the ampoule wall. The quality of the polycrystalline sample
was investigated with powder X-ray diffraction. The XRD pat-
terns did not indicate any additional impurities and the
Rietveld refinement (see Fig. 1) confirmed an excellent fit to
the proposed structure model (see also section 3).

As small crystals and significant recrystallisation were
observed from the solid-state reaction, an approach to syn-
thesise 2D Janus crystals of RhSeCl via CVT was optimised. For
the initial crystal growth, the parameters reported by Kohler
et al."” for the endothermic transport of RhTeCl were adapted:
AT =200 K (T; = 700 °C, T, = 900 °C, and 72 h).'® Instead of
elemental chlorine, rhodium(m) chloride was used as a chlor-
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Fig. 1 Powder X-ray diffraction data of RhSeCl with superimposed
Rietveld refinement simulations (see Table 1) and their corresponding
differences. The measurement was carried out using a Co X-ray source
(2 =1.78896 A).
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ine source. However, it turned out that the selected thermal
gradient was too large, as the crystals only deposited in the
middle area of the ampoule. By reducing the temperature gra-
dient to 100 K (from 950 °C to 850 °C), smaller single crystals
in the size range of 20-50 pm as well as polycrystals with a size
of up to 150 um were acquired. As shown in ESI Fig. S2} we
have adapted the synthesis further in order to grow larger crys-
tals. By increasing the transport time to 10 days, shifting the
transport temperature from 1000 °C to 900 °C and adding a
small excess of RhCl; as an additional transport agent, poly-
crystals with a size of about 1.8 mm were obtained. Further
variation of the reaction time and a change in the stoichio-
metric amount of RhCl; showed small effects on the crystal
size (see Fig. S27).

2.2 Microscopy

Powder samples of RhSeCl are greyish-black, whereas single
crystals grown by chemical vapour transport are black with a
metallic lustre. The SEM image at higher magnification shows
platelet-shaped crystallites with characteristic edge angles
around 60° and 120° in a trigonal form, while layers show a
hexagonal symmetry (see Fig. 2). Generally, the layered struc-
ture of the crystal with the hexagonal basic structure is recog-
nisable with both light and scanning electron microscopes.

According to energy dispersive X-ray spectroscopy (EDX)
analyses, the elemental composition of the crystallites agrees
with the expected composition within the errors of EDX
measurements. However, the strong overlap of the Cl and Rh
X-ray emissions made the determination of these elements
less reliable (see ESI Fig. S31). The elemental analysis from an
average of 5 area measurements indicates a composition close
to Rhjs 6(3) Cl3o.53) S€33.9(6) (S€€ ESI Table S17). In addition the
EDX-mapping shows a uniform distribution of the elements,
as shown in Fig. 2.

2.3 Crystal structure

Single-crystal X-ray diffraction showed that RhSeCl crystallises
in a hexagonal symmetry with the cell parameters a = 3.48760
(10) A and ¢ = 11.5791(5) A. From the observed reflection
extinction conditions and intensity distributions, the polar
and non-centrosymmetric space group P6z;mc was assigned.
The detailed results obtained from the structure refinement of
rhodium selenide chloride are listed in Table 1, and the crystal
structure is shown in Fig. 3. Each rhodium atom is co-

Fig. 2

(a) Microscopy image of a grown RhSeCl single crystal, with a hexagonal layered structure. (b) SEM image of the same crystal, with some

edge effects. (c) EDX spectroscopy mapping of the main elements of the title compound, showing an even distribution of the elements.
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Table 1 Crystal structure parameters from a single crystal and Rietveld
refinement of RhSeCl

Measurement method SC-XRD PXRD
Empirical formula RhSeCl RhSeCl
Temperature (K) 293 293
Wavelength (A) 0.71073 (MoK,) 1.78896
(CoKy)
Crystal system Hexagonal Hexagonal
Space group P6zmc P6zmc
zZ 2 2
Unit cell dimensions (A) a = 3.48760(10) a=3.48982
(6)
¢=11.5791(5) ¢=11.5889
5 ()
Cell volume (A% V=121.972(7) V=122.230
(4)
Density (calculated) (g cm™)  5.9172 5.9047
Absorption coefficient (mm™) 22.592 123.569
F(000) 192 192
Theta range for data collection 6.76 to 49.29° 10.00 to
110.71°
Index ranges -7<h<7,-7<k<7;
—24<1<24
Reflections collected 7481 43
Independent reflections 545
Constraints/restraints/ 1/0/10 1/0/7
parameters
Goodness-of-fit on F 1.9 2.9
Final R indexes [I < 26(1)] R, =0.0358; R, =0.0464;
WR, = 0.0861 WR, = 0.0564
Final R indexes [all data] R, =0.0431; R, =0.0464;
WR, = 0.0879 WR, = 0.0564

.Se
@cl

Fig. 3 (Left) Crystal structure of RhSeCl in the perspective view with an
outlined unit cell. (Right) Facially heteroleptic coordination of Rh with
the atomic distances and the coordination polyhedra.?®

ordinated by three Cl atoms with a distance of 2.5104(9) A and
three selenium atoms with a distance of 2.3829(8) A in a facial
arrangement, resulting in distorted octahedra. The non-metal
atoms are coordinated to three rhodium atoms. Thereby, the
edge-sharing Rh-octahedra form the basis for the individual
layers. The individual layers in RhSeCl stack in an AB arrange-
ment (see Fig. 4). The stacked layers are only weakly bonded
by van der Waals interactions, which is a typical characteristic
of 2D materials."® The anions arrange themselves according to

This journal is © the Partner Organisations 2023
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Fig. 4 AB type layer stacking of RhSeCl in the c—b direction. The anions
are ordered in an ABCBA sequence, where the selenium atoms have two
different positions (layers) due to symmetry. One repetition from C to C
for the selenium atoms corresponds to one full length of the unit cell in
the c direction (~11.6 A).2°

their type in opposite sides, forming the typical Janus struc-
ture. The individual anions are stacked in an ABCBA sequence
(see Fig. 4) and one full repetition of that sequence is equi-
valent to the length of the c-axis. The height of a monolayer is
2.78 A and the distance between two rhodium layers is 5.79 A.
To highlight the effect of the mixed anions on the crystal
structure, we compare them with structurally related single
anion compounds. When looking at the bond lengths of the
binary single anion compounds, rhodium(m) selenide*" and
rhodium(m) chloride,” in relation to the heteroanionic
RhSeCl, The distance between
rhodium and selenium is comparable for the chalcohalide and
chalcogenide. On the other hand, the distance between
rhodium and chlorine in RhSeCl is about 0.2 A longer than
that in RhCl;, but equivalent to the corresponding inter-
atomic distances in RhTeCl (see ESI Table S2t). The reason for
this alteration of bond lengths could probably be the steric
hindrance. It is noticeable that the octahedron height grows
simultaneously with the incorporation of larger elements such

a difference is obvious.

as selenium or tellurium.

In contrast to RhTeCl, RhSeCl has the undistorted CdI,
structure type. Furthermore, the two rhodium chalcohalides
also differ in the type of edge linkage of the Rh-octahedra. In
RhTeCl, the edges are linked either only via the tellurium or
chlorine atoms, while in RhSeCl both chlorine and selenium
are linked at the same edge of the octahedron.

According to the Neumann principles, RhSeCl, described
being in the space group P6;mc, should be both piezoelectric
and pyroelectric,>*>*
future. Furthermore, this material should have non-linear

which will be investigated in the near

Inorg. Chem. Front,, 2023, 10, 2911-2916 | 2913
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Fig. 5 Magnetic susceptibility of a polycrystalline RhSeCl sample in the
temperature range from 2 to 300 K measured with an applied field of
UoH = 1 T. The inset shows the field dependence of the magnetisation
per formula unit measured at T = 1.8 K.

optical properties,®*® such as second-harmonic-generation

(SHG), but this optical property might be quenched due to the
dark coloring of the compound.

2.4 Magnetic measurements

Fig. 5 shows the magnetic susceptibility of RhSeCl in the temp-
erature range from 2 to 300 K. Above ~150 K, the curves show
diamagnetic behaviour with a paramagnetic Curie-tail for the
low-temperature regime. The inset in Fig. 5 shows the field
dependence of the magnetisation measured at 1.8 K for
applied fields up to 7 T. We observe a magnetic moment that
saturates at 0.0042ug/f.u. for a magnetic field of yoH ~ 5 T. The
small moment together with the Brillouin shape (M ~
B;(J,g,T,H)) is characteristic of a few uncorrelated magnetic
moments.

For an octrahedral coordination of the Rh*" ion, the result-
ing crystal electric field (CEF) lifts the degeneracy of the five 4d
orbitals and splits them into three lower and two higher
energy levels, t,, and e, respectively. If the Hund’s coupling is
smaller than the gap caused by the CEF spitting, the six
remaining electrons in the 4d shell occupy the t,, orbitals
resulting in § = L = 0, a non-magnetic low-spin state. The small
paramagnetic signal observed is characteristic of a fraction of
magnetic impurities.

3 Conclusions

Using solid-state synthesis and chemical vapour transport,
either larger quantities of phase-pure polycrystalline samples
or high-quality single crystals of a 2D Janus material were syn-
thesised. Single crystals grown by chemical vapor transport
exhibit hexagonal and plate-like morphologies. The crystal
structure of RhSeCl was successfully investigated using single
crystal data and powder X-ray diffraction. The non-centro-

2914 | Inorg. Chem. Front., 2023, 10, 2911-2916
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symmetric crystal structure consists of alternating layers of
edge-linked Rh-octahedra, whereby the octahedral angle is dis-
torted by the heteroleptic coordination. Magnetisation
measurements reveal the diamagnetic nature of this com-
pound. The synthesis via the CVT process is an excellent way
to synthesise crystalline 2D Janus materials. As theoretical
investigations predict the use of semiconducting RhTeCl*” as a
possible photo-catalyst for water splitting,>® we expect the
same for RhSeCl due to its structural similarities. Through
exfoliation or nanocrystal growth it should be possible to
further explore the phenomena of the 2D Janus material.

4 Materials and methods
4.1 Synthesis

All chemicals for the synthesis were used without further puri-
fication. RhCl; (rhodium(m) chloride, 99%, Abcr, lot 1251061)
Rh (rhodium, 99.95%, Sigma-Aldrich, lot MKCQO0506), and Se
(selenium, 99.999%, Alfa Aesar, lot S17G004) were used for the
synthesis. All chemicals were handled inside an MBraun
MB-200B ECO Glovebox at <1 ppm O, and <1 ppm H,O. A stoi-
chiometric ratio of 2:1:3 of rhodium, rhodium(u)-chloride
and selenium was chosen in both cases for the synthesis of
the polycrystalline powder samples and for crystal growth via
chemical vapour transport (CVT). In case a larger quantity of
RhSeCl is needed, we used solid-state synthesis and for single
crystals we prefered CVT. The chemicals were mixed in an
agate mortar and then transferred to a fused silica (imasil PN,
gsil, max. 45 ppm OH content) single chamber ampoule. The
ampoule was sealed with a hydrogen-oxygen torch under
vacuum at 107> Pa.

For the solid-state synthesis, the samples were heated at a
rate of 2 K min™" at 950 °C for five days and then cooled to
room temperature. A greyish powder was obtained. The CVT
(see Fig. 6) was carried out with a temperature gradient of AT =
100 K (T; = 850 °C, T, = 950 °C) at a heating rate of 2.5 K
min~". After five days, the ampoule was allowed to naturally
cool down to room temperature and small black, shiny crystals
of RhSeCl were visible in the sink area. After opening the
ampoules, isopropanol was added to the sink side and trans-
ferred to an ultrasonic bath and kept for 2 minutes to remove
the crystals from the glass wall.

T, - source

~~|@s1em RhSeCl

<

A |

A -
[=11cm S~ ~

T, - sink

Fig. 6 Schematic diagram of the growth configuration for the per-
formed experiments. One-chamber ampoules (I = 11 cm, @ = 1 cm)
were used, with the starting material positioned on the source side and
the crystals deposited on the sink side.

This journal is © the Partner Organisations 2023
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4.2 Identification and characterisation

Powder X-ray diffraction measurements were performed using
a STADI P (STOE, Germany) device (Ge (111) primary beam
monochromator, Mythen 1K detector, 0.015° step size) in
transmission geometry with a Co source (1 = 1.78896 A). For
the Rietveld refinement, the Jana2006>° program package was
used. Single crystal X-ray diffraction was carried out using a
BRUKER VENTURES with APEX3 software for data collection
and integration. For the crystal structure solution, Jana2006>°
was used together with extitSUPERFLIP.*® The crystals grown
via CVT were investigated using light microscopy with the
AXIO Imager.A1M (Fa. Zeiss, Germany). Therefore, we used the
dark field image mode. SEM images were obtained using a
Nova NanoSEM (Fa. FEI Company, USA) with a through-the-
lens detector. The chosen accelerating voltage was varied
within 15 keV. For the EDX analysis and mapping, we used a
QUANTA 200/400 (Fa. AMETEX) with an accelerating voltage of
25 keV integrated into the SEM. Magnetic measurements of
RhSeCl were performed in a VSM-SQUID magnetometer
(MPMS, Quantum Design). The variation of magnetisation
with temperature was recorded in field-cooled (FC) mode in
the range from 300 K to 2 K and an applied field of 1 T.
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