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Heteroanionic materials show promising potential as 2D semiconductors due to their tunable band gaps,
making them excellent candidates for photocatalytic water splitting applications. We conducted detailed
theoretical and experimental analysis of two selected materials by synthesizing crystals through chemical
vapor transport and investigating the impact of anion variation on crystal structure and properties. Using
powder X-ray diffraction and convergent beam electron diffraction, we elucidated the non-centro-

Received 21st May 2024,
Accepted 22nd July 2024

DOI: 10.1039/d4dt01487a

symmetric space groups of these compounds. Thermochemical studies revealed the influence of the
crystal structure on the decomposition points of both compounds. Theoretical investigations predict that
both materials are indirect bandgap semiconductors, which is confirmed by electron energy loss spec-
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1 Introduction

Two-dimensional (2D) materials have attracted the attention of
researchers since the discovery of graphene by Novoselov and
Geim in 2004, due to their unique properties and vast poten-
tial for various applications." Recently, this material class has
arisen as prospective photocatalysts for water splitting, benefit-
ing from their advantageous characteristics such as extensive
surface area and short migration paths for charge carriers,
attributed to their low-dimensional structure.” The primary
focus of advancing the optical properties of these compounds
lies in diversifying the cations®* or reducing the number of
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troscopy and photoluminescence studies.

the stacked layers,>® while exploration of the anions, especially
through combining different types, is rarely explored. In this
regard, heteroanionic materials (HAMs) have received increas-
ing scientific focus in recent years.” This new class of materials
allows for not only the pairing of anions from the same group
on the periodic table, such as bichalcogenides,® but also the
joining of anions from different groups like chalcohalides.” A
primary aim within the latter class of compounds is the tailor-
ing of material properties. Leveraging anions with dissimilar
charges, ionic radii, and electronegativity enables a spectrum
of properties in the resulting materials. Beyond using different
types of anions, the crystal structure of the resulting com-
pounds also significantly influences their characteristics. A key
attribute of heteroanionic compound crystal structures is the
varied cation coordination. Furthermore, how the coordinated
polyhedra connect is also crucial for determining the arrange-
ment and properties. Comparable polyhedral coordination
and element quantities can result in different structural forms
within a given family of mixed anionic materials.”"’
Examinations of the relationship between crystal structure and
physical properties of HAMSs have to this point mainly focused
on quaternary oxopnictides and bichalcogenides.”>'* A
thorough investigation of layered HAMs has been conducted
solely in the bismuth chalcohalide family.">™* The results
indicate that in such heteroleptic layered materials, the anions
can adopt two arrangements: either evenly distributed on both
sides of a single layer or in full layers of a single anion.

This journal is © The Royal Society of Chemistry 2024
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Materials with such rare crystal structures are called 2D Janus
materials. In a previous publication, we described the crystal
growth and structure of the novel 2D Janus material RhSeCL'?
Here, we present the structure-property relationships of the
2D material RhTeCl'® and the 2D Janus material RhSeCl. We
conducted a comprehensive analysis employing various tech-
niques, including thermochemical, XPS, CBED, EELS, and
SQUID data, and found that the specific arrangement of
anions in the structure affects the properties of the materials.

2 Results and discussion

2.1 Synthesis and morphology

For the synthesis of RhTeCl, we modified the method of
Kohler et al.'® using tellurium tetrachloride as a chlorine
source because it is easier to dose and less dangerous than
pure chlorine gas. The bulk crystals of RhTeCl, synthesized by
chemical vapor transport (CVT), are black and lustrous with a
typical layered structure. Similarly to RhSeCl crystals, RhTeCl
shows a range of morphological variations, including sharp-
edged, well-defined nanoplatelets and aggregated nano-
structures (see Fig. S21). EDX mapping confirmed the homo-
geneous distribution of constituent elements within a RhTeCl
crystal, as illustrated in Fig. 1. The elemental analysis per-
formed using EDX provides validation of the expected compo-
sitions within the measurement errors. Note that there
appears to be a slight overestimation of the rhodium content
for both chalcochlorides. This is possibly due to the overlap-
ping of X-ray emission peaks of chlorine (Ky,: 2.62 keV, Kg;:
2.82 keV) and rhodium (Lo 2.69 keV, Lg: 2.83 keV), as
demonstrated in Fig. $3.'” The elemental analysis from an
average of ten measurements indicates a composition close to
Rhg; 5(s) Tess.5(0) Clso.o(1) as reflected in the ESI Table S1.}

X-ray diffraction data are in agreement well with a Le Bail
refinement (see Fig. 2), suggesting that even the bulk samples
are phase-pure RhTeCl. However, a Rietveld refinement was
challenging due to a low data/parameter ratio and strong
texture effects in the powder data. The raised background in
the diffraction pattern at low 26 angles could be explained, for
example, by scattering of the X-ray radiation in the air or the
measurement geometry itself. XRD measurements of samples
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Fig. 2 Powder X-ray diffraction data of RhTeCl with superimposed
LeBail refinement simulations and their corresponding differences. The
measurement was carried out using a Cobalt K, X-ray source (1 =
1.78896 A).

from both chalcochlorides (see Fig. S3 and S4f) stored in
normal atmospheric conditions over a longer period verified
long-term stability. Accordingly, the behavior of the chal-
cochlorides is similar to the rhodium trihalides RhCl;***° and
RhI;,> which also show long-term environmental stability. The
macroscopic long-term stability of the two chalcohalides
accordingly opens up the possibility of using the two com-
pounds for photocatalytic water splitting.>>°

2.2 Crystal structure

As described by Kohler et al.'® RhTeCl crystallizes in a non-
centrosymmetric monoclinic space group C1ml with lattice
constants a = 12.9881(2) A, b = 3.6405(4) A, ¢ = 6.6528(1) A and
f = 118.76(2)° in a stacking order which can either be
described as a distorted CdlI, or an a-CrOOH structure type. In
a previous publication,'® we reported the crystal structure of
the RhSeCl, which crystallizes in a hexagonal crystal structure
(CdI, type) with the lattice constants a = 3.48760(1) A and ¢ =
11.5791(5) A.

RhSeCl and RhTeCl have octahedra as the building units of
their crystal structures, as shown in Fig. 31. The anions in the
octahedra exhibit a facial coordination in both materials. The
distances between rhodium and chlorine, with approximately

Fig. 1

(a) Light microscopy of a RhTeCl bulk crystal in dark field mode. (b) SEM image of the same crystal with some edge effects. (c) EDX spec-

troscopy mapping of the main elements of RhTeCl, showing a uniform distribution of the elements.

This journal is © The Royal Society of Chemistry 2024
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I: Illustration of the coordination polyhedra, the atomic distances and the octahedral angle for RhSeCl (a) and RhTeCl (b). II: Section of the

AB type layered crystal structure of the Janus material RhSeCl (a) and RhTeCl (b). RhSeCl is orientated in b—c direction and RhTeCl in b-a

direction.?*

2.51 A, are equivalent in these compounds. Both HAMs have
different rhodium chalcogen distances. In RhSeCl, the Rh-Se
distances are 2.38 A, which is 0.1 A lower than those of Rh—Cl
with 2.51 A. On the other hand, the Rh-Te distances
(2.56-2.57 A) in RhTeCl are almost the same as those of Rh-Cl
(2.51-2.54 A). This difference in the interatomic distances
between rhodium and the respective chalcogenide is due to
the larger ionic radius of the tellurium (2.07 A) compared to
the selenium anion (1.84 A).?? Through the similarity of the
halide and chalcogenide distances in RhTeCl, the distortion of
the octahedral angle (178.1°) is less than in RhSeCl (175.5°).
Due to the non-uniformity of the distances between either the
Rh-Cl and the Rh-Te distances, RhTeCl exhibits fewer sym-
metry elements than RhSeCl, therefore the crystal space group
is lower.

Fig. 3II demonstrates the AB stacking order of the 2D
materials along their longest crystal axis for the c-axis of
RhSeCl and the a-axis of RhTeCl. The arrangement of anions
in the individual layers of rhodium chalcohalides differs. In
RhSeCl, alternating layers of chlorine and selenium are
present, which is consistent with the behavior of 2D Janus
materials. On the other hand, in RhTeCl, the different anions
are mixed in the layers. The difference in symmetry, and thus
the space group, of the two compounds is related to the edge
linkage of the coordination polyhedra, as illustrated in
Fig. S6.1 In RhSeCl, all edges are connected only through chal-
cogenide-chloride connections, which also exist in RhTeCl.
However, chalcogenide and halide connections are more
common in RhTeCl

To determine the point and space group symmetries of
RhTeCl and RhSeCl and confirm the Janus structure (i.e., the
absence of mirror symmetry with respect to the c-axis), we con-
ducted convergent beam electron diffraction (CBED) measure-

18228 | Dalton Trans., 2024, 53,18226-18236

ments in a Transmission Electron Microscope (TEM) along
different zone axes of RhSeCl (Fig. 4a) and RhTeCl (Fig. 4b).
Here, the zero order Laue zone CBED patterns inherit the sym-
metry of the original point group (PG) restricted to the TEM
lamella geometry prepared from the crystal.>* By additionally
analyzing systematically absent (forbidden) reflections as well
as the presence of dynamical extinction lines>*** the whole
space group (SG) symmetry could be unambiguously deter-
mined for the two compounds: In RhSeCl, a 6-fold rotational
symmetry as well as two mirror plane symmetries are visible in
the CBED pattern recorded along the [001] zone axis. In combi-
nation with the single mirror plane observed along [210] zone
axis the PG is unambiguously fixed to 6mm. The additionally
visible dynamical extinction lines in the indicated kinemati-
cally forbidden CBED disks (yellow arrows in Fig. 4a) are com-
patible with the presence of a 6; screw axis and a ¢ glide plane,
which together with the 6mm PG symmetry fixes the SG to the
hexagonal P6;mc. The only observable non-trivial CBED sym-
metry in RhTeCl (Fig. 4b) is a mirror plane visible in [101]
orientation, which together with the forbidden reflections
(e.g., (11-1)along [112] orientation) fixes the SG to the mono-
clinic Cm.

Therefore, we could verify the non-centrosymmetricity of
the described rhodium chalcohalides. Possible properties
according to the Neumann principles for the Janus
material, such as pyro- and piezoelectricity and non-linear
optical behavior, were mentioned in an earlier publi-
cation.” Based on these principles, RhTeCl should show
the same properties and additionally be optically active,
i.e., exhibit the rotation of polarization for light passing
through this material.>*?” This optical activity and the non-
linear optical properties may be quenched due to the opa-
queness of this crystal.

This journal is © The Royal Society of Chemistry 2024
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Fig. 4

(a) CBED patterns including non-trivial symmetry elements and extinction lines (indicated by yellow arrows) of RhSeCl along [001] and [210]

zone axis fixing the SG to P6smc. The scalebar corresponds to 4 nm™. (b) ED diffraction pattern along [112] including systematic absences (e.g.,
(11-1)) and CBED pattern along [101] including the mirror plane symmetry fixing the SG of RhTeCl to Cm. We used an inverted grayscale for RhTeCl

diffraction patterns to distinguish them from the RhSeCl results.

2.3 DFT simulations of the electronic structure

To gain insight into the electronic properties, we have per-
formed electronic-structure calculations within the DFT
theory. The full relativistic generalized gradient approximation
(GGA) in the Perdew-Burke-Ernzerhof variant is used for the
exchange-correlation potential implemented in the full poten-
tial local orbital band structure (FPLO) package.’®**° For the
Brillouin zone (BZ) integration, we used the tetrahedron
method with a 12 x 12 x 12k mesh. We considered the non-
magnetic state. The band structure of RhSeCl and RhTeCl is
shown in Fig. 5(I) and (II). The corresponding partial contri-
butions of the electrons of the atoms to the density of states
(PDOS) and the total density of states (DOS) are shown in
Fig. 5(III) and (IV). The valence and conduction bands are
dominated by the 4d electrons of Rh, the 3p electrons of Cl,
and the 4p and 5p electrons of Se and Te, respectively. Both
structures show semiconductor behavior with indirect gaps in
the band structure of 1.17 eV and 0.68 eV in RhSeCl and
RhTeCl, respectively. The optical gap of 1.48 eV in RhSeCl and
0.78 eV in RhTeCl can be seen in the loss functions (see ESIT).
The trend of the calculated band-gap energies is comparable
to that of the bismuth chalcohalides. Due to the growing
number of electrons in the system, the band gap becomes
smaller.”>** Furthermore, the results of our DFT calculations
for the band gap of RhTeCl matched those of the Materials
Project (Id. mp-22945) with 0.78 eV.*>*' Qu et al®® likewise
identified an indirect behavior of the band gap for bulk
RhTeCl. However, like in MoS,, there is a transition from an
indirect to a direct band gap related to the number of atomic
layers. Therefore calculations suggest that the band gap can be
further tuned via defoliation.

2.4 Spectroscopic investigations

The relevant core levels of Rh 3d, Cl 2p and Se 3d are shown in
detail in Fig. 6. For the overview XP spectrum of a single
RhSeCl flake see Fig. S8 in ESLT In addition to the expected
signals for Rh, Se, and Cl, signals for oxygen and sodium were

This journal is © The Royal Society of Chemistry 2024

detected. In the Se 3d region, there is a broad peak marked
with a star. This peak has a binding energy of 60 eV and
corresponds to the presence of Na,SeO, and/or Se0,.**

The Janus material RhSeCl presents dissimilar surface
layers on its opposing sides, either disposing Cl or Se.
Therefore, the surface termination determines the relative
intensities between Cl and Se in Fig. 6 due to the inherent
surface sensitivity of photoemission spectroscopy. A pro-
nounced surface dependency of the relative Cl/Se intensities is
indeed evident. In addition, the Cl-terminated side is stable
against the ambient atmosphere. The Se-terminated side exhi-
bits elevated oxide components due to Selenium’s inherent
propensity to oxidize.* This kind of surface-dependent behav-
ior of the respective anion intensities is analogous to the one
found in the Janus material BiTeCl.**

For RhTeCl, an overview of the XP spectrum is displayed in
Fig. S9.f Similar to the spectrum of RhSeCl, oxygen is also
detectable as an additional element in RhTeCl. A detailed
examination of the energy line of Te 3d is depicted in
Fig. S10.1 It is evident that there is a high-energy component,
indicating oxide formation. Consequently, it seems that
RhTeCl is more susceptible to surface oxidation than RhSeCl.
This observation aligns with the behavior of other layered tell-
urium-containing compounds, such as WTe,>>?*® or
MoTe,,*”*® which also oxidize relatively rapidly. The asymme-
try of the CI 2p line and the presence of aluminum energy
lines in the overall spectrum can be attributed to the residues
of the transport agent AICl; on the surface.

The electronic excitation spectra of RhSeCl and RhTeCl
were studied using electron energy-loss spectroscopy (EELS) in
transmission mode. The corresponding data were taken at low
momentum transfer, which is close to the optical limit, and
they are depicted in Fig. 7. The data represent the so-called
loss function and provide insight into the excitation onset and
excitation features above. The excitation onset is a measure of
the energy gap of the material, a fundamental physical para-
meter to characterize the electronic and transport behavior.
The excitation onset has been determined by a linear extrapol-

Dalton Trans., 2024, 53,18226-18236 | 18229


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4dt01487a

Open Access Article. Published on 27 July 2024. Downloaded on 3/13/2026 1:50:36 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Paper Dalton Transactions
a) RhSeCl b) RhTeCl
1) )
10.0 e 100 <=7 =~
&\K LT EACTAD =
S~ B SRS NG
% s0f 50
g AN e g N P BN LS e
- N— ~L —"= SN AR A i
G s ~— [+ N~ N =
0.0 £ 00 £
E ————— T == /_\E-f i%\% F
|| = —
= T
- et
) =N == 5?;%
i K§%>f\>@: AP == %K
r M K T A L H AILMIKH I YBM UJU, AB|Y A]A, I VL T
lII) 25 T T T T T IV) T T T T T
——PDOS Rh 15 | ——PDOSRh
20 | ——PDOS Se | ——PDOS Te
——PDOS Cl ——PDOSCI
% — total DOS total DOS
2 15| 1 1of 1
=
(]
0 L i
8 1
a
[ 51 -
51 i
0 1 1 1 0 1 1 1
-5 0 5 10 15 20 -5 0 5 10 15 20
E/eV E/eV
Fig. 5 Electronic band structure (I and Il) and atom-projected partial density of states (lll and IV) for RhSeCl (a) and RhTeCl (b) calculated by PBE
functional.
0 T—gem 20 5 125 e results, as shown in (Fig. 8), indicate that substantial photo-
45 setem 17,5 1S tem seem  n g3 luminescence occurs at a temperature below 100 K for both
40 g 150 g 10,0 § 3 chalcohalides. In the case of RhSeCl, we find a broad peak
< " -—
31 x © @ (from 1.2 to 1.6 eV) with a maximum signal at approximately
P 12,5 4 . . .
2 . « 51 1.4 eV. A smaller feature at lower photon energies is likely an
£ *1 8 1007 g artifact of the detector, which loses the sensitivity in that
B < 4 . . .
8 & 754 °0 energy range. RhTeCl displays two emission peaks, one at 0.75
15 .
© 50 v * eV and another in the energy range of 0.9 to 1.0 eV. The sharp
] 254 ' shape of the feature at 0.75 eV is also likely affected by the
. 00 o0 sharp change of the detector response function below 0.75 eV,
320 3;5 3;0 305 ' 205 260 195 ' 65 6‘0 5‘5

binding energy / eV

Fig. 6 XP spectra of shallow core levels comparing Cl- (green) and Se-
terminated (red) RhSeCl. Each panel thus shows the respective spectra
of the elements of RhSeCl. An additional * marked peak shows the pres-
ence of Nay,SeO, or SeO, on the surface of a selenium terminated
sample.

ation of the data to zero. We observe an energy gap E, of
approximately 1.4 eV for RhSeCl and of about 0.7 eV for
RhTeCl. The excitation spectra above the energy gap are rather
featureless, which signals a broad and continuous-like joint
density of states of the valence and conduction bands,
respectively.

The photoluminescence of RhSeCl and RhTeCl has been
measured on bulk crystals at various temperatures. The

18230 | Dalton Trans., 2024, 53, 18226-18236

but the presence of the peak itself is unambiguous.

The extracted estimates of the band gap using electron
energy loss and photoluminescence spectroscopy are largely
consistent for both RhSeCl and RhTeCl and are close to the
theoretically predicted values. Both compounds were thus con-
firmed to be semiconductors with a band gap in the near-
infrared range: 885 nm for RhSeCl and 1771 nm for RhTeClL.*°
These observations verified that the band gap of the chalcoha-
lide can be narrowed by selecting a chalcogenide anion with a
lower electronegativity. In this case by exchanging the selenide
with a telluride ion. However, the crystal lattice system and
space group do not appear to have a direct influence on the
band gap energy per se, but it is dependent on the structure
type. This conclusion can be reached by comparing the experi-
mental band gap energies of RhTeCl (0.7 eV) and BiTeCl (0.77
eV;'? 0.8 eV (ref. 40)). Like RhSeCl, BiTeCl belongs to the

This journal is © The Royal Society of Chemistry 2024
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Fig. 8 Photo-luminescence spectra on bulk samples of RhSeCl and
RhTeCl (insert), measured at various temperatures from 5 to 200 K and
corrected for the detector response.

Cadium diiodide structure type (hexagonal, SG: P6smc), while
RhTeCl (monoclinic, SG: Cm) exhibits a distorted variant of it.

2.5 Thermochemical investigation

RhSeCl exhibits thermal stability up to 700 °C as shown in the
green TG-plot in Fig. 9. This is followed by a loss of mass,
which occurs in two distinct phases. The first stage goes on till
around 918 °C with a loss of around 13.4 weight percent and
the second ends at 1000 °C with an additional 1.7 percent
weight loss, indicating an almost complete evaporation of
chlorine in this system. Through the tangent method, a
decomposition point of 917 °C could be calculated, which is
consistent with the large endothermic signal at 917.4 °C.
Furthermore the two endothermic signals at 855.7 °C and
917.4 °C point towards two phase formations in the Rh-Se

This journal is © The Royal Society of Chemistry 2024

system, where the latter correlates to the eutectic phase
formation.*>*> In contrast, the TG-plot for RhTeCl shows a sig-
nificant mass loss of 32.13 percent. This mass loss corres-
ponds to a total loss of chlorine as well as almost half of the
tellurium content. The peak temperature of 760.6 °C of the
first broad peak in the DSC plot is in agreement with the
obtained decomposition point over the tangent method of the
TG plot. Another large endothermic peak between 985.3 °C
and 991.3 °C hints at the formation of an eutectic system of
Rh and RhTe,_, and the peritecoidally forming of Rh;Te, from
Rh(Te) and RhTe,_,.*>** The presence of elemental Rh and
Rh;Te, is revealed by subsequent PXRD analysis of the residue
from the TG-DSC measurement see Fig. S10.t

2.6 Investigation of the magnetic behaviour

Fig. 10(a) shows the magnetic susceptibility of RhTeCl for the
temperature range from 2 to 300 K. For temperatures above
approximately 7 K, the curve exhibits diamagnetic behavior
with a paramagnetic Curie-tail for the low-temperature regime.
The measured susceptibility is well described by a modified
Curie-Weiss behavior (y = n-C/(T — O¢w) + xo)- Here, n corres-
ponds to the percentage of paramagnetic impurities, C is the
Curie constant, Ocw the Curie-Weiss temperature, and y, the
temperature independent diamagnetic contribution. The fit
yields a negligible paramagnetic fraction below 0.1% verifying
the high purity of the grown single crystals. The obtained
Curie constant and the corresponding effective moment of
Hege = (6.5 = 0.1)up are in good agreement with the expected
values for Rh*"-ions. The fitted Curie-Weiss temperature is
zero within the error bar of the experiment. The observed bulk
signal of the sample corresponds to the diamagnetic y, of
about —(5.76 + 0.25) x 10> emu (mol Oe)™". Fig. 10(b) presents
the magnetic moment as a function of the applied magnetic
field. At temperatures of 1.8 K, we observe an increase of the
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Fig. 9 TG-DSC data of RhSeCl (a) and RhTeCl (b) crystals starting from 450 °C up to 1000 °C, in green the TG and in blue the DSC measurement is
plotted. The complete measured temperature range is shown in the ESI in Fig. SO.+
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(a) Magnetic susceptibility as a function of temperature of RhTeCl. The measurements were performed with an applied field of 1 T. The red

dashed line corresponds to a modified Curie—Weiss fit; see text. (b) Magnetic moment as a function of the applied magnetic field at 1.8 and100 K.
The green dashed line corresponds to a scaled Brillouin fit (n - B;) with an additional linear in-field contribution (yo-H). The purple dashed line is a
guide to the eye, corresponding to the saturation moment of the Brillouin-like contribution.

magnetic moment until 2 T followed by a downturn and a dia-
magnetic response. Moreover, above a magnetic field of 4 T,
M(H) follows a linear behavior. The observed behavior is well
captured by a scaled Brillouin function and an additional
linear term (M(H) =n- B; + y, - H). The obtained parameters
agree well with the Curie-Weiss fit, corresponding to a small
fraction (n < 0.1%) of paramagnetic Rh*'-ions, saturating at
around 4-5 T at 4.4 x 10™* pB per f.u. At higher temperatures
(T = 100 K) a purely diamagnetic response is observed. Both
linear regimes have the same linear slope of y, = —(5.61 + 0.10) x
107> emu (mol Oe) ", which is in good agreement with the Curie-
Weiss fit. The observed mixture of para- and diamagnetic fea-
tures are characteristic of samples with a diamagnetic main
phase containing a small amount of uncorrelated paramagnetic
impurities.

18232 | Dalton Trans., 2024, 53,18226-18236

As for RhSeCl the octahedral crystal electric field (CEF)
splits the 4d orbitals of the Rh®" ion into three lower and two
higher doubly degenerate energy levels, t,,ande,, respect-
ively."®> With all six valence electrons of the Rh** occupying the
tg states, both spin and angular momentum of the rhodium
ions are zero (S = L = 0). Compared to RhSeCl the diamagnetic
response of the tellurium compound is stronger, which is
expected due to the additional filled shell and the associated
increased Larmor diamagnetism (yparmor & —Z{7”); Z: nuclear
charge number and r: ionic radius*?).

Due to the absence of a noteworthy magnetic moment in
the magnetization measurements, an intrinsic localized mag-
netic moment residing on the Rh-ion can be ruled out, thus
proving that Rh*" is, for both compounds, the only existing oxi-
dation state of the cation.

This journal is © The Royal Society of Chemistry 2024
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Fig. 11 Schematic of the growth configuration for the performed
experiments. One-chamber ampoules ({ = 11 cm, & = 1 cm) were used,
with the starting material positioned on the source side and the crystals
deposited on the sink side.

3 Conclusion

In this work we investigated the structure-property relation-
ships in the ternary transition metal chalcohalides RhSeCl and
RhTeCl using a variety of characterization methods. Through
X-ray and converged electron beam diffraction, we demon-
strated the non-centrosymmetricity of RhSeCl and RhTeCl,
thus verifying the initially published crystal structures. While
RhTeCl has a crystal structure that corresponds to the distorted
Cd]I, structure type, the compound RhSeCl is a Janus material,
which shows a clear separation of the anions. The different
arrangement of the anions in the crystal structure of these two
materials results in very distinct properties. The Janus charac-
ter of RhSeCl was confirmed via XPS, as there is a site depen-
dency of the oxidation behavior as well as the intensity of the
anionic species. Furthermore, the used spectroscopic charac-
terization methods and the theoretical calculations agree in
their core findings, that both materials are semiconductors
with a band gap in the near-infrared wavelength regime. The
observed reduction in the band gap from RhSeCl to RhTeCl
can be explained using a common theory for heteroanionic
materials and compared with the bismuthchalcochloride
system. Through the results of the thermochemical character-
ization, we can conclude, that the Janus material is more
stable against decomposition than the structurally related
RhTeCl. SQUID measurements showed diamagnetic behavior
in both investigated compounds, implying that the only cat-
ionic species in these materials is Rh®". Further physical
investigations are warranted to validate the expected piezoelec-
tric and pyroelectric properties, consistent with Neumann
principles, expected in both compounds.

4 Materials and methods
4.1 Synthesis of the rhodiumchalcohalides

RhCl; (rhodium(m) chloride, 99%, Abcr, lot 1251061) Rh
(rhodium, 99.95%, Sigma-Aldrich, lot MKCR3908), Se (sel-
enium, 99.999%, AlfaAesar, lot S17G004), Te (tellurium,
99.999%, AlfaAesar, lot 61600593), TeCl, (tellurium(wv) chlor-
ide, 99.9%, AlfaAesar, lot Q09B057) and AICl; (aluminium(u)
chloride, 99.999%, AlfaAesar, lot M12C021) were used for the
synthesis. All chemicals were handled inside an MBraun MB-

This journal is © The Royal Society of Chemistry 2024
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200B ECO Glovebox at <1 ppm O, and <1 ppm H,O. The pro-
cedure to synthesize RhSeCl is described in our previous publi-
cation.'® For the synthesis of RhTeCl a stoichiometric ratio of
4:3:1 of rhodium, tellurium, and tellurium(v)-chloride with a
slight addition of aluminum(u)-chloride was chosen for the
crystal growth via chemical vapor transport (CVT). The chemi-
cals 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 10> Pa.

The CVT was carried out with a temperature gradient of
AT =200 K (T; = 700 °C, T, = 900 °C) and an heating rate of
2.5 K min™', see Fig. 11. After four days, the ampoule was
allowed to naturally cool down to room temperature and black,
shiny crystals of RhTeCl were visible in the sink area. After
opening the ampoules, ethanol was added to the sink side and
transferred to an ultrasonic bath for 2 minutes to detatch the
crystals from the glass wall.

4.2 Microscopical investigation

The crystals grown via CVT were investigated through 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 acceleration
voltage varied between 15 keV. For the EDX analysis and
mapping, we used a QUANTA 200/400 (Fa. AMETEX) with an
acceleration voltage of 25 keV integrated into the SEM.

4.3 Structural characterization

Powder X-ray diffraction (PXRD) measurements were per-
formed 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 (4 =
1.78896 A). For the Le Bail refinement, the Jana2020 program
package®® was used. After thermochemical analysis, the
samples were analyzed using an XRD 3003TT diffractometer
from GE Inspection Technologies with a Cu source (1 =
1.5406 f&). Measurements were taken in Bragg-Brentano geo-
metry with a Ketek AXAS-M energy-dispersive SSD detector.

The CBED patterns have been recorded at a FEI Titan®> TEM
using 300 kV acceleration voltage. Note that small misorienta-
tions as well as thickness variations lead to small symmetry
violations, which can be neglected in the analysis.

4.4 Spectroscopic investigation

X-ray photoelectron spectroscopy (XPS) was carried out using a
PHI 5600 spectrometer from Physical Electronics.
Monochromatized AlKa radiation with a power of 250 W was
used. The hemispherical analyzer was set to a pass energy of
93.9 eV for the survey scan and 29.35 eV for the fine scans of
the core levels. The spot size was 0.4 mm. The samples were
handled exclusively in a glovebox to prevent air contact and
surface contamination before being transferred to a transfer
chamber for examination. The spectra were referenced to the C
1s peak at 284.8 eV to correct charging effects during the

Dalton Trans., 2024, 53,18226-18236 | 18233


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4dt01487a

Open Access Article. Published on 27 July 2024. Downloaded on 3/13/2026 1:50:36 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

measurements. Electron energy loss spectroscopy (EELS) was
performed using a home-built spectrometer with a primary
electron energy of 172 keV.*”*® The energy resolution was set
to 85 meV, and the momentum resolution to 0.035 A™. All
measurements have been carried out at room temperature.
The polycrystalline RhSeCl sample (1-2 mg) was dispersed in a
few drops of ethanol and exfoliated via ultrasonification. A few
drops of the fresh dispersion were then pipetted onto a copper
grid with lacey-carbon coating (Science Service GmbH,
200 mesh) to collect a sufficient amount of the dispersed
material. The grid was then dried under a vacuum. For
RhTeCl, a 100 nm thick film has been prepared via exfoliation
from a single crystal and subsequently put onto a copper grid.
Photoluminescence measurements were performed in back-
scattering geometry using a microscope of home design and
laser excitation at 488 nm (Omicron PhoxX diode laser). PL
detection was done using Kymera 328i spectrograph (Andor)
and iDus 1.7 pm InGaAs camera (Andor), calibrated versus
black body radiation. The temperature of the sample was con-
trolled with Janis ST-500 microscopy cryostat.

4.5 Simultaneous thermal analysis

DSC, coupled with TG was performed with a NETZSCH STA
449C (NETZSCH-Gerdtebau GmbH). Pt-Rh-crucibles were
loaded with about 20 mg material (powder for RhSeCl and
finely ground crystals for RhTeCl) and covered with a lid,
applying a heating rate of 10 K min™" from 20 °C to 1000 °C. A
N, (99.999, <2 ppm O,) gas flow of 50 ml min~" was applied.
Before the analysis, the DSC signal was calibrated using
measurements of transition enthalpies of standard substances
(KNO;, RbNO;, KClO,, Ag,SO,, CsCl, K,CrO,, BaCO,).

4.6 Magnetic measurements

Magnetic measurements of RhTeCl crystals were performed in
a VSM-SQUID magnetometer (MPMS, Quantum Design). The
variation of magnetization 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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