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Abstract—To study chemical transport and refine synthetic routes, single crystals of vanadium and zirconium
diselenides were grown by the chemical transport reaction method using I, and Cl, as transporting agents.
The thermodynamic parameters of chemical transport have been evaluated, and the mass transfer direction
in a growth ampoule has been determined. The phase composition of the samples has been examined by
X-ray powder diffraction. Analysis of X-ray powder diffraction patterns of samples from the low- and high-
temperature zones of the growth ampoule has confirmed the predictions based on thermodynamic calcula-
tions. With both transporting agents, ZrSe, transport occurs from the cold to the hot zone of the ampoule,
while the direction of VSe, transport depends on the nature of the transporting agent. With I, as a transporting
agent, transport occurs from the hot to the cold zone of the ampoule, while with Cl,, in the opposite mass
transfer direction is observed. Microphotographs of the samples are consistent with thermodynamic and
X-ray diffraction data. The results can be used to optimize the technology of producing layered transition

metal dichalcogenides.
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Layered transition metal dichalcogenides
(TMDCs) are a group of binary compounds with a
common characteristic structure and a very wide
range of physicochemical properties. Layered
TMDC:s are distinguished by the variety of observed
physical effects, catalytic activity, and extensive possi-
bilities for obtaining nano- and intercalation materials
based on them [1—3]. These qualities enable the use of
TMDCs and materials based on them in rechargeable
batteries [4—6] and for creating catalysts [7] and
nanoscale electronic devices [8].

The structure of layered TMDCs consists of
repeating layers separated by van der Waals gaps so
that all covalent bonds in the structure lie within the
same layer. In turn, the layers are linked with one
another only through weak interatomic interactions.
Each triple block comprises three atomic layers: two
layers composed of chalcogen atoms and a layer of
transition metal atoms located between them. Crystals
of this structure belong to the structure type of Cdl..
The layered nature of TMDC crystals is responsible
for the ease with which these compounds form inter-
calation compounds [9] and for their propensity to
form thin films and 2D materials [10]. TMDC single
crystals can replace graphene as substrates when creat-
ing heterostructures described in [11].

Versions of molecular beam epitaxy are currently a
common method for producing nanoscale films of
various materials [12]. This method allows one to con-
trol the thickness and stoichiometry of the synthesized
layer with high accuracy, but is unsuitable for produc-
ing separate macroscopic single crystals. The main
method for producing large single crystals of VSe, and
ZrSe, is the chemical transport reaction (CTR)
method [13, 14]. This method is based on a reversible
reaction between a transported substance, in this case
VSe, and ZrSe,, and a transporting agent to give a gas-
eous transported form (for example, V1,), the vapors
of which move along the temperature gradient until
the equilibrium is shifted in the opposite direction,
which leads to the formation of XSe, crystals and the
release of the transporting agent [15].

A common choice of transporting agent when
using chemical transport reactions for the growth of
TMDC single crystals is crystalline I,. The use of
alternative transporting agents for the preparation of
single crystals of Mo, Ta, V, and Zr dichalcogenides
has been reported [16—18].

Unlike various ternary transition metal selenides,
the thermodynamic parameters of which have been
considered in detail [19], experimental data on the
thermodynamic characteristics of layered V and Zr
dichalcogenides are nearly absent in the literature.
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Table 1. Parameters of growth of VSe, and ZrSe, crystals
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Growth temperature, °C
System | Weighed sample, g Transporting agent, X 10~4 mol Time, h
Thot 7::old
VSe, 2.0 1.97 1, 850 800 48
VSe, 0.4 1.32Cl1, 850 800 48
ZrSe, 1.0 2.75Cl, 915 850 48
Z1Se, 0.4 1.77 1, 850 800 48

This study deals with chemical transport processes
in the MSe,/I, and MSe,/Cl, systems (M =V, Zr) in
order to refine synthetic routes and conditions for
growing single crystals of these compounds by the
CTR method.

EXPERIMENTAL

Crystals of VSe, and ZrSe, were grown by the CTR
method using Cl, and I, as a transporting agent. VSe,
and ZrSe, crystals were produced from elements by
annealing of a stoichiometric mixture of the starting
elements in an evacuated ampoule. Then, the crystals
together with the transporting agent source were
loaded into a quartz ampoule, which was evacuated to
a residual pressure of ~0.03 mbar and placed into a
tubular furnace with a temperature gradient. The
resulting crystals were characterized by X-ray diffrac-
tion on a Bruker D8 Advance diffractometer. Micro-
photographs of crystals were obtained using an MIM-7
microscope. The crystal growth conditions are pre-
sented in Table 1.

To avoid substance losses during evacuation and
sealing of the growth ampoule, crystalline I, was intro-
duced into it as a thin-walled Pyrex capillary, which
was destroyed when the ampoule was heated to the
growth temperature, releasing iodine vapor into the
ampoule volume. Powders of VCl; and ZrCl, were
introduced into the ampoule in a dry box under a
nitrogen atmosphere. Upon heating in the growth
ampoule, the transition metal halides VCl; and ZrCl,
decompose to Cl, and VCI, or ZrCl,, respectively.

Reactions (1)—(4) demonstrate the process of

decomposition of a compound, a source of a trans-
porting agent:

2VCl, — VCl, + VCL,, (1)
2VCl, — 2VCl; + Cl,, 2)
2ZrCl, — 2ZrCl, + Cl,, 3)
2ZrCl, — ZrCl, + ZrCl,. (4)

RESULTS AND DISCUSSION

On the basis of the data in [13, 15], we assume that,
in the general case, the chemical transport process in
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these systems can be described as follows: in the high-
temperature zone of the furnace, a dichalcogenide
reacts with a transporting agent, i.e. with halogen
vapor, which leads to the formation of a gaseous tetra-
halide. In the low-temperature region of the furnace,
the halide reacts with selenium vapors to again form
the XSe, dichalcogenide (X =V, Zr) and release the
transporting agent (Cl, or I,).

Reactions (5)—(8) approximately describe the
course of the chemical transport in the MSe,/CI, and
MSe,/1, systems (M = Zr, V).

ZrSey) + 2Cly, <> ZrClyg, + Sey), (5)
Z1Sey) + 2y <> Zrlyg, + Sey), (6)
VSe,, + 2Cly) <> VCly, + Sey ), (7)
VSey) + 2y < Vigg + Sey). (8)

To get a more complete insight into the nature of
the processes occurring during the synthesis and
growth of ZrSe, and VSe, crystals by the CTR
method, we evaluated the thermodynamic parameters
of reactions (5)—(8) and the equilibrium constant in
the temperature range from 298 to 1400 K.

In calculation of A,G° and K, it was assumed that
A/H of reactions in the range 298—1400 K is tempera-
ture independent. For VI, and Zrl,, we used approxi-

mate values of the entropy of formation 5398 extrapo-
lated using the known values for related halides. The
need to introduce these assumptions is associated with
the lack of reliable experimental data on the thermo-
dynamic parameters of these substances in the litera-
ture [17—24]. The calculation results are presented in
Table 2.

The temperature dependence of K, is shown in Fig. 1.
According to our estimates, the behavior of the equi-
librium constant of reaction (8) with a change in tem-
perature differs from that for reactions (5)—(7). In the
range 300—1400 K, K, decreases for reactions (5)—(7)
and increases for reaction (8). In all the four cases, the
rate of change in K, decreases with increasing tem-
perature.

The temperature dependence of the free Gibbs
energy of reaction A,G is shown in Fig. 2. Approximate
calculations show that A.G decreases with increasing

No.9 2020
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Table 2. Approximate thermodynamic parameters of CTR

System | A, H3gg, k/mol|A,S5gs, kJ/(mol K)[A,GSgs, kI/mol| K% |A,GP g, kI /mol| K8 |A,GP,5, kI /mol| K'Y
ZrSe,/Cl, —414.3 —0.10 —38231 | 117 | 2877 | 1.029 - -
ZrSey/1, —41.4 0.18 9559 | 1.04 | —257.7 | 1.026 - -
VSe,/Cl, ~259.9 0.28 —34420 | LIS - - —606.6 1.06
VSey/1, 49.5 0.14 5.09 | 0.10 - - —117.9 1.01

temperature for reactions (5), (7), and (8). For reac-
tion (6), A,G increases and become positive at T =

3889.7 K. For reaction (8), ArG;98 is slightly >0, but
A,G decreases with increasing temperature.

The relationships between A,G, A.H, and A.S make
it possible to predict the behavior of the transport
reaction in each particular case according to the rules
deduced in [15]. These trends are presented in Table 3.

The observed experimental results coincide with
the predicted course of the transport process. In the
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Fig. 1. K, vs T for (a) ZrSe; and (b) VSe,.
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Fig. 2. Temperature dependence of A,G of transport of (a) ZrSe, and (b) VSe,.

The X-ray diffraction patterns of the samples are
shown in Fig. 3. For vanadium diselenide, the use of
both transporting agents leads to the formation of pure
VSe, in the high- and low-temperature zones, which
indicates the efficient operation of the transfer mech-
anisms. The differences in peak intensities are

explained by the size of the crystals and the texture of
the resulting material.

In the case of ZrSe,, the X-ray diffraction pattern
demonstrates the formation of ZrSe, and the lack of
noticeable impurities in the high-temperature zone,

Table 3. Evaluation of the possibility of the transport reaction and transfer direction

System A, S A, H%g A,Gog Possibility of the reaction |Transport direction
Z1Se,/Cl, <0 <0 <0 Limited from above by T Teotd = Thot
Z1Se,/1, >0 <0 <0 Possible Teotd = Thot
VSe,/Cl, >0 <0 <0 Possible Teord = Thot
VSe,/1, >0 >0 >0 Limited from below by 7' Thot = Teola
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Fig. 3. X-ray diffraction patterns of (a) VSe, samples formed in the high-temperature zone of an ampoule with (/) Cl, and (2) I,
and in the low-temperature zone with (3) Cl, and (4) I, (e—characteristic peaks of VSe,, PDF 01-074-1411); and (b) ZrSe, sam-
ples formed in the high-temperature zone of an ampoule with (/) Cl, and (2) I, and in the low-temperature zone of an ampoule
with (3) I, and (4) Cl, (a—ZrSe, (PDF 03-065-3376), b—ZrSe; (PDF 00-036-1338), c—ZrCl, (PDF 01-072-1904), d—Zr,Se;

(PDF 00-015-0221), e—Se (PDF 00-027-0603)).

while ZrSe; and other impurities are accumulated in
the low-temperature zone, which confirms the
hypothesis that chemical transport occurs towards the
hotter zone.

The micrographs of the samples from the high- and
low-temperature zones of the growth ampoule clearly
show a layered structure of the synthesized crystals
(Figs. 4d and 4f). The presence of characteristic angles
of 120° demonstrates the crystals have a hexagonal
structure. In Fig. 4g, a crystal of ZrSe;, which is the
major impurity phase in this sample, can be seen.

RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  Vol. 65

CONCLUSIONS

The chemical transport of layered dichalcogenides
VSe, and ZrSe, with the participation of I, and Cl, as
a transporting agent is considered.

The CTR method with I, and Cl, as transporting
agents afforded samples of VSe, and ZrSe,.

A thermodynamic evaluation of the direction and
possibility of the process at different temperatures pre-
dicts that the transport should proceed from the low-

temperature zone to the high-temperature zone of the
ampoule in the case of VSe,/Cl, and in the case of

No.9 2020
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Fig. 4. Microphotographs of the substance removed from the high-temperature (hot) and low-temperature (cold) zones of growth
ampoules. VSe,/Cl,: (a) cold, (b) hot; VSe,/I,: (c) cold, (d) hot: ZrSe,/Cl,: (e) cold, (f) hot; ZrSe,/I,: (g) cold, (h) hot. All

images were obtained at the same magnification.

Z1Se,, regardless of the nature of the transporting
agent. In the case of VSe,/I,, the transport should pro-
ceed in the direction of the low-temperature zone.
Studies of the phase composition of the samples from
the high- and low-temperature zones of growth
ampoules confirm this assumption. The thermody-
namic parameters of chemical transport processes
have been evaluated, but taking into account the
assumptions made in the calculations, the values of
these quantities should be considered approximate
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