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ORIGINAL STUDY

Solubility of Copper in ZrSe,

Mikhail S. Postnikov, Lyudmila A. Stashkova, Alexey S. Shkvarin', Alexander N. Titov

M.N. Miheev Institute of Metal Physics of Ural Branch of Russian Academy of Sciences, 620990, Ekaterinburg, Russia

Abstract

Previously obtained single crystals of Cu,ZrSe, show Cu contents up to x = 1. However, as a result of the solid phase
reaction, the composition with maximum Cu content x = 0.45 is obtained. The process of copper dissolution in
Cu,ZrSe, at x > 0.5 has been studied by DSC and X-ray diffraction methods to investigate the reasons preventing the
composition x > 0.45 by solid phase reaction, as well as the possibility of avoiding these difficulties. It is concluded that
the reason limiting the solubility of copper is the formation of a barrier layer on the surface of the copper particles.

1. Introduction

he layered transition metal dichalcogenides

(LTMDs) and their intercalation compounds have
been the subject of significant considerable interest
over the past few decades. This is due to the notable
physical properties that they possess [1—8] and the
potential applications that they offer [9—13].

Recently synthesized CuZrSe, shows interesting
properties [14]. In particular, a non-centrosymmetric
crystal structure is expected for this material due to the
unequal filling of van der Waals gaps by copper, which
are tetrahedrally coordinated by selenium, see Fig. 1.

However, there is a surprising situation - conven-
tional solid-phase synthesis can obtain a homogeneous
material only in the range of copper -content
0 < x < 0.5. Further increase of the copper content
leads to the precipitation of additional phases, pre-
venting the use of this material for the study of prop-
erties. At the same time, when single crystals are grown
by gas transport reactions, crystals with the composi-
tion CuyZrSe, or close to it are quite stable. It is clear
that only a small part of the initial polycrystalline
sample is transformed into crystals. The crystals are
therefore part of a multi-component and multiphase
material. Nevertheless, the presence of such crystals
means that the composition Cu;ZrSe, is thermody-
namically quite stable and the fact that we cannot
obtain a homogeneous material with composition
x > 0.5 means that the conditions under which the
copper-rich compositions of the system are in a single-

phase state are not fulfilled. The present work is
devoted to the search for such conditions.

It should be noted that for intercalate compounds
based on ZrS,, isostructural ZrSe,, the solubility of Fe,
Co, Ni and Cu also does not exceed 50 mol% [15].
However, in these systems, single crystals cannot be
synthesized for compositions above 50 mol% inter-
calant. At the same time, a spinel phase is formed in the
Cu,ZrS, system at x = 0.5 [16]. Thus, the intercalation
limit of ZrS, is not related to kinetic but to thermody-
namic constraints. At the same time, known attempts of
copper intercalation in ZrSe, were not only limited to
low copper concentrations (x = 0.07), but were also
performed in a material significantly contaminated
with self-intercalated zirconium [17]. The Cu content
range x = 0.5—1.0 in Cu,ZrSe, is under investigation
for the first time in the present work.

2. Experiment

The polycrystalline sample of Cu,ZrSe, was synthe-
sized using previously prepared ZrSe, and metallic
copper. ZrSe, was obtained from the starting elements:
Zr (99.95 %) and Se (99.99 %). The appropriate
amount of the starting elements with a total sample
mass of 3 g was sintered at 1000 °C for 7 days in sealed
quartz ampoules with diameter 12 mm and length
120—130 mm, evacuated to 10~° Torr in a tube
furnace with a temperature gradient not exceeding 1
deg/cm. Then the ampoules were opened, the samples
were ground in an agate mortar, pressed at a pressure
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Fig. 1. Fragment of crystal structure for Cu;ZrSe, orange sphere is filled by Cu tetra sites, white — empty one.

of 20 kg/mm? and annealed again under the same
conditions for one week for homogenization. After this
procedure, X-ray diffraction analysis did not show the
presence of impurity phases.

The Cu,ZrSe, samples were prepared by the usual
thermal intercalation procedure at room temperature
[18]. Further annealing was performed in a muffle
furnace at temperatures of 85 °C, 260 °C and 280 °C.

Calorimetric studies have been carried out with the
using the equipment of the Collaborative Access Center
«Testing Center of Nanotechnology and Advanced Ma-
terials» of the IMP UB RAS. Differential scanning

calorimetry data were obtained using a STA 449 F3
Jupiter synchronous thermal analysis instrument
(Netzsch) in a nitrogen atmosphere during heating and
cooling in the temperature range 0—440 °C at a rate of
5 °C/min. The experimental data were processed using
the NETZSCH Proteus Analysis® software package.

3. Result and discussion

Fig. 2 shows the diffractograms of Cu,ZrSe, samples
in the Cu concentration range 0.5 < x < 1 and for initial
ZrSe, obtained at room temperature. The indexing

CuZrSe, !
85 °C

1

/

Intensity, arb. units
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Fig. 2. Diffraction patterns for Cu,ZrSe, samples synthesized at room temperature. Arrows marked as 1 show main peaks of the layered Cu,ZrSe,

phase. Arrow marked as 2 shows main peak of Cu phase.
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showed that the structure of the main phase in all
samples is described by the space group P3ml. In
addition, peaks other than the main phase were
observed (labeled 2 in Fig. 1). Indexing showed that
this peak belongs to the pure copper phase. As the
relative intensity of this peak increases, it can be
assumed that there is some limit to the solubility of
copper in ZrSe, at room temperature.

No significant changes were observed after annealing
at 85 °C for 72 h (see Figure S1 in the Supporting Data).

Since it is possible to obtain crystals with a higher Cu
composition (up to x = 1) than polycrystalline samples
[14] (where the solubility limit is about x = 0.45), it can
be assumed that a higher temperature expands the
solubility range. However, in this case it is not possible
to simply increase the temperature (e.g., up to 500 °C)
because parasitic phases are released [16]. Therefore,
we used the differential scanning calorimetry (DSC)
method to determine the temperatures of possible
transitions. Fig. 3 shows DSC curves obtained by
heating of Cu,ZrSe, samples (x = 0.5, 0.6, 0.7, 0.8, 0.9
and 1) in the temperature range 0—440 °C. The tran-
sition onset and end temperatures as well as the peak
temperature were determined and are summarized in
Table 1 and Figure S2 in the Supporting Data.

The peak in the temperature range of 150—260 °C is
clearly visible. The thermal stability study of the
Cu;ZrSe, compound [19] showed that as the temper-
ature increases, the copper dissolution process is

Table 1. The transition onset and end temperatures as well as the peak
temperature for Cu,ZrSe,.

Sample Tonset Tpeak Tend
CugsZrSe, 150 218 251
CugZrSe; 153 200 236
CugZrSe, 153 204 242
Cug gZrSe; 149 192 239
CugoZrSe, 146 202 246
CuyZrSe; 129 219 264

accompanied by the copper selenide extraction pro-
cess. Since only one peak is observed, only one process
should be observed in this temperature range. A series
of annealing's were performed at 260 and 280 °C for
48 h. The resulting diffractograms are shown in Fig. 4.

It can be seen that the Cu peak disappears for the
composition x = 0.5 and decreases for x = 0.6. No
additional phases, such as copper selenides, are
formed. The exothermic effect can only be related to
the dissolution of copper in CuyZrSe,. The degree of
copper solubility in ZrSe, can be estimated from the
ratio of the intensity of the main peak of copper to the
intensity of the main peak of the layered phase (see
Fig. 5).

It is easy to see that the solubility of copper increased
for all compositions. The decrease in solubility with
increasing copper concentration is most likely due to
kinetic difficulties caused by a decrease in the number
of possible positions.
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Fig. 3. DSC curves for Cu,ZrSe, samples.
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Fig. 4. Diffraction patterns of Cu,ZrSe, annealed at 260 (solid lines) and 280 (dot lines) °C. Arrow marked as 2 shows main peak of Cu phase.
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Fig. 5. Ratio of the intensity of the main peak of copper to the intensity of the main peak of the layered phase.

Repeated measurements of the DSC spectra (see  that is not in contact with the Cu,ZrSe, particles. This
Fig. 6) showed no peak in the temperature range could be due to the presence of surface layers that
150—260 °C. The obvious explanation is the complete  prevent copper solubility. For example, the particles
dissolution of all the copper capable of doing so. It is  may be oxidized or covered with another layer of
possible that the sample contains some more copper  substance that interferes with the diffusion of copper
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Fig. 6. DSC curves of Cu,ZrSe, samples for compositions x = 1 and x = 0.5 before and after annealing.

into the particles. Obviously, heating to temperatures
above 350 °C can cause copper to be able to overcome
this barrier. However, experience has shown that this is
accompanied by the effects of parasitic phase forma-
tion. This explains the effect of the possibility of
obtaining single crystals at high temperatures. Indeed,
at such temperatures the barrier is probably not an
obstacle to copper solubility. However, the growth of
the crystals takes place in the presence of parasitic
phase formation.

For the synthesis of homogeneous ceramic materials,
it is therefore necessary to find methods of breaking
the barrier that prevents the complete solubility of
copper without heating. Our further work in this di-
rection will be devoted to searching for such a method.
Among such methods, mechanosynthesis, which con-
sists of grinding and stirring the material after disso-
lution has ceased due to surface barriers, may be
effective. However, the dispersibility of the material
after mechanosynthesis may not allow the presence of
copper to be observed due to the broadening of the
diffraction lines. It is also possible that a significant
increase in annealing time may also have an effect on
the dissolution of undissolved copper.

4. Conclusions

The X-ray diffraction analysis shows the presence of
metallic Cu in Cu,ZrSe, at x > 0.5, but the DSC does not

show any reaction between Cu and Cu,ZrSe,. The
reason that limits the solubility of Cu in Cu,ZrSe, at
x > 0.5 is the presence of surface difficulties at the Cu/
Cu,ZrSe, interface. These difficulties probably arise in
the process of copper dissolution, since they are not
observed at copper concentrations x < 0.5. The reason
for these difficulties may be the formation of an oxide
layer on the surface of the copper particles during
synthesis, and the source of oxygen may be oxygen
adsorbed on the walls of the ampoule and the sample.
For the successful synthesis of Cu,ZrSe, ceramic sam-
ples with copper content x = 0.5—1.0 it is necessary to
find a way to prevent the formation of such a layer or a
way to get rid of it without resorting to heating to
temperatures above 350 °C.
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Supporting data

Cu,ZrSe, 1 xiO

s =
2 1 x=0.7
§ / ) xiO.S
£ B —
; 1 IRw
=g W U I,
] il i .i'

ghm " =\- “ o,

2I0 3I0 4I0 SIO 60

20

Fig. S1. Diffraction patterns for Cu,ZrSe, synthesized at 85°C. Arrows marked as 1 show main peaks of the layered Cu,ZrSe, phase. Arrow marked as
2 shows main peak of Cu phase. Diffraction patterns for Cu,ZrSe, synthesized at room temperature are shown as dots for comparison.
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Fig. S2. DSC curves of Cu,ZrSe, samples.
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