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Transition metal chalcogenides are of interest for energy applications, including energy generation in
photoelectrochemical cells and as electrodes for next-generation electrochemical energy storage. Syn-
thetic routes for such chalcogenides typically involve extended heating at elevated temperatures for
multiple weeks. We demonstrate here the feasibility of rapidly preparing select sulfide compounds in a
matter of minutes, rather than weeks, using microwave-assisted heating in domestic microwaves. We
report the preparations of phase pure FeS2, CoS2, and solid solutions thereof from the elements with only
40 min of heating. Conventional furnace and rapid microwave preparations of CuTi2S4 both result in a
majority of the targeted phase, even with the significantly shorter heating time of 40 min for microwave
methods relative to 12 days using a conventional furnace. The preparations we describe for these
compounds can be extended to related structures and chemistries and thus enable rapid screening of the
properties and performance of various compositions of interest for electronic, optical, and electro-
chemical applications.

© 2017 Elsevier Masson SAS. All rights reserved.
1. Introduction

Simple and complex transition metal chalcogenides are of in-
terest for a number of energy applications, including solar and
photoelectrochemical energy generation [1e3] and as high capacity
electrode materials for electrochemical energy storage [4e7]. Py-
rites, such as FeS2, CoS2, and their solid solutions, have shown
promising performance for photoelectrochemical applications
[2,8], as well as for so-called “beyond intercalation” electro-
chemical energy storage [9]. Another promising alternative to
commercial Li-ion batteries are those based on multivalent ions,
including Mg2þ, for which Cu0.1Ti2S4 prepared from CuTi2S4 is a
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promising cathode candidate [10].
The photoelectrochemical activity of FeS2 with small concen-

trations of Co substituted for Fe is reported to have better perfor-
mance than pure FeS2 films [2]. The substitution of Co for Fe alters
the band structure [11], which impacts optical absorption and
electronic properties [2] and can lead to enhanced photo-
electrochemical activity. In this way, these and other properties can
be tuned over the solid solution Fe1�xCoxS2. This concept can also
be extended to compounds in the pyrite structure with other
transition metals (TM) and their solid solutions.

In addition to energy generation, compounds with the pyrite
structure, including FeS2 and CoS2 (Fig. 1(a) and (b)), have also been
studied as conversion electrode materials [12e16], in which elec-
trochemical charge storage involves extensive chemical and
structural evolution relative to commercial electrode materials that
store charge by intercalation. This gives rise to the much higher
theoretical capacities of conversion materials [9,17,18]. Despite
promising theoretical performance, electrode materials that oper-
ate by conversion typically have poor room temperature
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Fig. 1. Structures of pyrites, (a) FeS2 (Pa3, ICSD collection code 656511) [24] and (b)
CoS2 (Pa3, ICSD collection code 164456) [25], and (c) thiospinel CuTi2S4 (Fd3m, ICSD
collection code 53336) [26].
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reversibility. However, FeS2 has been shown to have compelling,
near theoretical performance in secondary cells at slightly elevated
temperatures (333 K), particularly when paired with solid [19] or
ionic liquid electrolytes [20]. CoS2 has also been recently revisited
for secondary energy storage, but is more promising for super-
capacitor applications [21e23]. Other sulfides have also shown
promise for next-generation energy storage, most recently, Cu-
deficient thiospinel of the form CudTi2S4, such that dz 0.1, with
Cu removed by chemically oxidizing CuTi2S4 (Fig. 1(c)) [10]. Sun
et al. observed high capacity, good capacity retention, and high rate
capability for CudTi2S4 relative to other Mg-ion cathode candidates
[4,10].

Conventional preparations of pyrites and their solid solutions
reported in the literature typically involve three or more heat
treatments at 973 K, with each heating step lasting one week or
longer, resulting in syntheses that require three or more weeks at
elevated temperatures [11,27]. Martinolich et al. have demon-
strated the preparation of FeS2 and other pyrites through solid state
metathesis reactions, which circumvent kinetic barriers and allow
for the low temperature (500 Ke650 K) synthesis of these com-
pounds in several days [28,29]. Soheilnia et al. reported the prep-
aration of phase pure CuTi2S4 (a precursor for CudTi2S4) from the
elements after heating at 973 K for one week [30], but reports
typically require heat treatments of multiple weeks [31,32].

Given the promise of the described and related chalcogenide
materials and their solid solutions for various applications, devel-
oping methods to decrease preparation time would expedite the
discovery and evaluation of compounds not yet tested for these
applications. Microwave (MW) irradiation and MW-assisted heat-
ing have been shown to greatly reduce the time and energy
required to prepare inorganic materials [33]. MW preparation has
been reported for ceramics, including phosphors for solid-state
lighting [34,35], materials for catalysis [36] and batteries [23,37],
and has even been successfully demonstrated for intermetallics
[38,39]. Landry et al. prepared chalcopyrite semiconductors CuInS2,
CuInSe2, and their solid solutions (CuInS2�xSex) from the elements
using MW irradiation (without the use of a secondary susceptor)
and reduced the heating time to just 5% of the conventional furnace
preparation time [40,41].

We report here the rapid preparation of several binary, solid
solution, and ternary transition metal sulfides from the elements in
40min by MW-assisted heating, in which activated charcoal serves
as a susceptor to transfer heat to reactants [34]. FeS2 and CoS2 were
prepared phase pure, while for their solid solution, Fe0.5Co0.5S2, we
found a distribution of compositions present when following the
same MW procedure. For CuTi2S4, we compare the products of two
procedures, both with two heating steps: one using a conventional
furnace and the other via rapid MW-assisted heating. For both, we
find Cu-deficient spinel as the majority phase, with some binary
and ternary impurities. Phase purity of the solid solution and
CuTi2S4 could be achieved by additional grinding and heating steps
or through the optimization of MW conditions.

2. Experimental methods

Powders of the elements were ground using an agate mortar
and pestle. Two 100 mg bar pellets of each mixed powder were
pressed to 2 metric tons. Pellets were sealed in 3/8in (9.53 mm)
silica tubes (Technical Glass Products Inc.) under 25inHg (85 kPa) of
Ar. Sealed tubes were immersed in activated charcoal (1220 mesh,
ⓇDARCO, Sigma-Aldrich), which acted as a susceptor to transfer
heat to the reactants [34], in an alumina crucible. The crucible was
put into the annulus of high-temperature alumina, insulating foam,
which sat on the outer edge of the plate of a Panasonic Inverter
(NN-SN651B, 1200 W, 2.45 GHz) microwave during heating.

For FeS2, CoS2, and their solid solutions, samples were heated at
30% power (360 W) for 20 min and slowly cooled to room tem-
perature for a minimum of 2.5 h. Following, tubes were flipped over
and the same heat treatment was repeated. A similar procedure
was employed for the MW preparation of CuTi2S4 at 50% power
(600 W) and with regrinding and pelletizing of powders in an Ar
glovebox between the two heatings. An excess of S was used for all
samples to account for its volatilization at the pressures and tem-
peratures employed. The metal to sulfur ratios of the powders
ground for each compound were as follows: CoS2, 1:2.3; FeS2,
1:2.25; Fe0.5Co0.5S2, 1:1:4.6; and CuTi2S4, 1:2:4.25. The following
starting materials were used: S (Aldrich, 100-mesh), Ti (Alrich,
99.5%), Fe (Aldrich, 99.99þ%), Co (Sigma-Aldrich, 99.8%), and Cu
(Alfa Aesar, 99.9%).

CuTi2S4 prepared in a conventional furnacewas compared to the
product of MW-assisted heating. For this, pellets were also sealed in
silica tubes under 25inHg (85 kPa) of Ar and heated in two steps:
1123 K for 7days and 1273 K for 5days. Between heatings, pellets
were ground and repressed into pellets in an Ar glovebox.

Room temperature powder synchrotron X-ray diffraction (XRD)
was collected through the rapid-access mail-in program at beam-
line 11-BM-B (l ¼ 0.414568\AA) of the Advanced Photon Source at
Argonne National Laboratory. Rietveld refinement was performed
using the program Topas [42] and crystal structures were visualized
using VESTA [43]. Micrographs were collected using a FEI Nova
Nano 650 FEG Scanning Electron Microscope in secondary electron
mode with a beam voltage of 4 kV and a working distance of 4 mm.
Powders of FeS2, CoS2, and Fe0.5Co0.5S2 were prepared for scanning
electron microscopy (SEM) on conductive carbon tape.

3. Results and discussion

Synchrotron powder XRD and Rietveld refinement confirm the
phase purity of FeS2 and CoS2 prepared by MW-assisted heating



Fig. 3. (a) Data and Rietveld fit of solid solution with the nominal composition
Fe0.5Co0.5S2. The inset (b) shows deviation of the data peak shape from the fit; this is
likely due to the presence of various solid solutions at a distribution of compositions.
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(Fig. 2). These isostructural materials are composed of an fcc sub-
lattice of the metal, M, octahedrally-coordinated by S, with each S
part of a disulfide unit, [S2] 2� (Fig. 1(a) and (b)).

Fig. 3 shows the synchrotron XRD data and Rietveld refinement
of the prepared solid solution with a nominal composition of
Fe0.5Co0.5S2. While the peak positions and relative intensities are
captured by the phase of this composition described by Bouchard
[27], the refined lattice parameter, 5.486(1)Å, is slightly larger than
the published value, 5.4780(5)Å, suggesting the prepared phase is
slightly Co-rich. Closer inspection of the data reveals irregular peak
shapes (Fig. 3(b)), likely arising from the presence of several solid
solutions with a range of compositions and, thus, lattice parame-
ters. There are several low Q impurity peaks that could not be
identified through comparison to either the elements or known
binary and ternary phases. Solid solutions typically require addi-
tional heating steps to achieve phase purity [11], so additional
regrinding and heating steps might result in a more homogeneous
product with more symmetric peak shapes.

Micrographs of FeS2, CoS2, and Fe0.5Co0.5S2 (Fig. 4) show repre-
sentative particle size distributions and shapes. FeS2 has z5 mm
aggregates of smaller particles with no well-defined shape
(Fig. 4(a)). CoS2 has similarly sized clusters composed of smaller
spherical particles, which range in size from 50 nm to 2 mm
(Fig. 4(b)). The solid solution shows more faceted, plate-like par-
ticles that range in size from about 500 nm to 5 mm (Fig. 4(c)).

CuTi2S4 has a spinel structure, with Cu1þ and Ti3þ tetrahedrally-
and octahedrally-coordinated by S, respectively (Fig. 1(c)). We
compare CuTi2S4 prepared using a conventional furnace with that
prepared by MW-assisted heating, each with two heating steps
between which powders were reground and pressed into pellets.
The phase fractions and compositions of both products are evalu-
ated by Rietveld refinement of synchrotron XRD data (Fig. 5). For
both cases, Cu-deficient Cu1�yTi2S4 (Fd3m) was the majority phase
(z 58mol%, �82 wt%) (Table 1). In both samples, unreacted Cu
Fig. 2. Synchrotron XRD and Rietveld refinement confirm the preparation of phase
pure (a) FeS2 and (b) CoS2 by MW-assisted heating.

Fig. 4. SEM shows particle shape and size distribution of (a) FeS2, (b) CoS2, and (c)
Fe0.5Co0.5S2.
metal precursor (Fm3m) remained and a layered, Cu-deficient
Cu1�zTiS2 (R3m) was present. The sample prepared by MW-
assisted heating also had z8 wt% Ti0.67S (P63/mmc). As described
for the solid solution, additional heating and grinding steps will
improve the yield of the goal phase.
4. Conclusions

We report the preparation of phase pure FeS2 and CoS2 from the
elements in 40min of heating, rather than the multiple weeks



Fig. 5. Synchrotron XRD and Rietveld refinement show a majority of the goal phase,
Cu1�yTi2S4, results from (a) conventional furnace and (b) rapid microwave prepara-
tions. A ternary impurity and precursor Cu are also present. Phase fractions are pro-
vided in Table 1.

Table 1
Compositions and phase fractions of products from the Rietveld refinements of
thiospinel CuTi2S4 prepared by conventional furnace and rapidMW-assisted heating
methods.

furnace microwave

phase mol % wt % phase mol % wt %

Cu0.89 Ti2 S4 58.0 85.3 Cu0.92 Ti2 S4 57.9 82.2
Cu0.32TiS2 32.4 11.5 Cu0.37TiS2 11.6 7.9
Cu 9.7 3.2 Ti0.67S 25.2 8.2

Cu 5.3 1.7
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required using a conventional furnace, using MW-assisted heating
with charcoal as a susceptor. The solid solution prepared by the
same methods results in a slightly Co-rich solid solution near the
nominal composition, Fe0.5Co0.5S2. Irregular peak shape suggests
the presence of solid solutions over a range of compositions and
lattice parameters. Inhomogeneity of solid solutions is common,
even by conventional methods, and could be reduced through
additional grinding and heating steps. The preparation of CuTi2S4
had a lower yield of the goal phase than the pyrites, but similar
phase fractions of Cu-deficient thiospinel resulted from MW and
conventional furnace preparation, which involved 40min and 12
days (17,280min) of heating, respectively. By optimizing MW con-
ditions (power level and time), the yield of thiospinel is expected to
improve while maintaining much shorter heat treatment times
than are required using conventional furnaces. As for the solid so-
lution, additional grinding and heating steps as well as thoroughly
grinding powders to reduce the particle size of metal precursors
will improve homogeneity [41].

Continued interest in energy generation and storage requires
the study of structure-composition-property relationships of rele-
vant material systems, including the sulfides discussed here. The
described preparation methods can be refined to improve the pu-
rity and homogeneity of products and can even be applied to
related compounds. An additional benefit to the reported syntheses
are that they can be done from the elements; several MW-based
preparations of chalcogenide compounds employ salts or more
complex precursor materials and can require the use of a solvent or
additional purification steps [23,44,45]. As such, the methods
described here can be employed to rapidly prepare, and screen,
related chalcogenides and their solid solutions from the elements,
potentially accelerating materials discovery.

Acknowledgments

Fundingwas provided in part by support from the Fletcher Jones
and Peter J. Frenkel Foundation fellowships. Experiments at UCSB
made use of MRL facilities and were supported by the MRSEC
Program of the NSF under Grant No. NSF-DMR 1121053. This
research made use of the Advanced Photon Source, a U.S. Depart-
ment of Energy (DOE) Office of Science User Facility operated for
the DOE Office of Science by Argonne National Laboratory (Contract
No. DE-AC02-06CH11357). Synchrotron XRD was collected at
Argonne National Laboratory on beamline 11-BM through the
general user proposal mail-in program (GUP-52439).

References

[1] G. Dagan, D. Cahen, Ternary chalcogenide-based photoelectrochemical cells
VIII. Solution composition effects in n�CuInX2 (X ¼ S, Se) aqueous polysulfide
and aqueous polyiodide cells, J. Electrochem. Soc. 134 (1987) 592e600,
https://doi.org/10.1149/1.2100514.

[2] J. Jiao, L. Chen, D. Kuang, W. Gao, H. Feng, J. Xia, Synthesis of FeS2 and co-
doped FeS2 films with the aid of supercritical carbon dioxide and their pho-
toelectrochemical properties, RSC Adv. 1 (2011) 225e261, https://doi.org/
10.1039/C1RA00066G.

[3] V. Itthibenchapong, R.S. Kokenyesi, A.J. Ritenour, L.N. Zakharov,
S.W. Boettcher, J.F. Wager, D.A. Keszler, Earth-abundant Cu-based chalco-
genide semiconductors as photovoltaic absorbers, J. Mat. Chem. C 1 (2013)
657e662, https://doi.org/10.1039/C2TC00106C.

[4] E. Levi, Y. Gofer, D. Aurbach, On the way to rechargeable Mg batteries: the
challenge of new cathode materials, Chem. Mater 22 (2010) 860e868, https://
doi.org/10.1021/cm9016497.

[5] S. Britto, M. Leskes, X. Hua, C.-A. H�ebert, H.S. Shin, S. Clarke, O. Borkiewicz,
K.W. Chapman, R. Seshadri, J. Cho, C.P. Grey, Multiple redox modes in the
reversible lithiation of high-capacity, peierls-distorted vanadium sulfide,
J. Am. Chem. Soc. 137 (2015) 8499e8508, https://doi.org/10.1021/
jacs.5b03395.

[6] A. Douglas, R. Carter, L. Oakes, K. Share, A.P. Cohn, C.L. Pint, Ultrafine iron
pyrite (FeS2) nanocrystals improve sodiumesulfur and lithiumesulfur con-
version reactions for efficient batteries, ACS Nano 9 (2015) 11156e11165,
https://doi.org/10.1021/acsnano.5b04700.

[7] V.V.T. Doan-Nguyen, K.S. Subrahmanyam, M.M. Butala, J.A. Gerbec, S.M. Islam,
K.N. Kanipe, C.E. Wilson, M. Balasubramanian, K.M. Wiaderek, O.J. Borkiewicz,
K.W. Chapman, P.J. Chupas, M. Moskovits, B.S. Dunn, M.G. Kanatzidis,
R. Seshadri, Molybdenum polysulfide chalcogels as high-capacity, anion-
redox-driven electrode materials for Li-ion batteries, Chem. Mater 28 (2016)
8357e8365, https://doi.org/10.1021/acs.chemmater.6b03656.

[8] J. Oertel, K. Ellmer, W. Bohne, J. R€ohrich, H. Tributsch, Growth of n-type

https://doi.org/10.1149/1.2100514
https://doi.org/10.1039/C1RA00066G
https://doi.org/10.1039/C1RA00066G
https://doi.org/10.1039/C2TC00106C
https://doi.org/10.1021/cm9016497
https://doi.org/10.1021/cm9016497
https://doi.org/10.1021/jacs.5b03395
https://doi.org/10.1021/jacs.5b03395
https://doi.org/10.1021/acsnano.5b04700
https://doi.org/10.1021/acs.chemmater.6b03656


M.M. Butala et al. / Solid State Sciences 74 (2017) 8e1212
polycrystalline pyrite (FeS2) films by metalorganic chemical vapour deposition
and their electrical characterization, J. Cryst. Growth. 198/199 (1999)
1205e1210, https://doi.org/10.1016/S0022-0248(98)01074-4.

[9] J. Cabana, L. Monconduit, D. Larcher, M.R. Palacín, Beyond intercalation-based
Li-ion batteries: the state of the art and challenges of electrode materials
reacting through conversion reactions, Adv. Mater. 22 (2010) E170eE192,
https://doi.org/10.1002/adma.201000717.

[10] X. Sun, P. Bonnick, V. Duffort, M. Liu, Z. Rong, K.A. Persson, G. Ceder, L.F. Nazar,
A high capacity thiospinel cathode for Mg batteries, Energy Environ. Sci. 9
(2016) 2273e2277, https://doi.org/10.1039/C6EE00724D.

[11] K. Ramesha, R. Seshadri, C. Ederer, T. He, M.A. Subramanian, Experimental and
computational investigation of structure and magnetism in pyrite Co1�xFexS2:
chemical bonding and half-metallicity, Phys. Rev. B 70 (2004) 214409, https://
doi.org/10.1103/PhysRevB.70.214409.

[12] P. Keller, P. Smith, C. Winchester, N. Papadakis, G. Barlow, N. Shuster,
Rechargeable fused salt batteries for undersea vehicles, in: Proceedings of the
38th Power Sources Conference, 1998.

[13] S.K. Preto, Z. Tomczuk, S. von Winbush, M.R. Roche, Reactions of FeS2, CoS2,
and NiS2 electrodes in molten LiCl�KCl electrolytes, J. Electrochem. Soc. 130
(1983) 264e273, https://doi.org/10.1149/1.2119692.

[14] P.J. Masset, R.A. Guidotti, Thermal activated (“thermal”) battery technology
partIIIa: FeS2 cathode material, J. Power Sources 177 (2008) 595e609, https://
doi.org/10.1016/j.jpowsour.2007.11.017.

[15] P.J. Masset, R.A. Guidotti, Thermal activated (“thermal”) battery technology
partIIIb: sulfur and oxide-based cathode materials, J. Power Sources 178
(2008) 456e466, https://doi.org/10.1016/j.jpowsour.2007.11.073.

[16] Y. Shao-Horn, S. Osmialowski, Q.C. Horn, Nano-FeS2 for commercial Li/FeS2
primary batteries, J. Electrochem. Soc. 149 (2002) A1499eA1502, https://
doi.org/10.1149/1.1513558.

[17] P. Poizot, S. Laruelle, S. Grugeon, L. Dupont, J.M. Tarascon, Nano-sized
transition-metal oxides as negative-electrode materials for lithium-ion bat-
teries, Nature 407 (2000) 496e499, https://doi.org/10.1038/35035045.

[18] M.M. Butala, M. Mayo, V.V.T. Doan-Nguyen, M.A. Lumley, C. G€obel,
K.M. Wiaderek, O.J. Borkiewicz, K.W. Chapman, P.J. Chupas,
M. Balasubramanian, G. Laurita, S. Britto, A.J. Morris, C.P. Grey, R. Seshadri,
Local structure evolution and modes of charge storage in secondary Li�FeS2
cells, Chem. Mater 29 (2017) 3070e3082, https://doi.org/10.1021/
acs.chemmater.7b00070.

[19] T.A. Yersak, H.A. Machpherson, S.C. Kim, V.-D. Le, C.S. Kang, S.-B. Son, Y.-
H. Kim, J.E. Trevey, K.H. Oh, C. Stoldt, S.-H. Lee, Solid state enabled reversible
four electron storage, Adv. Energy Mater 3 (2013) 120e127, https://doi.org/
10.1002/aenm.201200267.

[20] T. Evans, D.M. Piper, S.C. Kim, S.S. Han, V. Bhat, K.H. Oh, S.-H. Lee, Ionic liquid
enabled FeS2 for high-energy-density lithium-ion batteries, Adv. Mater 26
(2014) 7386e7392, https://doi.org/10.1002/adma.201402103.

[21] J.M. Yan, H.Z. Huang, J. Zhang, Z.J. Liu, Y. Yang, A study of the novel anode
material CoS2 for lithium ion battery, J. Power Sources 146 (2005) 264e269,
https://doi.org/10.1016/j.jpowsour.2005.03.144.

[22] J. Tang, J. Shen, N. Li, M. Ye, A free template strategy for the synthesis of CoS2-
reduced graphene oxide nanocomposite with enhanced electrode perfor-
mance for supercapacitors, Ceram. Int. 40 (2014) 15411e15419, https://
doi.org/10.1016/j.ceramint.2014.06.033.

[23] S. Amaresh, K. Karthikeyan, I.-C. Jang, Y.S. Lee, Single-step microwave medi-
ated synthesis of the CoS2 anode materials for high rate hybrid super-
capacitors, J. Mater. Chem. A 2 (2014) 11099e11106, https://doi.org/10.1039/
C4TA01633E.

[24] G. Willeke, O. Blenk, C. Kloc, E. Bucher, Preparation and electrical transport
properties of pyrite (FeS2) single crystals, J. Alloys Compd. 178 (1992)
181e191, https://doi.org/10.1016/0925-8388(92)90260-G.

[25] P.J. Brown, K.-U. Neumann, A. Simon, F. Ueno, K.R.A. Ziebeck, Magnetization
distribution in CoS2; is it a half metallic ferromagnet? J. Phys. Condens. Matter
17 (2005) 1583e1592, https://doi.org/10.1088/0953-8984/17/10/013.

[26] E. Riedel, E. Horvath, Kationen-anionen-abst€aende in kupfer- und chrom-
thiospinellen, Mater. Res. Bull. 8 (1973) 973e982, https://doi.org/10.1088/
0953-8984/17/10/013.
[27] R.J. Bouchard, The preparation of pyrite solid solutions of the type FexCo1�xS2,
CoxNi1�xS2, and CuxNi1�xS2, Mater. Res. Bull. 3 (1968) 563e570, https://
doi.org/10.1016/0025-5408(68)90087-1.

[28] A.J. Martinolich, J.R. Neilson, Pyrite formation via kinetic intermediates
through low-temperature solid-state metathesis, J. Am. Chem. Soc. 136 (2014)
15654e15659, https://doi.org/10.1021/ja5081647.

[29] A.J. Martinolich, J.A. Kurzman, J.R. Neilson, Circumventing diffusion in kinet-
ically controlled solid-state metathesis reactions, J. Am. Chem. Soc. 138 (2016)
11031e11037, https://doi.org/10.1021/jacs.6b06367.

[30] N. Soheilnia, K.M. Kleinke, E. Dashjav, H.L. Cuthbert, J.E. Greedan, H. Kleinke,
Crystal structure and physical properties of a new CuTi2S4 modification in
comparison to the thiospinel, Inorg. Chem. 43 (2004) 6473e6478, https://
doi.org/10.1021/ic0495113.

[31] H. Hahn, B. Harder, Untersuchungen über tern€are chalkogenide. IX. über die
struktur des CuTi2S4, Z. Anorg. Allg. Chem. 288 (1953) 257e259, https://
doi.org/10.1002/zaac.19572880503.

[32] A.C.W.P. James, J.B. Goodenough, N.J. Clayden, P.M. Banks, Characterization of
defect thiospinels Cu1�xTi2S4 (0 < x � 0.93), Mater. Res. Bull. 24 (1989)
143e155, https://doi.org/10.1016/0025-5408(89)90118-9.

[33] K.J. Rao, B. Vaidhyanathan, M. Ganguli, P.A. Ramakrishnan, Synthesis of
inorganic solids using microwaves, Chem. Mater 11 (1999) 882e895, https://
doi.org/10.1021/cm9803859.

[34] A. Birkel, K.A. Denault, N.C. George, C.E. Doll, B. H�ery, A.A. Mikhailovsky,
C.S. Birkel, B.-C. Hong, R. Seshadri, Rapid microwave preparation of highly
efficient Ce3þ-substituted garnet phosphors for solid state white lighting,
Chem. Mater 24 (2012) 1198e1204, https://doi.org/10.1021/cm3000238.

[35] A. Birkel, N.A. DeCino, N.C. George, K.A. Hazelton, B.-C. Hong, R. Seshadri,
Eu2þ-doped M2SiO4 (M ¼ Ca, Ba) phosphors prepared by a rapid microwave-
assisted solegel method: phase formation and optical properties, Solid State
Sci. 19 (2013) 51e57, https://doi.org/10.1016/
j.solidstatesciences.2013.02.003.

[36] L.M. Misch, J. Brgoch, A. Birkel, T.E. Mates, G.D. Stucky, R. Seshadri, Rapid
microwave preparation and ab initio studies of the stability of the complex
noble metal oxides La2BaPdO5 and La2BaPtO5, Inorg. Chem. 53 (2014)
2628e2634, https://doi.org/10.1021/ic4030124.

[37] M. Harish Bhat, B.P. Chakravarthy, P.A. Ramakrishnan, A. Levasseur, K.J. Rao,
Microwave synthesis of electrode materials for lithium batteries, Bull. Mater.
Sci. 23 (2000) 461e466, https://doi.org/10.1007/BF02903884.

[38] C.S. Birkel, W.G. Zeier, J.E. Douglas, B.R. Lettiere, C.E. Mills, G. Seward, A. Birkel,
M.L. Snedaker, Y. Zhang, G.J. Snyder, T.M. Pollock, R. Seshadri, G.D. Stucky,
Rapid microwave preparation of thermoelectric TiNiSn and TiCoSb half-
Heusler compounds, Chem. Mater 24 (2012) 2558e2565, https://doi.org/
10.1021/cm3011343.

[39] K. Biswas, S. Muir, M.A. Subramanian, Rapid microwave synthesis of indium
filled skutterudites: an energy efficient route to high performance thermo-
electric materials, Mater. Res. Bull. 46 (2011) 2288e2290, https://doi.org/
10.1016/j.materresbull.2011.08.058.

[40] C.C. Landry, A.R. Barron, The synthesis of polycrystalline chalcopyrite semi-
conductors by microwave irradiation, Science 260 (1993) 1653e1655, https://
doi.org/10.1126/science.260.5114.1653.

[41] C.C. Landry, J. Lockwood, A.R. Barron, Synthesis of chalcopyrite semi-
conductors and their solid solutions by microwave irradiation, Chem. Mater 7
(1995) 699e706, https://doi.org/10.1021/cm00052a015.

[42] A. Coelho, Topas Academic V4.1. Coelho Software, 2007. Brisbane, Australia.
[43] K. Momma, F. Izumi, VESTA 3 for three-dimensional visualization of crystal,

volumetric and morphology data, J. Appl. Crystallogr. 44 (2011) 1272e1276,
https://doi.org/10.1107/S0021889811038970.

[44] D. Chen, K. Tang, G. Shen, J. Sheng, Z. Fang, X. Liu, H. Zheng, Y. Qian, Micro-
wave-assisted synthesis of metal sulfides in ethylene glycol, Mat. Chem. Phys.
82 (2003) 206e209, https://doi.org/10.1016/S0254-0584(03)00206-2.

[45] X. Yan, E. Michael, S. Komarneni, J.R. Brownson, Z.-F. Yan, Microwave- and
conventional-hydrothermal synthesis of CuS, SnS and ZnS: optical properties,
Ceram. Int. 39 (2013) 4757e4763, https://doi.org/10.1016/
j.ceramint.2012.11.062.

https://doi.org/10.1016/S0022-0248(98)01074-4
https://doi.org/10.1002/adma.201000717
https://doi.org/10.1039/C6EE00724D
https://doi.org/10.1103/PhysRevB.70.214409
https://doi.org/10.1103/PhysRevB.70.214409
http://refhub.elsevier.com/S1293-2558(17)30666-0/sref12
http://refhub.elsevier.com/S1293-2558(17)30666-0/sref12
http://refhub.elsevier.com/S1293-2558(17)30666-0/sref12
https://doi.org/10.1149/1.2119692
https://doi.org/10.1016/j.jpowsour.2007.11.017
https://doi.org/10.1016/j.jpowsour.2007.11.017
https://doi.org/10.1016/j.jpowsour.2007.11.073
https://doi.org/10.1149/1.1513558
https://doi.org/10.1149/1.1513558
https://doi.org/10.1038/35035045
https://doi.org/10.1021/acs.chemmater.7b00070
https://doi.org/10.1021/acs.chemmater.7b00070
https://doi.org/10.1002/aenm.201200267
https://doi.org/10.1002/aenm.201200267
https://doi.org/10.1002/adma.201402103
https://doi.org/10.1016/j.jpowsour.2005.03.144
https://doi.org/10.1016/j.ceramint.2014.06.033
https://doi.org/10.1016/j.ceramint.2014.06.033
https://doi.org/10.1039/C4TA01633E
https://doi.org/10.1039/C4TA01633E
https://doi.org/10.1016/0925-8388(92)90260-G
https://doi.org/10.1088/0953-8984/17/10/013
https://doi.org/10.1088/0953-8984/17/10/013
https://doi.org/10.1088/0953-8984/17/10/013
https://doi.org/10.1016/0025-5408(68)90087-1
https://doi.org/10.1016/0025-5408(68)90087-1
https://doi.org/10.1021/ja5081647
https://doi.org/10.1021/jacs.6b06367
https://doi.org/10.1021/ic0495113
https://doi.org/10.1021/ic0495113
https://doi.org/10.1002/zaac.19572880503
https://doi.org/10.1002/zaac.19572880503
https://doi.org/10.1016/0025-5408(89)90118-9
https://doi.org/10.1021/cm9803859
https://doi.org/10.1021/cm9803859
https://doi.org/10.1021/cm3000238
https://doi.org/10.1016/j.solidstatesciences.2013.02.003
https://doi.org/10.1016/j.solidstatesciences.2013.02.003
https://doi.org/10.1021/ic4030124
https://doi.org/10.1007/BF02903884
https://doi.org/10.1021/cm3011343
https://doi.org/10.1021/cm3011343
https://doi.org/10.1016/j.materresbull.2011.08.058
https://doi.org/10.1016/j.materresbull.2011.08.058
https://doi.org/10.1126/science.260.5114.1653
https://doi.org/10.1126/science.260.5114.1653
https://doi.org/10.1021/cm00052a015
http://refhub.elsevier.com/S1293-2558(17)30666-0/sref42
https://doi.org/10.1107/S0021889811038970
https://doi.org/10.1016/S0254-0584(03)00206-2
https://doi.org/10.1016/j.ceramint.2012.11.062
https://doi.org/10.1016/j.ceramint.2012.11.062

	Rapid microwave-assisted preparation of binary and ternary transition metal sulfide compounds
	1. Introduction
	2. Experimental methods
	3. Results and discussion
	4. Conclusions
	Acknowledgments
	References


