
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
N

ov
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 4

/2
/2

02
6 

8:
52

:3
4 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Polymorphism o
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and Carlos Eduardo Maduro de Campos *a

The mechanochemical synthesis of all cobalt tellurides' phases is demonstrated in this work. The samples

had their structural, microstructural, and magnetic characterizations performed by X-ray powder

diffraction, transmission electron microscopy, and magnetometry techniques. The initial atomic

stoichiometries tested of Co32Te68 and Co40Te60 resulted in the synthesis of the g-CoTe2 Pnnm

(marcasite), a-CoTe2 Pa�3 (pyrite), a-CoTe2 P�3m1 (CdI2-like), and b-CoTe P63/mmc phases with different

weight proportions in the sample. Modeling of the X-ray diffractograms employed conventional double-

Voigt and crystallite shape-anisotropy DV approaches to show that the volumetric diameter average and

true crystallite size of the diffraction domains are in the range of tens of nanometers. Transmission

electron microscopy measurements also allowed distribution counting of the crystallite sizes via

maximum caliper diameter. Electron diffraction experiments presented comparable structural parameters

with Rietveld via the analysis of the Debye rings. A model using the Langevin approaches showed the

phases to present both ferromagnetic and superparamagnetic contributions attributed to weakly-

interacting metallic Co grains with magnetic domain sizes ranging between 2.3 and 4.0 nm. The phases'

evolution with storage time was analyzed over two years and revealed to be stable regarding their

structural and microstructural properties.
1 Introduction

Mechanochemistry is a widely explored technique for quick and
simple fabrication of transition metal chalcogenides (TMC).
This method relies upon the use of mechanical energy to
produce physical and chemical transformations of the reagents,
which can be promoted by the rubbing, collision, or grinding of
the precursor materials.1 The use of mechanochemistry tech-
niques goes back to the stone age when it was employed espe-
cially in food-stuff preparation and to lit res out of stones.2 The
rst theoretical description of the phenomena was given by
Theophrastus (322 B.C.) when the reduction of cinnabar to
mercury was reported.3 Modern understanding of its alloying
procedure of synthesis is viewed on the bases of the transfer of
electrons and ion exchanges in a highly entropic environment
created by the milling,4 which can promote the formation of
unique metastable phases. The most employed types of
nanoMateriais – Departamento de F́ısica,
40-900, Florianópolis, SC, Brazil. E-mail:
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equipment in this eld are the high-energy ball mills, where the
vibratory or planetary setups are of most common use.5–15 The
advantage of these milling processes is the simplicity of the
single-step production of TMCs, primarily because of its capa-
bilities of alloying materials with way different melting points. A
recent review of the synthesis of TMCs showed that the binary
suldes4–6 are most explored with this technique due to their
applications as catalytic materials,16 in lithium-ion batteries,17,18

and in solution-processed solar cells,19 where the binary sele-
nides and tellurides still are to be better exploited.

Regarding cobalt tellurides, four polymorphs were reported
to form in the literature: g-CoTe2 marcasite (Pnnm), a-CoTe2
pyrite (Pa�3), CoTe2 trigonal (P�3m1), and the b-CoTe niqueline
(P63/mmc). The g-CoTe2 marcasite phase20 synthesized by a sol-
vothermal route was used as a catalyst material for Oxygen
Evolution Reduction (OER).21 The good macro layer strength
and high endurance of this phase in alkaline media can be
compared to state-of-art RuO2, which offered a non-noble
alternative to the production of clean energy. On the other
side, a less stable and layered structured phase of CoTe2 with
a P�3m1 structure, produced by solid-state techniques, was
applied for Hydrogen Evolution Reaction (HER).22 The low
overpotentials and small Taffel slopes proved to be essential
features to improve its electrocatalytic properties. For the b-
CoTe phase, applications for the detection of uric acid and
adenine,23 and the photo-reduction process for the conversion
© 2022 The Author(s). Published by the Royal Society of Chemistry
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of carbon dioxide into methane were made possible.24 The
synthesis of these materials was made by solvothermal routes,
where the special feature of this phase relies on its band gap (2
eV) and good electrical conductivity. The only polymorph for the
Co–Te system that did not present any application so far is the
a-CoTe2.25 Its synthesis could only be achieved by high-pressure
methods in sealed environments, a robust technique that
demands a high cost of energy.25 Some properties are still to be
exploited for this phase, especially its low electrical resistivity if
compared to other TMCs.

Themechanochemical synthesis of the b-CoTe26 and g-CoTe2
(ref. 27) phases was already produced by this research group,
where the latter already proved its efficacy in the detection of
ferulic acid in real cosmetic samples. To further understand
this new route of synthesis for Co–Te binary alloys, a high-
energy vibratory ball mill was used to explore the Co32Te68
and Co40Te60 initial stoichiometries in this work. These initial
reagent proportions were chosen as the center of the two
homogeneity ranges for the Co–Te phase diagram.28 The X-ray
Powder Diffraction (XRPD) measurements employed both
Debye–Scherrer and Bragg–Brentano geometries, using the
Rietveld technique implemented in the Total Pattern Analysis
Soware (TOPAS)29 to obtain the structural and microstructural
information of the diffraction data. The weighted phase
percentages were obtained using the quantitative phase anal-
ysis employed in the same soware. Two different approaches
of the fundamental parameter analysis (FPA) were used for the
XRPD line prole analysis: standard double-Voigt (DV)30 and
shape-anisotropy DV31 using a triaxial ellipsoid for the effective
shape of the crystallites. These results on the microstructure of
the samples were compared with the transmission electron
microscopy (TEM) direct observation of the microstructure,
which allowed the direct crystallite size counting. Also, electron
diffraction was used to further complement the structural
information obtained via XRPD by tting its Debye rings.
Magnetometry techniques were employed to understand the
paramagnetic properties of these materials. Investigation of
long storage time is also analyzed for these samples.

2 Materials and methods
2.1 Synthesis

The synthesis equipment used was a high-energy ball miller SPEX
8000, employing nine stainless steel spheres inside a steel vial;
where micrometer grains of Co (Sigma Aldrich 99.9%+ original
purity) and tellurium (Sigma Aldrich, 99.99% original purity) were
placed in and shaken at 875 cycles per minute, using the aimed
atomic proportion of Co32Te68 and Co40Te60 in two separate
batches. The balls inside the recipient provided the mechanical
energy to the chemical reaction, with a Ball-to-Powder Ratio (BPR)
selected of 10 : 1 to produce 3.1 g of material. At each 3 h, about
100 mg of the sample was shed out for characterization inside
an argon atmosphere to avoid oxidation. The 6 h milled sample
was reported elsewhere27 with a more extensive analysis of its
properties and application. The limit of 15 h for the milling was
established so to avoid any contamination from the stainless steel
of the milling media. The parameters selected here are set as
© 2022 The Author(s). Published by the Royal Society of Chemistry
a standard to investigate Co–Te for the other works. The resulting
powder was stored in microtubes subject to room temperature
and moisture for two years.
2.2 Characterization

2.2.1 X-ray powder diffraction. A Panalytical X'pert Pro X-
ray Diffraction System performed the XRPD measurements
using copper as the target in a Bragg–Brentano geometry in the
Laboratório de Difração de Raios X (LDRX) of the Federal
University of Santa Catarina. The optics in the incident beam
used Soller slits of 0.04 rad, a mask of 10 mm, a xed divergent
slit of 1/2°, and an anti-scatter slit of 1°. To reduce the back-
ground contribution, Kb, and uorescent radiation at the
position-sensitive detector (X′ Celerator, RTMS, 2.122° active
window), a graphite monochromator (Lorentz-polarization
factor of 26.4) was positioned conveniently in the diffracted
beam path. A zero-background silicon sample holder with
16 mm in diameter and 0.2 mm of depth accommodated the
sample for diffraction, with scans taking around 200 s for each
2q step of 0.05°, ranging from 10 to 150° without a knife, and
were limited to 90° when using it. The knife is conveniently
placed a few millimeters above the sample and contributed to
reducing the air scattering, providing a better diffractogram
baseline for phase analysis.

For the analysis of the diffraction data, Total Pattern Analysis
Soware (TOPAS) version 5 (ref. 30) was employed. The phase
identication used the High-Score Soware,32 with an initial
crystal information le (.cif) retrieved in the Inorganic Crystal
Structure Database (ICSD)33 for all phases. This le was the
input for the Rietveld renement at TOPAS, employing two
different approaches for the line prole: the standard DV
approach and the crystallite shape anisotropy DV model.30 Both
methods use the FPA in a direct convolution approach, sepa-
rating the instrumental from the sample contributions. The
macro used was implemented in TOPAS by Ectors et al.,31 using
background coefficients of the 8th order of Chebyshev poly-
nomial, with atomic coordinates and thermal dislocation
parameters rened. Comments on the effective modeling of size
anisotropic are given elsewhere.26 Hamilton statistical tests
were also employed34 to reduce the number of parameters to be
rened.

2.2.2 Synchrotron measurements. The XRD 1 beamline of
the UVX source at the Laboratório Nacional de Luz Śıncrotron
(LNLS)35 was used with a beam energy of 14 keV in Debye–
Scherrer transmission geometry. The detector used was a single
photon counting silicon microstrip MYTHEN 24K Dectris. The
sample was stacked inside a glass capillary with 0.3 mm in
diameter, with data collection ranging from 2q from 5° to 90°.
Also, beforehand measurements of a silicon standard pattern
640d36 were used to distinguish the instrumental contributions
for FPA, like the cylindrical correction and the zero of the
experiment. In the Rietveld procedure, the sample's absorption
correction was considered due to the high absorption of cobalt
and tellurium in this range of energy.

2.2.3 TEM and SAED. Each sample was diluted in ethanol
inside a microtube and agitated for 15 min in a sonicator. Then,
RSC Adv., 2022, 12, 33488–33500 | 33489
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a small portion of it was placed in a carbon–copper grid. The
TEM micrographs were retrieved in a JEOL JEM-1011 micro-
scope with an electron acceleration voltage of 100 kV. The
maximum magnication used was about 4 × 105 times, a range
that allowed the crystallite diameter measurement. This
equipment also allowed the Selected Area Electron Diffraction
(SAED)measurements, obtaining the Debye rings and diffracted
spots. The JEMS soware37 was employed for the analysis of the
diffraction data.

2.2.4 Magnetic measurements. Magnetization (M) versus
magnetic eld (H) major hysteresis and recoil loop measure-
ments were carried out using a MicroSense EV9 Vibration
Sample Magnetometer (VSM). The H-range used was from −20
kOe to +20 kOe for hysteresis measurements, while the recoil
varied from the coercive eld to +20 kOe. The magnetization
signal was normalized by the total volume of the sample to
further magnetic analysis.
3 Results and discussion
3.1 Structural and microstructural characterization

The diffractograms of the synthesized samples obtained at
XRD1-LNLS for three different milling times of the Co32Te68
system are shown in Fig. 1, with their structural and micro-
structural information presented in Table 1 in parallel with the
laboratory results. Within 3 h of milling, the g-CoTe2 starts to
form, although in a small proportion if compared to the non-
reacted Te and Co phases there present. Already at 9 h, the a-
CoTe2 phase occupies almost half the weight of the material,
with the g-CoTe2 corresponding to the other half. At 15 h,
however, one can notice a transition from the g-CoTe2 phase to
the CoTe2 P�3m1, which remains in half-weight proportion with
Fig. 1 Diffractograms obtained at the XRD1-LNLS for three different mill
correspond to Te P3121 phase, magenta to the g-CoTe2, blue to the a-Co
a small peak of Co Fm�3m.

33490 | RSC Adv., 2022, 12, 33488–33500
a-CoTe2 for this processing time. Indication of the presence of
this latter phase can be seen in the inset of Fig. 1, where one can
notice that the (120) and (031) plane reections of the Pnnm
structure are not present anymore. Also, laboratory measure-
ments corroborated to ensure the phase transition already
occurred at 12 h of milling, which is depicted in Fig. S1 of the
ESI.† In the Fig. S2 of the ESI,† a comparison between the
modeling of both g-CoTe2 and the P�3m1 structures is displayed
for the Co32Te68 15 h-milled sample. When a knife is used to
eliminate the air scattering contribution near the sample, one
can clearly distinguish a peak near 10° of 2q that can only be
modeled by the P�3m1 structure. This ensures that a real phase
transition had occurred from 9 to 12 h, but it seems to not have
affected the a-CoTe2 polymorph. The justication for the
formation of a less stable phase with the P�3m1 structure relies
on the higher entropy induced by the milling for longer hours.

In Fig. 2 one can also observe that the isotropic DV shape
description for the diffractogram cannot t very well the main
peak. Indeed, this peak presents a combination of P�3m1 and
Pa�3 structures in this diffractogram, although the Pa�3 contri-
bution is the most important, so the DV-anisotropy model was
only applied to this phase. A reduction of the Rwp from 3.75% to
3.38% was noticed aer the crystallite shape anisotropy was
employed, improving the t by 10% by adding just one
parameter in the Rietveld renement. The ellipsoid radii found
are rx = rz = 4.65(7) nm and ry = 8.42(2) nm, with x-direction
parallel to the [100]'s (represented in Fig. 2 inset). The same test
was performed with the synchrotron data, as shown in Fig. S3 of
the ESI,† where again the mistting of the main peak was xed
by the anisotropic DV modeling. Hence, the mist proves not to
be prevenient from the instrumental contribution to the line
prole but from the sample microstructure itself. It is worth
ing times of the Co32Te68 system: 3, 9, and 15 h. The black tick markers
Te2, and red to the CoTe2 P�3m1 phase. The inset shows the presence of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Structural and microstructural values obtained by XRPD analysis with the DV and anisotropic DV approaches. CS symbolizes the
crystallite size

Measurement 9 h LNLS 9 h LDRX 12 h LDRX 15 h LNLS 15 h LDRX

Rwp/GoF 3.14/1.78 2.66/0.53 3.55/1.82
CoTe2 P�3m1
Phase weight% — — 31.3(3) 40.3(1) 50.7(2)
a (Å) — — 3.814(1) 3.8326(3) 3.8319(6)
c (Å) — — 5.402(3) 5.4197(7) 5.419(1)
True CS (nm) — — 2.28(4) 4.60(5) 3.30(3)
DV CS (nm) — — 6.0(2) 8.90(5) 8.37(9)
a-CoTe2 Pa�3
Phase weight% 51.7(2) 53.4(2) 65.9(3) 54.8(1) 46.7(2)
a (Å) 6.3186(7) 6.3207(2) 6.3204(2) 6.32054(6) 6.3202(2)
True CS (nm) 7.72(4) 7.62(9) 7.70(7) 7.62(6) 9.1(2)
DV CS (nm) 17.61(11) 18.91(19) 17.84(19) 19.51(10) 18.9(3)
MS (%) 0.510(6) 0.45(1) 0.713(8) 0.668(4) 0.84(1)
g-CoTe2 Pnnm
Phase weight% 45.9(2) 43.9(2) — — —
a (Å) 3.8879(6) 3.8848(5) — — —
b (Å) 5.3209(9) 5.3220(8) — — —
c (Å) 6.328(1) 6.3229(8) — — —
True CS (nm) 5.08(4) 4.75(6) — — —
DV CS (nm) 12.04(10) 11.83(15) — — —

Fig. 2 Comparison between the conventional isotropic DV approach
(blue) and the anisotropic one (red) using the Bragg–Brentano
geometry. The inset represents the effective shape for the a-CoTe2
Pa�3 crystallites used for the correction of the main peak.
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mentioning that the considered anisotropy in size is accounted
as an effective modeling since the crystallites themselves are of
non-uniform shape. This means that some preferred directions
of the crystallite structure (called column heights) tend to grow
more than others. Similar observations were attained in the
previous studies for the g-CoTe2 phase.27

To infer statistically that two axes of this ellipsoid must be
rened with the same values, the Hamilton test was used. The
results of this approach are available in Table S1,† where the
calculations were based on ref. 34. The probability of the less
restrictive model being wrong achieved 66% – higher than the
cut-off probability of 5% – if compared to the restriction of two
© 2022 The Author(s). Published by the Royal Society of Chemistry
radii, meaning that just one axis of the ellipsoid needs to be
rened given the precision of the measurement available.

One can also observe some differences between the micro-
structural values obtained through the different experiments.
The synchrotron data show important air and capillary scat-
tering contributions for smaller angles, which difficulted the
visualization of the sample's peaks in that region. The analyzed
material also has a considerable X-ray absorption coefficient for
the 14 keV region, meaning that the diffracted intensity is less
bright than optimal, decreasing the signal-to-noise ratio. These
complications mean that the values obtained there will not be
the same as those obtained in the laboratory; however, they
permit us to analyze more reections with the increased energy,
inferring more precise structural values.

The XRPD diffractograms for the Co40Te60 system are dis-
played in Fig. 3, with Fig. 4 showing the structural and micro-
structural values obtained with their analyses. In the Fig. S4 of
the ESI,† the tting of the XRPD data shows that the combi-
nations of two CoTe phases never fully describe some peaks or
t non-existent peaks without the addition of a third phase. So,
it can be concluded that almost all the polymorphs of Co–Te are
formed simultaneously for the Co40Te60 system, namely: b-CoTe
P63/mmc, a-CoTe2 Pa�3, CoTe2 P�3m1, with some small CoO
C12m1 contamination, with no creation of newer phases
observed from 6 to 15 h of milling. The phase percentages in
Fig. 4a show that the content of the a-CoTe2 constantly reduced
with the milling time while the opposite happened for the b-
CoTe phase. The Close-Packing-Ratios (CPR) in Fig. 4b reached
values close to what is reported b-CoTe phase in the literature
(1.38). The CoTe2 P�3m1 phase presented similar values for the
lattice parameters if compared to theoretical calculations in the
literature.20 This is also valid for the a-CoTe2 phase lattice
parameters.25 The b-CoTe presented a Co occupancy factor
ranging from 0.43 to 0.7, common for its vacancy defect
RSC Adv., 2022, 12, 33488–33500 | 33491
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Fig. 3 Diffractograms of the Co40Te60 initial stoichiometry in
a Bragg–Brentano reflection geometry in logarithmic scale for the
intensity. The numbers on the left side represent the milling time, blue
ticks represent the a-CoTe2 Pa�3, red P�3m1, dark yellow b-CoTe P63/
mmc, and gray the CoO C12m1. The red lines are their profile fitting
using the standard DV approach.
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mechanism, as displayed in Fig. 4c. In Fig. 4d, one can observe
that no signicant changes in the microstructure happened for
the a-CoTe2 Pa�3 phase, but the b-CoTe phase presented
a reduction of the volumetric averaged crystallite diameter and
microstrain starting already within 6 h. All analyses used the
standard DV approach to infer the microstructural properties.
Fig. 4 Structural and microstructural information of the multiple phases
with milling time, the blue color represents the a-CoTe2 Pa�3, red P�3m1, d
in the b-CoTe phase. (c) c/a ratios of the CoTe2 P�3m1 (dashed) and b-Co
Crystallite sizes (dark) and microstrain (blue) values of the a-CoTe2 (dash

33492 | RSC Adv., 2022, 12, 33488–33500
Regarding the stabilization of the samples with storage time,
in general, the structural and microstructural parameters for
the Co32Te68 samples showed no variation in two years, as can
be visualized in Fig. S5 of the ESI.† The only exception is for the
CoTe2 P�3m1 phase, where a small reduction in the microstruc-
tural parameters is observed. This can be attributed to the
instability of the Rietveld renement or the instability attrib-
uted to the unconventional layer structure of this phase pointed
out by Chia X. et al.22 Some differences may be noticed between
the synchrotron and laboratory XRPD measurements that were
already justied in this section. A comparison between the
Co40Te60 samples stored for 10 months and 24 months is also
displayed in Fig. S6 of the ESI.† No signicant changes are
observed as well.
3.2 Transmission electron microscopy

The TEM micrography of the Co32Te68 15 h-milled sample is
displayed in Fig. 5a. The crystallites show nanometric size with
no clear indication of shape form, although they present some
tendency towards anisotropy (not completely irregular shape).
This characteristic can be the reason for the anisotropic model
to t better using the XRPD technique. The inset of this gure
also demonstrates the single domain character of some crys-
tallites by dark-eld imaging aimed for the (2 1 0) plane of the a-
CoTe2 phase. In Fig. 5b, aggregation of the crystallites can be
observed to be formed, and despite that, it is possible to identify
some crystallite sizes on the edge of the particle, added to the
distribution curve of Fig. 5c. This distribution retrieved an
present in the Co40Te60 samples. (a) Phase weight percentage varying
ark yellow b-CoTe P63/mmc. (b) Occupancy factor of the cobalt atom
Te (solid) phases in black and the a-CoTe2 lattice parameter in blue. (d)
ed) and b-CoTe (solid) phases using the DV approach.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Images obtained by TEM for the Co32Te68 15 h-milled sample. (a) Crystallites in the order of nanometers, with inset of the dark-field image
using the CoTe2 Pa�3, (2 1 0) reflection. (b) Picture showing the crystallites agglomeration, although some are distinct enough to calculate their
size, as shown by the red strait lines. (c) Histogram of the CS counting and its log-normal distribution fit. The average obtained is 22.5 nm, with
a standard-deviation of 11 nm, involving 327 supposed crystallites. The boxes are ∼6 nm wide and chosen to represent a better log-normal
distribution. (d) Electron diffraction pattern for this sample and itsmodeling by JEMS.Wine red rings represent the CoTe2 Pa�3 phase andwhite the
CoTe2 P�3m1 phase. The inset shows Miller indices corresponded to their colors obtained by the program. No preferred orientation was selected.
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average of around 20 nm, approximately the diameter average of
the a-CoTe2 phase obtained with the XRPD analysis. The
comparison between the two different techniques will never be
precise, although it was expected that TEM values should be
lower since the volumetric averages obtained via DV have
a fourth-order dependence in size and the arithmetic mean
obtained by TEM is not (more details in ref. 32). In this case, the
problem with using the TEM micrographs is that crystallites
sometimes present very irregular shapes and can be composed
of more than one domain, which turns the denition of size
itself not too precise and thus different from XRPD.32 Despite
that, the order of magnitude of both experiments is the same
and conrms the nanometric range of the crystallites.

Fig. 5d shows the SAED pattern for the Co32Te68 15 h-milled
sample. The Debye rings matched with structural values
retrieved via XRPD, revealing good agreement between the two
characterization techniques. The presence of cobalt is guessed
to the spots not calculated from JEMS for its d-spacing being
close to XRPD analysis.

Fig. 6a shows the TEM micrography for the Co40Te60 sample
with Fig. 6b zooming the black square region. The distinction of
the crystallites in the particle's border could be counted the
same way as before, using hundreds of supposed crystallites in
© 2022 The Author(s). Published by the Royal Society of Chemistry
different micrographs. The distribution results can be visual-
ized in the histogram of Fig. 6c, presenting a log-normal t that
averages ∼20 nm with a standard deviation of 11 nm. Again,
this number is close to the a-CoTe2 diameter average. Fig. 6d
shows the t obtained using the JEMS soware with Rietveld
retrieved values for the SAED. Here, two phases of CoTe2 were
used since the distinction between CoTe2 P�3m1 and b-CoTe
cannot be noticed in the experiment, being the latter preferred
to be displayed. The insets of the gure show their Miller
indices, which are like those obtained in the XRPD. The cobalt
peak was manually set for the yellow ring since it presents a d-
spacing equivalent to XRPD, and no other phase could t it.
Both phases agreed with the structural and microstructural
values if compared to XRPD.
3.3 Magnetic measurements and simulation results

Fig. 7 and 8 show the changes in the magnetic behavior with
milling time for the initial stoichiometries of Co32Te68 and
Co40Te60, respectively. Tables 2 and 3 display their magnetic
characteristics. Note that the amplitude of H of 20 kOe used is
sufficiently high to avoid any minor-loop effects.30,31 The M(H)
curves display nonzero remnant magnetization and coercivity,
RSC Adv., 2022, 12, 33488–33500 | 33493
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Fig. 6 TEM analysis of the Co40Te60 sample 15 h-milled. (a) Image showing the aggregated particle. (b) Zoom of the item a showing the
crystallites that they are compounded. (c) SAED pattern with the fitted Debye rings with JEMS. The red corresponds to the b-CoTe phase, the
white to a-CoTe2, and the yellow to the (0 2 0) reflection of the CoO phase. The insets help the visualization of the corresponded reflections of
the Debye rings. This fit used the cif file obtained via Rietveld. (d) Column size distribution was obtained by counting the crystallite dimensions in
the TEM images. It used 461 supposed crystallites in different pictures, with bins separated over 5 nm.
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HC, characteristics of systems consisting of predominantly
superparamagnetic (SPM) grains. The average SPM size, hdi,
and the sample's saturation magnetization, MS, were estimated
Fig. 7 Major magnetization hysteresis loops were measured for the
Co32Te68 samples. The inset shows the low-field region. The dashed
line gives the fitting curve obtained for the 9 h milled sample.

Fig. 8 Major magnetization hysteresis loops measured for the
Co40Te60 samples. The inset in the left top corner gives the variations
with the milling time of the mean diameter of the SPM grains for both
stoichiometries yield from the M(H) fittings. The lower inset shows
a zoom of the low-field region. The dashed line represents the fitting
curve obtained for the 3 h milled sample.

33494 | RSC Adv., 2022, 12, 33488–33500 © 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Values obtained in the VSM experiment for the Co32Te68
samples

Milling time
(hours)

Remnant
magnetization
(emu cm−3)

Coercive
eld (Oe)

Saturation
magnetizationa

(emu cm−3)

9 0.02 63 0.39
12 0.03 54 0.64
15 0.04 66 0.61

a Yielded from the numerical ttings to the experimental major M(H)
hysteresis loops.

Table 3 Values obtained in the VSM experiment for the Co40Te60
samples

Milling time
(hours)

Remnant
magnetization
(emu cm−3)

Coercive
eld (Oe)

Saturation
magnetizationa

(emu cm−3)

3 0.19 229 2.12
6 0.09 414 0.34
9 0.01 167 0.08
12 0.07 129 0.12
15 0.01 82 0.21

a Yield from the numerical tting to the experimental major M(H)
hysteresis loops.
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by tting the major magnetization hysteresis loops. Represen-
tative tting curves are displayed in Fig. 7 and 8, where both
ferromagnetic, FM, and SPM contributions were taken into
account.32,33,38–41 For the Co32Te68 stoichiometry, the value ofMS

bumps from 9 to 12 h when the CoTe2 P�3m1 is synthesized.
While HC remains practically constant, a twofold increase of the
remanent magnetization is observed when CoTe2 P�3m1 is
synthesized. For the Co40Te60 initial stoichiometry, a clear
distinction for the 6 h-milled samples is noticed. From 3 to 6 h
of milling, where the CoTe2 Pa�3 is the predominant phase with
48% of phase percentage, the M(H) loops have rather great
values of HC. With the CoTe P63/mmc presence increasing, both
HC andMS decrease drastically from 6 to 9 h of milling, withMS

slowly increasing and HC decreasing with the hexagonal phase
take-over for greater milling time.

Given that CoTex with x > 1.2 is weakly paramagnetic,42 the
source of the small ferromagnetic signal of our samples should be
solely attributed to the presence of metallic Co. Thus, using the
bulk Co saturation magnetization of 1400 emu cm−3 and the
samples' MS − values from Tables 2 and 3, one estimates that less
than 0.05% and 0.15% of the volume of the Co32Te68 and Co40Te60
systems, respectively, is due to the metallic Co. Studies on Co
nanorods showed that the saturation magnetization is only 92%
that of the bulk, hence bulk values are useable even for the nano-
metric size of the crystallites of this work. The variations of the
estimated values of hdi of the SPM Co grains with the milling time
are shown in the inset of Fig. 8 for both stoichiometries. While hdi
remains practically the same (∼3 nm) for the stoichiometry
© 2022 The Author(s). Published by the Royal Society of Chemistry
Co32Te68, it shows a nearly steady decrease (from ∼4 to ∼2.3 nm)
for the other series. No metallic Co is observed for the Co40Te60 in
the X-ray diffractograms, because of its small quantity in the
sample and the superposition of the Bragg peaks in the pattern.

A good agreement between the model and experiment was
obtained (see Fig. 7 and 8), which also indicates that the
magnetic coupling between FM grains is rather weak or absent
(since it was not considered in the model). The dMR interaction
plots technique was used to evaluate these interactions,43 based
on measuring a recoil loop for H cycled between the saturating
magnetic eld and a smaller eld (recoil eld, HR). Here the
recoil loops with HR y HC were employed and traced at 300 K
for all samples. Magnetization loops and the respective dMR

plots are shown for two representative Co32Te68 and Co40Te60
samples in Fig. 9. Only negative deviations from the non-
interaction zero magnetization line were obtained in all
dMR(H). In uniaxial-anisotropy systems, such deviations are
attributed to a dipolar-like, stabilizing the demagnetized state
magnetic coupling. The dMR amplitude values are very small
when compared to MS (theoretically, an dMR plot may reach
a value twice as higher as the MS, see ref. 43). This result − of
virtually negligible coupling between FM grains − reveals that
their aggregation is insignicant.
3.4 Discussion

To point out the possible physical–chemical mechanisms
involved in the phases' nucleation and transitions here re-
ported, a discussion on our group's past work about the
mechanochemical synthesis of selenides and tellurides binary
alloys is needed. With this, it will highlight the importance of
the current work in detail and even reinforce the need for
further experimental and theoretical efforts in this eld of
chemistry.

Beyond the mechanochemical synthesis of the b-CoTe26 and
g-CoTe2 (ref. 27) phases, this group also developed studies on
cobalt and nickel selenides, employing the same milling
parameters, starting from MxSe100−x powder mixtures (where M
= Fe, Co, and Ni, with x = 25 and 75).44–49 Similar nucleation/
transitions observed for the Co40Te60 sample were reported
for both Fe25Se75 and Co25Se75 alloys. There, the nucleation of
the cubic/orthorhombic MSe2 phases was followed by the
transition to a hexagonal P63/mmc b-MSe phase with higher
milling times. Experiments of DSC, Raman, and Mössbauer
evidenced that the remaining Se was initially in an amorphous
form, and the longer milling times made it lose its long-range
order. This allowed Se to migrate to the interfacial component
of the hexagonal phase or to link to the major contaminants,
forming a non-crystalline metal selenite phase, which was not
detected by XRPD measurements.

Extended X-ray absorption analyses were performed to
understand the structural behavior of FeSe2 and b-FeSe/Fe7Se8
nanocrystalline phases (Fe25Se75 initial stoichiometry). The
milled samples were then exposed to high-pressure conditions,
but the FeSe2–b-FeSe/Fe7Se8 phase transition previously re-
ported for the high-energy ball milling synthesis was not
reproduced when pressures up to 19 GPa were applied.50
RSC Adv., 2022, 12, 33488–33500 | 33495
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Fig. 9 Major magnetization hysteresis loops (symbols), recoil loops (solid lines), and the respective dMR plots for representative Co32Te68 (left
panel) and Co40Te60 (right panel) samples.
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Further structural and vibrational studies via Raman analysis
were performed for the NixSe100−x samples (with x = 25 and 75)
under high-pressure conditions. There, Se-chains and Se8 ring
modes were observed to form, suggesting that the Se-balance
keeps its molecular ordering, which could be in nanocrystal-
line form and well dispersed in the interfacial region, and/or
might have been formed by photo- and/or pressure-induced
nucleation/agglomeration of Se molecular units.51,52

This group has also used the same mechanochemical
synthesis setup to produce nickel tellurides starting from Nix-
Te100−x stoichiometries, with x = 25, 34, 50, and 75.53–56 These
studies demonstrated how mechanochemistry can be used to
obtain the trigonal NiTe2 (P�3m1), the hexagonal NiTe (P63/mmc),
tetragonal Ni3±xTe2 (P4/nmm), and the monoclinic Ni3Te2 (P21/
m) phases by just tuning the stoichiometry and milling time. In
addition to that, the mechanochemical synthesis of the In–
Te,57,58 Zn–Te,59,60 and Cd–Te61 systems was accomplished.
Recently, a novel Fe5Te4 phase was produced, starting from
FexTe100−x stoichiometries, with x = 50, 56, and 60.62 This
proves the huge potential of the mechanochemical route to
bypass the barriers imposed by conventional synthesis
methods, especially when reactants with very different melting
points are involved. Concerning the mechanochemical
synthesis of other metal-chalcogenides, the following sulde
and selenide systems were also explored: Ni–S,63 Zn–Se,64–66 Ga–
Se,67–70 Cu–Se.71

In an attempt to explain the capability of mechanochemistry
as a tool for the production of a plethora of different stable and
meta-stable phases, L. Takacs72 showed in his review that the
Mechanically-induced Self-propagating Reactions (MSR) are
present for highly exothermic powder mixtures. This MSR
process is of extreme complexity, involving several scales on
lengths and time for the modeling. The author claims that the
phase formation starts with an activation period, where the size
reduction, mixing, and defect formation happen, followed by
the ignition of the MSR process when a critical and well-dened
thermodynamic state is reached by the powder sample. Aer its
initiation, the reaction is propagated as a self-propagating high-
temperature synthesis (SHS) that happens as a powder charge,
similar to a combustion process. Takacs combined models with
33496 | RSC Adv., 2022, 12, 33488–33500
systematic empirical studies to understand ignition and the
changes during the activation process that lead to this ignition.
Several studies for the reaction modeling were performed, e.g.,
the combination reaction in transition metal-metalloid and
metal-chalcogen systems. The conclusion was that the activa-
tion is adequately characterized through the mechanical dose
received from the powder charge. This ignition usually occurs
when the powder receives a certain amount of the total dose
from this ignition process. However, this description also
presents many exceptions, where the ignition time is longer
than expected or a gradual reaction happens if a lower milling
intensity is employed. Adding to this, if the amount of powder is
too small compared to the total volume of the milling jar, no
MSR is observed due to heat loss to the equipment used. A
gradual reaction in some metal chalcogen systems is observed
for the blending of binary powder mixtures, also presenting the
effect of MSR when processed separately. In the end, Takacs
concluded that further systematic experimental investigations
have to be performed as a function of powder composition and
milling conditions, including the effects of inert additives.

Based on this, the main scientists in the eld have estab-
lished a possible relationship between milling conditions,
ignition time, and diffusion mechanisms in such reactions.
Besides the gradual and self-propagating mechanochemical
synthesis have been used to explain the mechanochemical
syntheses of suldes and selenides in the previous decade,
evidence of a third type of mechanochemical synthesis (a melt-
driven mechanochemical reaction) was proposed for tellurides
and experimentally conrmed for Bi2Te3.73 In this mechanistic
picture it is suggested that if one or more of the powder reac-
tants has a low melting point and low thermal effusivity, it is
possible that local melting can occur from deformation-
induced heating. The presence of hot liquid then triggers
chemical mixing locally. The molten events are constrained to
individual particles, making them distinct from self-
propagating reactions, and occur much faster than conven-
tional gradual reactions. The authors proposed a very instruc-
tive plot of thermal effusivity versus (T − Tm), where T is the
temperature and Tm is the melting temperature. This plot was
performed for a range of metals and semimetals where the
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra05757c


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
N

ov
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 4

/2
/2

02
6 

8:
52

:3
4 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
tendency of an element to melt during impact is represented by
the criterion given by the equation Ø = e(T − Tm), including
SPEXmill used in this work. In the analysis, the authors suggest
that a factor-of-three hardness of Te compared to Bi means that
the latter deforms preferentially over Te, and thus governs the
overall reactivity. The suldes, selenides, and tellurides of Sn,
Cd, Pb, and In are known to react in a self-sustaining manner
under low-energy milling. However, their placement in the
thermal diffusivity-melting diagram suggests these elements
could undergo a melting transition if processed under suffi-
ciently aggressive conditions. The author's identication of
a threshold of milling intensity to form these compounds
rapidly by melt-assisted mechanochemical synthesis offers new
insight into process design for such compounds and other
metal-chalcogen compounds that have functional properties
with important optical, thermoelectric and photovoltaic
applications.

All the selenides, tellurides, and suldes produced by this
research group can be interpreted by melt-assisted mechano-
chemical synthesis once we have processed them under suffi-
ciently aggressive conditions. However, only two systems (Ga–Se
and In–Te) can be interpreted as Humphry-Baker et al.73 have
done for the Bi–Te system. Although Te and Se have low melting
points and low thermal diffusivities, suggesting they can melt,
we cannot assume that Fe, Co, Ni, Zn, or Cu can deform pref-
erentially over Te or Se, since they have considerably greater
hardness (factor-of-ten for Co) than Te, in this sense, it is more
reasonable to assume that Te deforms rst, melts and thus
governs the overall reactivity.

Regarding the polymorphism of Co–Te systems here inves-
tigated, another piece of evidence that points out that melt-
assisted mechanochemical synthesis happens is the observa-
tion of the Co34Te66 (ref. 26) and Co32Te68 milling process.
There, the non-reacted Te reagent does not diffuse completely
into the Co ductile matrix, where a surplus of Te in the sample is
present in the sample at 6 h of milling time. This exceeding Te
reagent starts as a seed for the formation of the other iso-
stoichiometry a-CoTe2 phase with milling time, which was
proven to form only by high-pressure synthesis.74 This way, one
can deduce that the introduction of stress (by mechanical
action) is somewhat similar to what was reported by,74 thus
favoring the growth in the sample proportion for the a-CoTe2
instead of the g-CoTe2. Since the formation energy of the
trigonal P�3m1 (−0.488 eV per atom) and the orthorhombic g-
CoTe2 (−0.468 eV per atom) phases are similar (data from the
materials project website75), the guess one can have for the
formation of the latter resides on the higher entropic environ-
ment of the milling, favoring the less symmetric phase. For the
Co40Te60, since this initial stoichiometry is in the center of the
b-CoTe homogeneity range, the growth in the sample's
proportion for the hexagonal phase is expected with more
energy introduced by the milling. It presents half the formation
energy per atom (−0.276 eV per atom (ref. 75)) compared to the
other polymorphs and with the energy provided by the milling
its formation is then favored. Since this phase shows a defect
mechanism for the Co sites,76 this also justies the presence of
metallic Co in the magnetometry analysis. Although an
© 2022 The Author(s). Published by the Royal Society of Chemistry
explanation of why three phases had formed at 6 h of milling for
the Co40Te60 is not yet clear, we believe that many unknown
effects on the milling processes can take place at the same time
for this system, and are yet to be investigated.

4 Conclusion

Exploring both initial stoichiometries of Co32Te68 and Co40Te60,
all four different phases of CoTe had proven possible to be
synthesized via mechanochemistry. XRPD results inferred their
structural and microstructural values using two different
approaches of the FPA analysis: DV and anisotropic DV, where
the latter proved to be crucial in the modeling of the Co32Te68
samples. The Co32Te68 initial stoichiometry presented a phase
transition within 12 h of milling from the most stable CoTe2
Pnnm to CoTe2 P�3m1 structure. For the Co40Te60 samples, the
three polymorphs present aer 6 h of milling were the same
until 15 h, where only mass proportions varied with time. The
crystallite sizes ranged from ∼8 to ∼20 nm with volume
normalized diameter average and reached ∼2 to ∼9 nm of
surface-based true crystallite size. The milling procedure
inicted strain in the crystallites that ranged from ∼0.4 to
∼1.5% in some samples. TEM analysis corroborated the XRPD
obtained values, with both crystallite size average counting and
SAED pattern simulation for structural comparison. Magnetic
simulations using the data provided by VSM showed the
distinction between the phases and identied that less than
0.15% of the volume of the samples is due to the metallic Co
grains with sizes between 2.3 and 4 nm, responsible for the
magnetic signal. Storage time did not change the parameters
within 2 years of exposure to room temperature and moisture,
except for the CoTe2 P�3m1 phase which showed a small change
in the microstructure. Further studies are necessary to obtain
the CoTe2 Pa�3 and P�3m1 phases in a pure form, although the
difficulty of the Co–Te huge polymorphism is still a barrier to
this achievement.
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E. Dutková, Chalcogenide mechanochemistry in materials
science: insight into synthesis and applications (a review),
J. Mater. Sci., 2017, 52(20), 11851, DOI: 10.1007/s10853-017-
1174-7.

10 K. Lohani, et al., Experimental and Ab Initio Study of
Cu2SnS3(CTS) Polymorphs for Thermoelectric
Applications, J. Phys. Chem. C, 2021, 125(1), 178–188, DOI:
10.1021/acs.jpcc.0c09139.

11 E. Isotta, et al., Origin of a Simultaneous Suppression of
Thermal Conductivity and Increase of Electrical
Conductivity and Seebeck Coefficient in Disordered Cubic
Cu2ZnSnS4, Phys. Rev. Appl., 2020, 14(6), 1, DOI: 10.1103/
PhysRevApplied.14.064073.

12 K. Lohani, H. Nautiyal, N. Ataollahi, K. Maji, E. Guilmeau
and P. Scardi, Effects of Grain Size on the Thermoelectric
Properties of Cu2SnS3: An Experimental and First-
Principles Study, ACS Appl. Energy Mater., 2021, 4(11),
12604–12612, DOI: 10.1021/acsaem.1c02377.
33498 | RSC Adv., 2022, 12, 33488–33500
13 Z. Wu, D. Wang and A. Sun, Preparation of MoS2 by a novel
mechanochemical method, J. Alloys Compd., 2010, 492(1–2),
DOI: 10.1016/j.jallcom.2009.11.070.

14 Z. Wu, D. Wang, X. Zan and A. Sun, Synthesis of WS2
nanosheets by a novel mechanical activation method,
Mater. Lett., 2010, 64(7), 856–858, DOI: 10.1016/
j.matlet.2010.01.040.
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