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Abstract: In Solid-State Chemistry, a well-known route to obtain new compounds and modulate their
properties is the formation of solid solutions, a strategy widely exploited in the case of classical inor-
ganic perovskites but relatively unexplored among emergent hybrid organic–inorganic perovskites
(HOIPs). In this work, to the best of our knowledge, we present the first dicyanamide-perovskite solid
solution of [TPrA][Co0.5Ni0.5(dca)3] and study its thermal, dielectric and optical properties, compar-
ing them with those of the parent undoped compounds [TPrA][Co(dca)3] and [TPrA][Ni(dca)3]. In
addition, we show that the prepared doped compound can be used as a precursor that, by calcination,
allows CNTs with embedded magnetic Ni:Co alloy nanoparticles to be obtained through a fast and
much simpler synthetic route than other complex CVD or arc-discharge methods used to obtain this
type of material.

Keywords: hybrid perovskites; solid solution; dielectric properties; phase transition

1. Introduction

In recent years, the family of hybrid organic–inorganic perovskites (HOIPs) has
arisen as a spin-off of traditional inorganic perovskites [1], and they are gaining increas-
ing interest within the scientific community owing to their interesting functional and
multifunctional properties [2], such as ferroic and multiferroic properties [3–7], unprece-
dented photoconductivity for solar cells [8,9] and giant barocaloric effects for eco-friendly
refrigeration [10–12].

Similar to their inorganic predecessors, hybrid perovskites exhibit the general formula
ABX3, where [BX6] octahedra are linked by their corners through X anions, forming pseudo-
cuboctahedra cavities that accommodate A cations. In the case of inorganic perovskites,
A is generally an alkaline or alkaline-earth metal cation, B is normally a transition-metal
cation, and X can be different types of monoatomic anions, such as oxygen, nitride, sulfide
and/or halide anions. Meanwhile, in hybrid perovskites, the A cation is replaced by large
organic cations (such as alkylammonium or alkylphosphonium), and X can remain as a
halide cation or, more often, is replaced by a polyatomic ligand (such as formate, cyanide,
azide or dicyanamide, among others) [1].

From the chemical and structural point of view, it is well known that traditional inor-
ganic perovskites are highly tolerant to partial and/or total substitution of the A, B and X
building blocks, leading to so-called substitutional solid solutions [13].
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Over the years, this strategy has successfully allowed the modulation, tuning and even in-
troduction of new functional properties in inorganic perovskites, such as high-temperature
superconductivity [14] and colossal magnetoresistance [15].

Nevertheless, studies on solid solutions in analogous hybrid perovskites are still
scarce and mainly limited to perovskites with short ligands, such as halides, formates
or hypophosphites [16–18]. One example is the work of Cheetham et al., who were
able to obtain mixed X-site perovskites using formate and hypophosphite ligands on
[GUA][Mn(HCOO)3−x(H2POO)x] (GUA = guanidinium cation) [19]. Another example
is Goodwin et al.’s work, who reported the synthesis and structural characterization of
three mixed-metal formate perovskite families [C(NH2)3][CuxM1−x(HCOO)3] (M = Mn,
Zn, Mg). Very interestingly, for x = 0.5, these authors reported nanoscale segregation
involving the coexistence of polar/apolar nanoregions, such as relaxor ferroelectrics [20].
In any case, this approach offers a valuable new handle for controlling the properties of
hybrid perovskites, opening the door to many new possible compositions. In this context,
it should be noted that the preparation of hybrid perovskite solid solutions by either cation
or anion substitution remains a challenge due to several factors. On the one hand, the
large differences between the sizes of some anions and others make it difficult to obtain
X-site substituted solutions [21]. On the other hand, the fact that there is more variabil-
ity in cations than anions makes it difficult to find the right anion/cation combination
without compromising structural stability [21]. Moreover, differences in the kinetics of
crystal growth with different cations or anions can arise, with one of the structures being
more favored [22].

In the particular case of dicyanamide-perovskites with the general formula [A][M(dca)3]
(dca = (CN)2N−), some interesting properties arise due to the length and flexibility of the
dicyanamide anion [23]. Such flexibility gives rise to pseudo-cubic cavities that can be
modulable in size and shape to accommodate a wide diversity of A-cations. Actually, the
variability in the size of the A-cations that can form this hybrid perovskite is the largest
within the HOIP family. Moreover, these structures tolerate a large diversity of transition-
metal cations M in the B-site, such as Mn2+, Ni2+, Co2+, Fe2+ or Cd2+. Very interesting
properties found in this family of hybrids, such as magnetic and dielectric properties,
large pressure responsiveness and even giant barocaloric effects, are given by structural
characteristics, which can be tuned by selecting different building blocks [23–28].

However, despite the intensive studies on the family of dicyanamide-perovskites in
recent years, to the best of our knowledge, no studies have been reported that address the
use of solid solutions to tune their crystal structures and functional properties.

In this work, we report the preparation and structural characterization of a substitutional
solid solution with Co:Ni = 1:1 in the M position of the previously reported [TPrA][M(dca)3]
perovskite (TPrA = (CH3CH2CH2)4N+; M = Ni2+, Co2+; dca = (N(CN)2

−) [24]. We also report
the variations in the dielectric, optical and thermal properties of the parent hybrid perovskites
with the formation of this solid solution.

In addition, given the ability of the original hybrids to give rise to metal nanoparticle
systems embedded in carbon nanotubes by controlled calcination [29], we studied the
potential of the solid solution to also be used as a precursor for carbon nanostructures.

2. Materials and Methods
2.1. Materials and Synthesis

Commercially available Co(NO3)2·6H2O (98%, Sigma-Aldrich), Ni(NO3)2·6H2O (Z98.5%,
Sigma-Aldrich), (TPrA)Br (98%, Aldrich), Na(dca) (96%, Aldrich) and absolute ethanol (Pan-
reac) were employed.

The synthetic route followed for the preparation of [TPrA][Co0.5Ni0.5(dca)3] was the
slow evaporation of a mixture of all reagents (see Figure S1). Four different solutions of
2 mmol of (TPrA)Br solved in 20 mL of absolute ethanol, 6 mmol of Na(dca) in 10 mL of
H2O, 1 mmol of Co(NO3)2·6H2O in 5 mL of H2O and 1 mmol of Ni(NO3)2·6H2O in 5 mL
of H2O were prepared separately. Ni and Co solutions were mixed together; dca and the
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TPrA solutions were also mixed together; and finally, both resultant solutions were mixed
in a crystallizer. After two days, small cubic purple crystals (around 1 mm) were formed,
isolated by filtration and washed several times with ethanol.

Part of the obtained product was thermally decomposed in order to check its ability to
be used as a precursor of metal and carbon nanostructures, following the method reported
by J.M. Bermudez-Garcia et al. [29]. The sample was heated in a tubular furnace (Lenton
LTF 16/–/180) under a nitrogen atmosphere at 5 ◦C/min from room temperature up to
900 ◦C, maintaining that temperature for 1 h and then cooling it down at 10 ◦C/min.

2.2. Powder X-ray Diffraction

A Siemens D-5000 diffractometer using CuKα radiation (λ = 1.5418 Å) was used to
study the compounds by X-ray powder diffraction (XRPD) at room temperature. The PXRD
pattern was refined with the Le Bail method using the software GSAS-II version 5046.

2.3. Single-Crystal X-ray Diffraction

Single-crystal X-ray diffraction data were collected at 100 K in a Bruker-Nonius x8
ApexII X-ray diffractometer equipped with a CCD detector and using monochromatic
MoKα1 radiation (λ = 0.71073 Å). For this experiment, a suitable crystal was chosen and
mounted on a glass fiber using instant glue. The crystal was cooled at a rate of 10 K/min
using a cold stream of nitrogen from a Kyroflex cryostream cooler. Data integration
and reduction were performed using the Apex2 V.1.0-27 (Bruker Nonius, 2005) suite
software. The intensity collected was corrected for Lorentz and polarization effects and
for absorption by semiempirical methods on the basis of symmetry-equivalent data using
SADABS (2004) of the suite software. The structure was solved by the dual-space algorithm
implemented in the SHELXT2014/5 program and was refined by the least-squares method
on SHELXL2018/3.

2.4. Differential Scanning Calorimetry (DSC)

Differential scanning calorimetric (DSC) analysis measurements from 200 K to 390 K
were carried out using a TA-Instruments Q2000 with an RCS 90 cooler, heated and cooled
at a rate of 20 K min−1 under a nitrogen atmosphere, using around 20 mg of sample.

2.5. Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) was carried out in a simultaneous TGA-DTA
analyzer (SDT2960) at a rate of 10 K min−1 from 25 to 1000 K under a nitrogen atmosphere
using around 17 mg of sample.

2.6. Dielectric Measurements

The complex dielectric permittivity (εr = εr’− iεr”) of the cold-press pelletized samples
was measured as a function of frequency and temperature with a parallel-plate capacitor
coupled to a Solartron 1260A Impedance/Gain-Phase Analyzer, capable of measuring in
the frequency range from 10 mHz to 32 MHz using an amplitude of 2 V. The capacitor
was mounted in a Janis SVT200T cryostat refrigerated with liquid nitrogen and with a
Lakeshore 332 incorporated to control the temperature from 150 to 400 K. Data were
collected upon heating.

Pelletized samples, made from cold-press non-oriented single crystals with an area of
approximately 133 mm2 and a thickness of approximately 1.3 mm, were prepared to fit into
the capacitor, and gold was sputtered on their surfaces to ensure good electrical contact
with the electrodes.

All dielectric measurements were carried out in a nitrogen atmosphere, where several
cycles of vacuum and nitrogen gas were performed to ensure that the sample environment
was free of water.



Crystals 2022, 12, 860 4 of 14

2.7. Ultraviolet–Visible (U-VIS) Spectroscopy

Optical diffuse-reflectance measurements of powders were performed at room tem-
perature using a Jasco V-650 UV–Visible double-beam spectrophotometer with single
monochromators operating from 200 to 800 nm. BaSO4 was used as a non-absorbing
reflectance reference.

2.8. Scanning Electron Microscopy (SEM) and Energy-Dispersive X-ray Spectroscopy (EDS)

The morphology of the samples was analyzed using a JEOL JSM-7200F Schottky
field-emission scanning electron microscope (FE-SEM). Chemical analyses were carried
out using JEOL JSM-7200F equipped with an Oxford Instruments X-Max detector for
energy-dispersive X-ray spectroscopy (EDS).

2.9. Transmission Electron Microscopy (TEM)

The morphology and the microstructure of the samples were tested by transmission
electron microscopy (TEM) in a JEOL TEM-1010 operating at 100 kV and equipped with a
Gatan Rio camera.

3. Results and Discussion
3.1. Compositional and Structural Characterization

We synthesized the doped sample [TPrA][Co0.5Ni0.5(dca)3], as well as the parent
hybrid perovskites, [TPrA][Co(dca)3] and [TPrA][Ni(dca)3], in order to study the crystal
structure and various functional properties of the new Co:Ni = 1:1 material and to compare
it with the unsubstituted perovskites prepared in an analogous way. For this purpose,
we prepared the three systems by adapting the method described in the literature [24,25]
(see Section 2). In this way, we obtained cubic-shaped single crystals of different colors
depending on the Co:Ni ratio with sizes between 2 and 1.5 mm (see Figure 1).

Figure 1. Cubic single crystals of [TPrA][CoxNi1−x(dca)3], where x = 1.0, 0.5 and 0.0.

3.1.1. Energy-Dispersive X-ray Spectroscopy (EDS) Results

In order to corroborate the proportion of each metal in the doped sample, we per-
formed energy-dispersive X-ray spectroscopy (EDS) analysis (see Figure S2a).
Figures S2 and S3 show, respectively, the EDS spectrum and mapping of the sample
denoted [TPrA][Co0.5Ni0.5(dca)3]. The obtained data reveal the presence of both Ni and
Co in similar proportions (48.8% Co and 51.2% Ni) with a homogeneous distribution at
the microscale.

3.1.2. Powder X-ray Diffraction

The X-ray diffraction patterns at room temperature (see Figure 2a) show that the
doped sample was obtained as a pure sample, and that it actually presents the same crystal
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structure as that already described for unsubstituted perovskites at the same tempera-
ture (from now on, called “polymorph Ib”, by analogy with the parent compounds) [24].
Figure 2b shows the details of the most intense peak, in the 2θ region of 14–17◦, where it
can be clearly seen that: (i) the maximum is not split in the compound with Co:Ni = 1:1,
and (ii) there is a regular displacement of the position of this maximum towards larger
angles as the amount of nickel increases. This is an indication that, at the scale seen by
PXRD, a solid solution is formed, and no phase segregation is observed. Zooming in on
many other maxima shows analogous behavior.

Figure 2. (a) Powder X-ray diffraction patterns of [TPrA][CoxNi1−x(dca)3], where x = 1.5, 0.5 and 0.0.
(b) Details of a region of (a) to show the shape and the shift of the peak as x changes.

Additionally, the obtained patterns were analyzed using Le Bail refinement (see
Figures 3 and S4), which shows good agreement between the proposed model and the
experimental patterns. It is worth noting that the [TPrA][Co0.5Ni0.5(dca)3] pattern could be
satisfactorily refined as a single phase without any evidence of phase segregation. It has or-
thorhombic symmetry with the space group Pnna and lattice parameters
a = 17.2330(17) Å, b = 23.0758(20) Å and c = 22.7800(19) Å. Figure 3 shows the evolu-
tion of the [TPrA][Co1−xNix(dca)3] lattice parameters and volume obtained from the Le
Bail refinements versus the Ni content. We can observe that the lattice parameters and
volume clearly decrease upon Ni doping, which can be related to the smaller size of Ni2+

compared to Co2+ cations (0.69 Å versus 0.745 Å, respectively) [30].

3.1.3. Single-Crystal X-ray Diffraction

In order to further analyze the crystal structure of [TPrA][Co0.5Ni0.5(dca)3], we also
performed single-crystal X-ray diffraction at low temperature. The studies carried out
at T = 100 K show that [TPrA][Co0.5Ni0.5(dca)3] crystallizes with tetragonal symmetry
with the space group P421c (non-centrosymmetric) and cell parameters a = 16.065(1) Å
and c = 17.055(1) Å (see Table S1 for more details). It is worth noting that this low-
temperature crystal structure is different to that obtained for this composition by PXRD at
room temperature and analogous to the low-temperature crystal structure of the parent
compounds [24].
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Figure 3. (a) Lattice parameters and (b) unit cell volume for [TPrA][CoxNi(1−x)(dca)3], where x = 1.0,
0.5 and 0.0.

The asymmetric unit of this low-temperature polymorph (from now on, called “poly-
morph I”, by analogy with the parent compounds) contains one independent metal cation,
three dca anions and three TPrA cations. Both Co2+ and Ni2+ cations are randomly distributed
in a single crystallographic site and connected to their six nearest neighbors through six
µ1,5-dca bridges in a distorted octahedral environment, with six different M–N distances (see
Table S2). The resulting [MN6] octahedra are cooperatively rotated along the main crystallo-
graphic axes (tilt systems a−b+c− in Glazer notation). The metal cations and dca anions build a
3D framework with cuboctahedral cavities, which are occupied by TPrA cations. Additionally,
this crystal structure exhibits some disorder in the N-amide atoms and C atoms of the dca
anions, as well as in the C atom positions of half of the TPrA cations. The here-obtained
structural data for this mixed compound are summarized in Table S1 and Figure 4. All of
those structural findings are in agreement with those previously reported in the literature for
the parent compounds of Ni2+ and Co2+. The values of the cell parameters fit between those
of the parent hybrids and confirm the regular decrease in the unit cell size with increasing
Ni:Co ratio, analogous to what was observed for the polymorph at room temperature.

Figure 4. A polyhedral/ball-and-stick representation of the crystal structure of [TPrA][Co0.5Ni0.5(dca)3]
polymorph I (T = 100 K) along the b-axis.
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3.2. Thermal Properties

Given that the parent dicyanamide-perovskites, [TprA][Co(dca)3] and [TprA][Ni(dca)3],
present multiple structural phase transitions in the 100–370 K interval, and these transitions
are associated with enthalpy and entropy changes of interest for cooling applications [24], we
performed differential scanning calorimetry (DSC) and thermogravimetric (TGA) analysis
of [TPrA][Co0.5Ni0.5(dca)3] in order check the thermal properties of the new solid solution.

As expected, the DSC results (Figure 5) showed three phase transitions upon heating
and cooling for [TPrA][Co0.5Ni0.5(dca)3], which can be related to four different polymorphs,
named I, Ia, Ib and II, in order of increasing temperature, analogous to the data reported for
the parent compounds [24] (also compared in Figure 5 and in more detail in Figure S5). As-
suming the analogy, we suggest that the first endothermic peak upon heating corresponds
to the transition polymorph I→ polymorph Ia and is found at T1 = 227.7 K with a total
enthalpy of 2.99 J/g and a total entropy of 13.13 J/K kg for the solid solution. Unfortunately,
the corresponding peak upon cooling cannot be found due to instrumental limitations
in controlling the temperature in this region. The second transition, polymorph Ia →
polymorph Ib, can be seen at T2 = 300.8 K upon heating and 289.5 K upon cooling, with
enthalpies of 2.59 J/g and 2.24 J/g and entropies of 8.61 J/K kg and 7.74 J/K kg, respectively.
The high-temperature transition, polymorph Ib→ polymorph II, appears at T3 = 347.4 K
upon heating and 347.3 K upon cooling with enthalpy and entropy changes of 4.79 J/g
and 4.74 J/g and 13.79 J/K kg and 13.65 J/K kg, respectively. These values are compared
with those reported for the parent compounds in Table 1 and also in Figure S6, where
the transition temperatures are represented versus Ni content. As can be seen there, very
interestingly: (i) in the case of the first transition (polymorph I→ polymorph Ia), there is a
clear metal content dependence on the transition temperature, the enthalpy and the entropy;
(ii) the second transition (polymorph Ia→ polymorph Ib) is almost independent of the
metal content; and (iii) in the case of the third transition (polymorph Ib→ polymorph II),
the transition temperature clearly depends on the metal content, while the enthalpy and
entropy show a low dependence on this factor. It should be noted that, in all cases, the
values for the mixed sample are always between the values of the parent compounds, in
line with the expected behavior for a solid solution. Nevertheless, the low-temperature
transition of the Ni compound exhibits a dramatic decrease in the enthalpy change, whose
origin still remains unclear, requiring further studies to clarify it.

Table 1. Thermal parameters of [TPrA][Co1−xNix(dca)3] (x = 0.0, 0.5 and 1.0). Note: H = on heating,
C = on cooling.

Metal T1
(K)

∆H1
(J g−1)

∆S1
(J K−1

kg−1)

T2
(K)

∆H2
(J g−1)

∆S2
(J K−1

kg−1)

T3
(K)

∆H3
(J g−1)

∆S3
(J K−1

kg−1)

TD
(K)

Co
246H 4.0H 16.5H 301H 3.0H 10.1H 341H 4.8H 14.0H ~510

230C 4.4C 18.9C 292C 3.0C 10.4C 339C 5.8C 17.1C -

Co0.5Ni0.5
228H 3.3H 14.5H 301H 2.7H 9.0H 349H 5.1H 14.6H ~540

- - - 290C 2.6C 9.1C 347C 5.1C 14.7C -

Ni
216H 0.8H 3.8H 302H 2.7H 8.8H 356H 4.5H 12.6H ~560

- - - 291C 2.7C 9.3C 355C 4.8C 13.5C -
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Figure 5. DSC curve of [TPrA][Co0.5Ni0.5(dca)3] from 200 K to 360 K and comparison with the
reported data for [TPrA][Co(dca)3] and [TPrA][Ni(dca)3] (data obtained from Reference [24]).

Taking into account the equation ∆S = R ln(N) for an order–disorder transition, where
R is the gas constant and N is the ratio of the number of configurations in the disordered
and ordered systems, we calculated N as 2.1, 1.6 and 2.0 for the first, second and third
transitions, respectively, of the solid solution. These obtained values are consistent with
those reported for Co and Ni materials [24].

The TGA curves (Figure 6) show that the thermal behavior of the three compounds
is also quite analogous at temperatures higher than 300 K, showing a temperature for the
start of the decomposition of the solid solution (~540 K) in between the temperatures seen
for the parent compounds (~510 K for Co and ~560 K for Ni) and quite similar steps for the
complete decomposition.

Figure 6. TGA curves of [TPrA][CoxNi1−x(dca)3], where x = 1.0, 0.5 and 0.0, from 300 K to 1200 K.



Crystals 2022, 12, 860 9 of 14

3.3. Functional Properties
3.3.1. Dielectric Properties

Figure 7 shows the temperature dependence of the real part of the complex dielectric
permittivity, εr’, or dielectric constant, of [TPrA][Co0.5Ni0.5(dca)3] and a comparison with
the parent compounds.

Figure 7. (a) Dielectric constant of the [TPrA][Co0.5Ni0.5(dca)3] material during heating from 148 K to
390 K. (b) Dielectric constant comparison between [TPrA][CoxNi1−x(dca)3], where x = 1.0, 0.5 and 0.0.

The dielectric behavior of the solid solution seems to fit quite well between that of the
parent compounds. Three maxima (or irregularities) of the dielectric constant are clearly
observed for [TPrA][Co0.5Ni0.5(dca)3] at temperatures T1 = 233 K, T2 = 306 K and T3 = 358 K,
close to the three solid–solid transitions identified by differential scanning calorimetry
during heating. The first dielectric transition clearly appears at 233 K; however, the second
and third transitions show a step-like aspect, the most common in this type of material.

3.3.2. Optical Properties

Diffuse reflectance spectra were recorded for [TPrA][Co(dca)3], [TPrA][Ni(dca)3] and
[TPrA][Co0.5Ni0.5(dca)3] solid solutions from 250 to 800 nm and are compared in Figure 8.
Below 330 nm, intense bands are observed for all materials due to matrix absorption.
In the 330–800 range, characteristic d-d absorption bands from the metal ions allow the
optical characterization of the hybrids. Very interestingly, [TPrA][Co0.5Ni0.5(dca)3] shows
an absorption spectrum that is a combination (or the overlap) of the spectra of the parent
compounds. For [TPrA][Co(dca)3], three absorption maximums are observed at 484, 523
and 613 nm, which were assigned to the transitions from the ground state 4T1(F) to the
excited states 4T1(P), 2T2(G), 2E and 2T1(G) [31]. The first two transitions produce intense,
slightly overlapping bands, while the last two appear as a weak overlapping shoulder,
partially concealed by previous bands. For [TPrA][Ni(dca)3], four distinct bands were
recorded at 388, 458, 635 and 723 nm and were assigned to the absorptions from the ground
state 3A2g(F) to the excited states 3T1g(P) and 4T1g(F) [31]. They are both split due to
symmetry loss (see Table S3).
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Figure 8. UV-Vis spectra of [TPrA][CoxNi1−x(dca)3], where x = 1.0, 0.5 and 0.0, between 200 and 900 nm.

These results open the possibility of modulating optical properties, such as the optical
band gap, just by adjusting the Ni:Co ratio of these solid solutions [32].

3.4. Precursor Materials for CNTs

After the calcination of [TPrA][Co0.5Ni0.5(dca)3] at 900 ◦C under a nitrogen atmosphere,
we obtained black ashes, which are easily attracted to an applied magnet and indicate the
presence of magnetic particles.

Figure 9 shows the powder X-ray diffraction pattern of the calcinated sample compared
with those obtained from the parent compounds [29]. The most intense and sharp maxima
are due to the crystalline structure of Ni/Co metals (COD data sheets 00-210-0649 and
00-900-8492, respectively). As these maxima are not split in the Ni:Co = 1:1 compound, and
there is a regular displacement of the position of the maxima towards larger angles as the
amount of nickel increases, we conclude that, at least at the scale at which PXRD provides
information, the obtained compound from the calcination of mixed cations perovskite is a
Ni:Co alloy (or, in other words, a solid solution).

Additionally, the PXRD patterns show a small and wide peak at approximately 26◦,
which is characteristic of the (002) crystallographic planes of graphite.

To deepen the characterization of the calcined sample, we carried out a study of the
obtained ashes using different techniques of electron microscopy, see Figure 10. By means
of TEM, we observed the presence of nanostructures in the form of carbon nanotubes
with embedded metal nanoparticles (Figure 9). Studies by means of SEM and EDS (see
Figure S7) show a homogeneous distribution of Co and Ni in the ashes and an almost
equal percentage of both metals (53% Co and 47% Ni). These results are in agreement with
our previous results on Ni and Co nanoparticles embedded in CNTs from the calcination
of the parent compounds [29]. In addition, we found that the calcination of the hybrid
solid solution yields nanoparticles of a fairly homogeneous alloy of metals, also embedded
in CNTs.



Crystals 2022, 12, 860 11 of 14

Figure 9. (a) Powder X-ray diffraction patterns obtained after the calcination of
[TPrA][CoxNi1−x(dca)3] where x = 1.0, 0.5, 0.0. (b) Detail in the region of the maximum inten-
sity peak.

Figure 10. (a) SEM and (b) TEM images of the product obtained by the calcination of the
[TPrA][Co0.5Ni0.5(dca)3] precursor.

Therefore, the simple calcination of the obtained mixed cation compound is an easy route
for the preparation of nanostructured magnetic alloys with multiple and interesting applications.

4. Conclusions

Since the growth of interest in hybrid organic–inorganic perovskites (HOIPs) in the last
several years, these materials have been subjected to intensive study due to the enormous
interest in their functional properties. An attractive option to obtain new compounds and
modulate their properties is that of forming solid solutions, a strategy widely used in the
case of classical inorganic perovskites but relatively unknown for HOIPs.
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In this work, we present the first dicyanamide-perovskite solid solution of [TPrA]
[Co0.5Ni0.5(dca)3] and study its functional, thermal, dielectric and optical properties, com-
paring them with those of the undoped parent compounds [TPrA][Co(dca)3]
and [TPrA][Ni(dca)3].

In the case of its thermal properties, we observed that the transition temperatures
were modified as a function of the Co:Ni proportion. Meanwhile, the enthalpy and entropy
values remained similar, except for the low-temperature transition in the Ni compound,
which was noticeably lower than in the other two. In addition, the thermal stability of the
three compounds seems to be modulated by the metal content, as the 100% Ni compound
remained stable up to ~560 K, and the 50:50 solid solution was stable up to ~540 K, while
the 100% Co compound was only stable up to ~510 K. The dielectric transitions associated
with each of the structural phase transitions were similarly displaced. On the other hand,
the absorption spectrum of [TPrA][Co0.5Ni0.5(dca)3] was a combination (or overlap) of the
parent compounds of both full Ni and Co materials.

Therefore, this work confirms that traditional material design strategies, such as solid
solutions, used in classic perovskites are also applicable to emerging hybrid perovskites,
which will help toward realizing more rational tunability of their functional properties.

Finally, we show that the here-prepared solid solution hybrid compound can be used
as a precursor that, upon calcination, gives rise to CNTs with embedded magnetic Ni:Co
alloy nanoparticles, a fast and much simpler synthetic route than other complex CVD or
arc-discharge methods used to obtain this type of material.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/cryst12060860/s1. Figure S1: Synthesis scheme of [TPrA][Co0.5Ni0.5(dca)3] by slow evaporation;
Figure S2: (a) scanning electron microscopy image of [TPrA][Co0.5Ni0.5(dca)3] and X-ray map of (b) carbon,
(c) nitrogen, (d) cobalt and (e) nickel; Figure S3: EDS spectrum of [TPrA][Co0.5Ni0.5(dca)3]; Figure S4:
Le Bail refinements of (a) [TPrA][Co(dca)3], (b) [TPrA][Co0.5Ni0.5(dca)3] and (c) [TPrA][Ni(dca)3];
Figure S5: Details of the DSC of [TPrA][Co(dca)3], [TPrA][Co0.5Ni0.5(dca)3] and [TPrA][Ni(dca)3]
from (a) 200 K to 260 K, (b) 280 K to 310 K and (c) 330 K to 365 K; Figure S6: Dependence of
the transition temperature observed by DSC (by heating) on the metal proportion for the samples
[TPrA][Co(dca)3], [TPrA][Co0.5Ni0.5(dca)3] and [TPrA][Ni(dca)3]; Figure S7: EDS spectrum of the
CNTs obtained with the calcination of [TPrA][Co0.5Ni0.5(dca)3]; Table S1: Crystal data and structure
refinement for [TPrA][Co0.5Ni0.5(dca)3]; Table S2: Bond lengths of M-N; Table S3: UV-Vis bands of
[TPrA][CoxNi1-x(dca)3] (x = 1.0, 0.5, 0.0).
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