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A solvent-free mechanochemical synthesis of two fluorinated perovskites, KCuFz and KNiFs, including the
optimization of milling time at constant rotational speed, was studied as a practical and green alternative to
the classical solvothermal synthesis. The presence of KCuFs and KNiFs in the desired crystalline phase as the
main product was observed after 6 h of milling. At higher milling times K,CuF4 and K,NiF4 were detected as
additional crystalline phases for the Cu- and Ni- based perovskites, respectively. The fluorinated perovskites
were characterized by using X-Ray Powder Diffraction (XRD), X-Ray Photoelectron Spectroscopy (XPS) and
Scanning Electron Microscopy (SEM), confirming the selective formation of the fluorinated perovskites. The

mechanochemical route was also compared to a new mild solvothermal method. An evaluation of the
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Accepted 23rd August 2024 environmental impact and the energy efficiency was performed; moreover, the effectiveness of the
mechanochemical process was compared to that of the solvothermal method. The promising results

DOI: 10.1039/d4mr00037d obtained from this innovative method opened the door to the use of solvent-free mechanochemical

rsc.li/RSCMechanochem syntheses as a suitable approach in the field of crystal engineering also.
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Introduction

Perovskites are an emerging class of semiconducting materials
with tunable bandgaps, wide color gamut, high charge-carrier
mobilities, and long carrier diffusion lengths."* They are
usually characterized by a generic formula ABX; where A and B
are metal cations, while X is generally an anion.>* In metal
halide perovskites, A is a monovalent cation (e.g., Na', Cs", and
K"), Bis a divalent transition metal cation (e.g., Mg**, Cu**, Ca**,
Ni**, Pb**, and Cu®"), and X is a halide monovalent anion (e.g.,
I, ClI7, and F7). The traditional crystal structure of halide
perovskites, ABXj, is characterized by [MXs]*~ octahedra that
share corners in all three orthogonal directions to produce
endless three-dimensional (3D) [MX;] frameworks.” In the
recent decades, fluorine-based cubic perovskites have been
studied because of their intriguing features like high tempera-
ture superconductivity,® as well as their electrical,” optical® and

“Dipartimento di Chimica, Materiali e Ingegneria Chimica, Politecnico di Milano, via
Mancinelli 7, 20131 Milano, Italy

*Dipartimento di Chimica, Universita degli Studi di Milano, via Golgi 19, 1-20133
Milano, Italy

‘Consorzio Interuniversitario Nazionale per la Scienza e Tecnologia dei Materiali
(UdR - UniMi), via G. Giusti, 9, 50121 Firenze, Italy

“Consorzio Interuniversitario Nazionale per la Scienza e Tecnologia dei Materiali
(UdR- PoliMi), via G. Giusti, 9, 50121 Firenze, Italy. E-mail: maurizio.sansotera@
polimi.it; Fax: +39 2 2399 3280; Tel: +39 2 2399 4770
(ESI) DOL:

T Electronic  supplementary  information available.  See

https://doi.org/10.1039/d4mr00037d

520 | RSC Mechanochem., 2024, 1, 520-530

magnetic properties.” Among fluorinated perovskites, KNiF; has
a typical ABX; octahedral structure with a cubic unit cell with
a NiFe octahedron, where the K" ions fill the empty spaces
within the octahedron itself."* KNiF;, as a pure compound or in
CNTs nanocomposites, has been used as an electrode material
in supercapacitors™ introducing different bimetallic elements
in order to realize the optimal synergistic effect, which largely
contributed to specific capacity and rate capability of the
material.”> KCuF; has a different structure mainly due to Jahn-
Teller effects™ and it is characterized by distorted octahedra,
where the Cu-F bonds have different lengths because of the
displacement of F~ ions on the ¢ plane of the Cu-F-Cu
bonds.**** KCuF; found applications as a cost-effective anode in
lithium-dual-ion batteries.® Both fluorinated perovskites,
KNiF; and KCuF;, were employed in the formation of artificial
solid electrolyte interfaces (SEIs) for obtaining air-stable and
dendrite-free lithium metal anodes."”

The physical and electrical properties of fluorinated perov-
skites are largely dependent on their synthesis because it
significantly affects their dimension and shape; thus, several
methods were developed: the conventional solid state reaction
at high temperature,” hydrothermal processes,”* and
microemulsion-based methods.?* Mechanochemical synthesis
of perovskites has emerged in recent years as a viable alternative
to traditional chemical syntheses, spanning applications from
organic-inorganic hybrid materials to fully inorganic
perovskite-type electro-ceramics.”* This method has rapidly
gained recognition as an environmentally friendly route for

© 2024 The Author(s). Published by the Royal Society of Chemistry
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chemical modification in materials science, particularly in
electronics, optoelectronics,” and electrochemical fields.***®
Utilizing mechanical forces in a one-step process,* typically
through high-energy ball milling, this approach facilitates
reactions without hazardous, expensive, or polluting solvents. It
offers a sustainable alternative to high-temperature, solution-
based synthesis, and the potential of this technique is demon-
strated in tailoring the properties of final products by manip-
ulating reaction conditions such as milling energy, reaction
time, stoichiometry, or additive insertion.>”**

In this work, the mechanochemical syntheses of KNiF; and
KCuF; were described and compared to a mild solvothermal
synthesis performed at mild temperature in a relatively fast
process. A planetary instrument was employed for the mecha-
nochemical reactions: in a planetary ball mill, the collisions
between the milling media and the treated materials were
generated by the simultaneous rotation of the base plate and
the jar; these impacts were responsible for producing the
necessary kinetic energy for the reaction, allowing the conver-
sion of the starting materials.?® The yield of the reaction was
strictly dependent on the selected milling parameters, which
included the rotational speed, media filling ratio, powder filling
ratio and milling time. The first three parameters directly
influenced the kinetic energy of the spheres, modifying their
speed, directly in the case of the rotational speed, or indirectly
in the case of media filling ratio and powder filling ratio influ-
encing the free space available inside the jar that the spheres
required to gain velocity and, thus, kinetic energy, before the
impact. The milling time enhanced the probability that the
kinetic energy released by the impacts was exploited for the
reaction rather than being dissipated as heat or against the
walls of the jar. The parameters employed in the mechano-
chemical syntheses were discussed and the properties of the
perovskites, such as their crystalline phases, compositions, and
morphologies, were also reported.

This work also evaluates whether the mechanochemical
process is actually more environmentally friendly than the sol-
vothermal process from both a chemical and energetic point of
view. Some green metrics commonly used in these cases were
examined:* the theoretical atom economy of the process (AE)
and the theoretical process mass intensity (PMI).

molecular weight product (g mol™)

AE = x 100

molecular weight of all reactant used (g mol™)

total mass used in the process(g)
mass of the product (g)

PMI =

The atom economy evaluates a synthetic process a priori and
it reveals a low environmental impact when the maximum
number of reactant atoms are found in the products. Therefore,
the fewer by-products created in a process, the more efficient it
is. Process mass intensity is defined as the total mass (including
reagents, solvents, catalysts, etc.), expressed in grams, of raw
materials used to synthesize 1 gram of the product. It is

© 2024 The Author(s). Published by the Royal Society of Chemistry
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a parameter that must be determined a priori, similar to the
atom economy. When comparing two processes, a lower PMI
value usually indicates a lower environmental impact.*

These metrics emphasise the importance of avoiding the use
of unnecessary solvents, or the huge amounts of waste
produced in some syntheses. When designing a mechano-
chemical process, these parameters must be taken into account
in order to achieve the desired result with the least possible
waste of resources.

Furthermore, the energy consumption required for perov-
skite synthesis by mechanochemical and solvothermal methods
was evaluated, using as a reference the maximum theoretical
quantity that can be synthesized with the corresponding
equipment. In this way, it is possible to observe whether the use
of mechanical energy can be a valid alternative to thermal
energy also from an energy point of view, as it has been
demonstrated in numerous studies for other chemical
syntheses.*

The actual yields of the reactions were not considered for
these evaluations as they depend on the optimization of the
process, which, in the solvothermal case, was not performed.

Materials and methods

Materials

Potassium fluoride (KF), nickel chloride hexahydrate (NiCl,-
-6H,0), nickel fluoride (NiF,), copper chloride (CuCl,) and
copper fluoride (CuF,) were purchased from Sigma Aldrich as
ACS reagent grade of >99.0% purity. The compounds were
vacuum dried at 120 °C for 24 h to eliminate possible hydration
water and humidity.

Methodology

The mechanochemical reactions were performed under stan-
dard conditions (25 °C, 1 atm) inside a planetary ball mill (High
Speed Planetary Ball Mill, TOB-ZQM Series, “TOB NEW
ENERGY”) at 350 rpm rotational speed. The media filling ratio
and powder filling ratio were directly related to the diameter
and the number of spheres used as milling media, the volume
of the jar and the volume of the inlet materials.*® The media
filling ratio (Ymeaia), in particular, is the ratio of the volume of
the milling media, including free spaces, to the volume of the
chamber, whereas the powder filling ratio (ypowder) is the ratio
of the volume of the powder bulk to the volume of the free
spaces among the milling media.

v _ Vmedia,bulk
media —
Vchamber
. Vpowder,bulk
7p0wder -

Vfree space

In the literature, optimal values are reported between 0.3 and
0.5 for the media filling ratio and between 0.5 and 1.0 for the
powder filling ratio.>*
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Fig. 1 Graphical representation of the media filling ratio (on the left)
and the powder filling ratio (on the right).

Vnedia butk

The visual representation of the media filling ratio and
powder filling ratio is shown in Fig. 1.

Every sample was synthetized in a 50 mL zirconia jar with
a defined number of zirconia grinding balls: 39 balls of 8 mm
diameter. An equimolar amount of KF and CuF, or NiF, were
weighted according to Table 1 and placed inside the zirconia
jar.

The two-steps milling procedure included 15 minutes
clockwise and 15 minutes anti-clockwise rotation with 1 minute
of resting time between the two steps. The rest was performed in
order to avoid temperature increases that can affect the results
and could potentially damage the instrument. Three different
grinding times were defined: 3 h, 6 h and 12 h (including the
rest).

The solvothermal method was performed for both KNiF; and
KCuF;, following the same procedure: KF was dissolved in
a minimal amount of distilled water (4/5 mL) while nickel or
copper chloride were dissolved in 40 mL of ethanol according to
the data present in Table 2. The two solutions were then mixed
together in a Teflon® reactor and placed inside a stainless steel
(AISI 316) autoclave. The reaction was performed at 185 °C for
16 h. At the end of the thermal step, the resulting precipitate
was filtered and washed first with pure ethanol and then with
a mixture 80/20 (v/v) of ethanol and water three times. The final
product was dried under vacuum at 90 °C for 12 h.

Characterization techniques

The final products were characterized by X-Ray Powder
Diffraction (XRD) (Philips PW 1830) using a Bragg Brentano
diffractometer and Cu-Ka, radiation (1 = 0.154056 nm) from 5°
to 70°, at 1° min~ ", with a step size [26] = 0.0260° to identify the
KCuF; and KNiF; structure and to verify the presence of
unreacted reagents or different crystalline phases produced. In
order to assess the effect of milling time increase on crystallite
size, the crystallites diameters were evaluated with the Scherrer
equation:*®

o K2
" Bcosb

where t is the average diameter of the crystallites, K is
a dimensionless shape factor equal to 0.9, 1 is the wavelength of

Table 1 Mechanochemistry reagents employed

Sample KF CuF, NiF,

KCuF,
KNiF;

0.730 g (12.5 mmol) 1.27 g (12.5 mmol) —
0.750 g (12.9 mmol) — 1.25 g (12.9 mmol)
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Table 2 Solvothermal reagents employed
Sample KF CucCl, NiCl,-6H,0
KCuF; 0.261 g (4.5 mmol) 0.201 g (1.5 mmol) —
KNiF;  0.174 g (3.0 mmol) — 0.236 g (1.0 mmol)

the Cu-Ka, radiation of 0.154056 nm, § is the line broadening at
half the maximum intensity (FWHM) in radians and @ is the
Bragg angle in radians. Rietveld refinements were employed to
identify and quantify the different crystalline phases. The
goodness of fit was assessed by using the weighted profile R-
factor (Ryyp).

Scanning Electron Microscopy (SEM) and quantitative
Energy Dispersive X-ray Spectroscopy (EDS) were also per-
formed to evaluate the shape and the morphology of the parti-
cles and the possible content of other chemical species as
impurities.

X-Ray Photoelectron Spectroscopy (XPS) was performed to
confirm the XRD results. XPS was conducted using an M-probe
apparatus (Surface Science Instruments). The source was
a monochromatic Al Ko radiation (1486.6 eV). A spot size of 200
x 750 um and a pass energy of 25 V were used. Fits were per-
formed using pure Gaussian peaks and Shirley's baseline,
without any constraints. Survey and high-resolution spectra
have been obtained to determine the compositions of the
samples and the oxidation states of the elements. By fitting the
C 1s signal, the main peak has been shifted in order to set the
adventitious carbon peak at 284.6 eV. C 1s, Ni 2p, O 1s, F 1s and
K 2p has been recorded for KNiF; and C 1s, Cu 2p, O 1s, F 1s and
K 2p for KCuF;. The peaks in high resolution XPS spectra were
assigned according to literature data on fluorinated perov-
skites.>**** XPS errors on the measurements were evaluated
considering the atomic scaling factors (ASFs) of the elements
detected.

Results

The fluorinated perovskites were synthesized with a solid-state
reaction by using the mechanochemical procedure. Three
tests were performed at different milling times: 3h,6hand 12 h
with a rotational speed of 350 rpm, media filling ratio equal to
0.5 and powder filling ratio fixed at 0.5. KMF;-structured
perovskites are the most prevalent crystalline species obtained,
following the reactions:
KF + CuF, ——— KCuF;

kinetic energy

KF + NiF, —~  KNiF;

kinetic energy

After 12 hours of milling, the occurrence of K,MF, side
crystals as a product of subsequent KF addition to the perov-
skite structure was observed. Indeed, as the reaction time
increases, the mechanochemical forces generated by the inter-
actions between the milling media and the treated materials

© 2024 The Author(s). Published by the Royal Society of Chemistry
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result in the build-up of more intense mechanical stresses;
these higher mechanical stresses promote reactions that may
not occur under conventional synthesis conditions. This
phenomenon applied to the milling conditions employed lead
to the minor formation of K,CuF, and K,NiF,,*® as additional
crystalline species.

The solvothermal method was performed at high tempera-
tures (ie., 185 °C) with ethanol in an autoclave, by following
a different reaction pathway that included the production of KCI
as a by-product:

3KF + CuCl, - 2KCl + KCuF;
EtOH

3KF + NiCl, -2 2KCl 4+ KNiF;
EtOH

The perovskites were easily separated from KCI with a final
filtration step, exploiting their low solubility in water and
ethanol.

XRD results

The XRD patterns of the fluorinated perovskites produced at
different milling times (i.e., 3 h, 6 h and 12 h) were compared to
those synthetized through the solvothermal method. In the XRD
pattern of KCuF; samples, shown in Fig. 2, the presence of the
crystalline phase of the corresponding fluorinated perovskite
was observed in accordance with its XRD standard card (JCPDS:
730233).*” At 3 h the peaks attributed to copper difluoride, CuF,,
were still present and, therefore, the reaction was not yet
quantitatively completed. At 6 h CuF, peaks disappeared, sug-
gesting that the completeness of the reaction was reached.
Signals ascribable to the growth of the K,CuF, crystalline phase
were also detected at 12 h of milling time.

In the mechanochemical syntheses of KNiF; (Fig. 3), the
precursors of the perovskite successfully reacted because the
crystalline phases of KF or NiF, were not detected in the XRD
pattern of the products, although their presence as an

*x Ox %
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Fig. 3 Powder XRD pattern of KNiFz samples.

amorphous phase cannot be excluded. The synthesis of KNiF;
was confirmed in accordance with the XRD standard card of
KNiF; (JCPDS: 21-1002), and the peaks associated with the cubic
crystalline phase of KNiF; were clearly visible."” In the samples
of KNiF; produced by mechanochemical syntheses, an addi-
tional crystalline phase ascribable to the presence of K,NiF, was
observed: these peaks were almost negligible after 3 h, but they
became more relevant by increasing the milling time to 6 h and
to 12 h.

The quantification of the different crystalline phases ob-
tained by the Rietveld refinement is presented in Table 3 and 4.
The original XRD patterns with the quantification of each peak
are shown in the ESLt

In the case of KCuF; perovskites, after 6 h of milling
a quantitative formation of the product without side-products
was observed. In the case of the Ni-based samples, at 3 h of
milling the highest production of KNiF; was observed and at
longer times the formation of a greater quantity of the K,NiF,
phase was detected. For both the perovskites it was confirmed
that the higher the milling time, the higher the content of
K,CuF, and K,NiF,, respectively. The examination of the crys-
tallite diameters with the Scherrer equation revealed a decrease,

Table 3 Quantitative results of KCuFs crystalline phases

Phase Solvothermal  Milling3 h  Milling6h  Milling 12 h
KCuF; 100% 98.5% 100% 80%
K,CuF, — — — 20%

CuF, — 1.5% — —

Table 4 Quantitative results of KNiFs crystalline phases

Solvothermal Phase Solvothermal ~ Milling 3 h  Milling6h  Milling 12 h
10 20 30 40 50 60 70 . ) 0 0 0
Position / °26 KNiF; - 100% 84% 70% 65%
K,NiF, — 16% 30% 35%

Fig. 2 Powder XRD pattern of KCuFz samples.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Scherrer diameters of the crystallites (expressed in nm)

Sample  Solvothermal 3 h milling 6 h milling 12 h milling
KCuF; 37 29 28 25
KNiF; 17 15 14 12

albeit minimal, in the average size of the crystallites as the
milling hours increased (Table 5).

XPS results

XPS survey analyses measured the elemental composition of the
surface of the two perovskite samples obtained by mechano-
chemical (6 h and 12 h of milling time) and solvothermal
syntheses. According to the nominal formula of the perovskite
fluorides (ABF;), the expected atomic composition of the
samples was 20% for “A” the monovalent cation (K'), 20% for
“B” the divalent cations (Cu** and Ni** respectively) and 60% for
the sum of the remaining three monovalent fluorine anions
(F7). In particular, the atomic percentage of the main compo-
nents for the copper-based fluorinated perovskites (Table 6)
resulted in agreement with the theoretical composition of
KCuF;: a fluorine content equal to 56% was detected for the
mechanochemical procedure lasting 6 h, 60% after 12 h and
64% in the specimen obtained by solvothermal synthesis. For
the 6 h procedure, potassium and copper showed the same
quantity of 22%; conversely, the other two syntheses induced
slightly lower copper contents in favor of the potassium
contents: after 12 h of mechanochemical synthesis Cu and K
were 16% and 24%, respectively; in the solvothermal sample Cu
and K were 13% and 21%, respectively. Therefore, the K: Cu
atomic ratiowas 1:1 and 1:1.5 in the 6 h and 12 h syntheses,
respectively, and 1: 1.6 in the solvothermal sample. These slight
differences, compared to the theoretical composition, could be
confirmed by the species found in the deconvolutions obtained
in the high-resolution spectra of these three elements (Fig. 4).
The presence of marginally greater amounts of K and F atoms
than the theoretical values, can be explained, in fact, by the
presence of unreacted KF or by the formation of the K,CuF,
crystalline phase.

In potassium high-resolution spectra, the KCuF; 2ps,, peak
was detected at 293.5 eV and 293.7 eV in the samples milled for
6 h and 12 h, respectively. These signals were in agreement with
the 293.6 eV peak of the solvothermal synthesis, in which KClI
formation in little amounts can be noticed due to the peak at
295.9 eV.*®3 The peak at 294.1 eV was assigned to the 2ps,
signal of residual KF in the sample milled for 6 h.***° After 12 h
of milling, the formation of a crystalline phase due to K,CuF,

Table 6 Atomic composition by XPS analysis of KCuFs samples

Sample Potassium at% Copper at% Fluorine at%
6 h milling 22.0 (+0.3) 22.0 (+1.1) 56.0 (+0.6)
12 h milling 23.8 (£0.3) 15.6 (£0.7) 60.6 (£0.6)
Solvothermal 20.7 (£0.3) 13.0 (£0.6) 64.3 (£0.7)

524 | RSC Mechanochem., 2024, 1, 520-530

View Article Online

Paper

was detected by XRD measurement and the XPS signal at
294.5 eV can be ascribed to the presence of this compound. The
high resolution spectra in the Cu region showed trends which
were in agreement with the deconvolutions observed for
potassium signals: after 6 h of mechanochemical synthesis two
Cu 2p3), peaks were evident at 933.9 eV and 937.2 eV and they
can be assigned to KCuF; and CuF,, respectively;** after 12 h,
KCuF; was observed in a similar range at 933.4 eV and a signal
due to K,CuF, was observed at 939.4 €V; in the solvothermal
sample the perovskite peak was at 934.0 eV and the formation of
a small amount of CuF, was confirmed by the appearance of
a peak at 937.4 eV.*" The high resolution analyses in the F 1s
region confirmed the presence of the chemical species detected
in the other spectra: after 6 h of mechanochemical synthesis
three bonds of a different nature were observed at 683.4 eV,
684.6 €V and 686.2 eV, and they were ascribable to KF, CuF, and
KCuF;, respectively;** after 12 h, CuF, reacted quantitatively
with KF, the partial formation for K,CuF, was detected and,
therefore, only the signals at 686.2 eV of KCuF; and at 684.1 eV
due to K,CuF, were observed;*' in the solvothermal synthesis,
the peak at 686.2 eV due to KCuF; was clearly present.

In KNiF; samples, the contents of K, F and Ni atoms were
measured by XPS survey analyses and they were mainly in
agreement with the theoretical composition of a Ni-based
perovskite (Table 7): F contents were 56%, 57% and 60% after
6 h and 12 h of the milling procedure and in the solvothermal
sample, respectively, and, therefore, these quantities were
approximately in agreement with the expected values; K
contents were 26%, 29% and 20%, respectively, and it should be
noticed that the mechanochemical procedures induced potas-
sium contents slightly higher that what is theoretically ex-
pected; Ni contents were complementary to the other data and,
thus, the nickel amount in the sample obtained by 12 h milling
decreased to 14% while it was around 18% for both the 6 h
milling and the solvothermal samples. These differences from
the theoretical values can be explained by the presence of
K,NiF,, especially after 12 h of the milling procedure. The
chlorine content in the solvothermal sample was due to a little
amount of KCl that was undissolved by the washing procedure.

The deconvolutions of the K 2p, Ni 2p and F 1s high reso-
lution XPS spectra are shown in Fig. 5 and they confirmed the
formation of KNiF;, showing slight amounts of by-products.
The K 2p spectrum of the sample synthetized by 6 h milling
showed a broad peak centered at 293.0 eV with a shoulder signal
at around 295.9 eV which can be attributed to the KNiF;, in
particular to a 2ps, and 2p,, doublet due to the spin-orbit
coupling typical for K.** The binding energy split of these two
signals resulted in agreement with the typical energy difference
of K of around 2.8 eV.*" In the literature, K signals of KF were
reported in the range from 292.1 to 293.2 eV and these were in
agreement with the peaks observed in the experimental spectra,
confirming the presence of little amounts of KF in all the
samples.**** Indeed, the peaks related to the perovskite were
accompanied by a doublet at 293.2 and 296.0 eV coming from
KF excess coming from the unconverted reagents. A similar K 2p
spectrum was recorded for the solvothermal sample with the
main peaks of KNiF; at 293.5 (2ps/,) and 296.4 eV (2p4,,) and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Fitted K 2p, Cu 2p, and F 1s XPS high resolution spectra of KCuFz samples.

side peaks of KF at 292.3 (2pz/2) and 295.1 eV (2p4,,). In the XPS
high resolution spectrum recorded for the sample synthesized
by the 12 h mechanochemical process, in addition to the
doublets of KNiF; at 293.5 (2ps/») and 296.4 eV (2p,/,) and of KF
at 292.1 eV (2p;5,) and 294.8 eV (2p,,»), another compound was
detected: similar to what was observed in the copper-based
perovskite, during the 12 h milling process a different perov-
skite characterized by the formula K,NiF, was formed, as shown
by the XRD data, and its doublet in the K 2p region can be
ascribed to the contributions of the deconvolution detectable at
294.1 (2ps.2) and 297.0 eV (2py»). The binding energies of Ni
2ps;, related to the KNiF; perovskite for all three analyzed
samples were recorded at 858.1 + 0.1 eV, corroborating the
assignment of this peak to the perovskite product. Moreover, for
the mechanochemical synthesis, an evident effect of milling

Table 7 Atomic composition by XPS analysis of KNiFz samples

time on the extent of reaction was observed: after 6 h, a slight
amount of unreacted NiF, was still present and its signal at
860.4 eV was present together with that of the perovskite
product; after 12 h, K,NiF, started to be formed in addition to
KNiF; and its signal was observable at 854.8 eV. In the sample
produced by the solvothermal approach a peak at 856.1 eV was
due to the excess of NiCl used as a reagent in the synthesis. In
the F 1s high resolution spectra, sharp peaks ascribable to
KNiF; were observed at 686.7 eV (£0.3 eV) in the 6 h and 12
milled samples as well as in the solvothermal sample, in
agreement with the data reported in the literature.">** The
presence of other species, in addition to the perovskite product,
detected by the analyses of the K 2p and Ni 2p signals, was also
confirmed in the F 1s high resolution spectra. In particular,
after 6 h two additional peaks due to an excess of KF and NiF, as

Sample Potassium at% Nickel at% Fluorine at% Chlorine at%
6 h milling 25.5 (£0.3) 18.3 (+0.7) 56.2 (40.6) —

12 h milling 28.8 (£0.4) 14.1 (0.5) 57.1 (40.6) —
Solvothermal 19.8 (£0.3) 18.4 (+0.7) 59.6 (40.6) 2.2 (£0.02)
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Fig. 5 Fitted K 2p, Ni 2p, and F 1s XPS high resolution spectra of KNiFz samples.

reagents were recorded at 683.7 eV and 685.2 eV, respectively.
After 12 h it was also possible to notice both the presence of KF
excess because of its signal at 683.3 eV and the formation of
K,NiF, due to its peak at 687.5 eV. In the F 1s spectrum of the
solvothermal product, the KNiF; perovskite was the predomi-
nantly present species (around 80%) and the residual decon-
voluted peak at 683.9 eV can be attributed to KF.

SEM results

The SEM images of KCuF; and KNiF; perovskites showed
agglomerates that reached dimensions of 28 um for KCuF; and
50 um for KNiF; after a 3 h mechanochemical treatment, as
reported in Fig. 6A and B, respectively. In both perovskites
a gradual size reduction of bigger particles to approximately 17
pum with polydispersed granulometry was achieved by
increasing the milling time to 6 and 12 h (Fig. 6C and D for
KCuF; and KNiF; after 6 h and Fig. 6E and F for KCuF; and
KNiF; after 12 h). Therefore, milling time was the key parameter
for particle size reduction due to the collisions between parti-
cles and milling media. By means of the solvothermal approach,
crystals of around 11 pm with a typical cubic shape, that is
characteristic of ABX; perovskites, were clearly visible, as shown
in Fig. 7A. Particles with similar size were formed with the

526 | RSC Mechanochem., 2024, 1, 520-530

mechanochemical method without the use of solvents or
thermal treatment (Fig. 7B). However, as a result of aggregate
breaking from the collisions with the milling media the cubic
shape was scratched.

Green metrics and environmental impact

The environmental impacts of both solvothermal and mecha-
nochemical methods were studied and compared through the
use of green metrics. All the results obtained from the evalua-
tion of the atom economy (AE), the theoretical process mass
intensity (PMI) and the energy demand (ED) in the two
processes are listed in Tables 8 and 9. All the details of the
calculations of the green metrics and the energy assessment are
reported in the ESL{

The mechanochemical approach allowed the synthesis of the
perovskites starting directly from fluoride salts, avoiding the
use of chemicals which, even stoichiometrically, can produce
side products; indeed, all the atoms of the reagents can be
transformed into products. For the aforementioned reasons,
the atom economy values of the samples obtained through the
mechanochemical process were 100% and the corresponding
values of PMI were 1. Although this conversion can be tempered
by the reaction yield, the yields of mechanochemical processes

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 SEM images of KCuFs (A—C) and KNiFs (D—F) perovskites obtained by mechanochemical solid-state synthesis at different milling times:
after 3h (A and D), 6 h (B and E) and 12 h (C and F), respectively.

Fig.7 SEM images of KCuF3 perovskite obtained by mechanochemical solid-state synthesis after 6 h of milling time (A) as well as by solvothermal
method (B).
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Table 8 Green metrics evaluation for KCuFs

Process Milling time (h) AE (%) PMI(—) EDMJg ")
Mechanochemical 3 100% 1 0.58

6 100% 1 1.16

8 100% 1 2.32
Solvothermal — 51.7% 191 6.1
Table 9 Green metrics evaluation for KNiF3
Process Milling time (h) AE (%) PMI(—) EDMJg ')
Mechanochemical 3 100% 1 0.58

6 100% 1 1.16

8 100% 1 2.32
Solvothermal — 37.6% 294 9.5

are typically comparable to or higher than that of a solvothermal
processes.

The green metrics of the solvothermal process considered
the wastes caused by the use of chlorides in the synthesis of
fluorinated perovskites, which necessarily lead to a higher
consumption of potassium fluoride and to the formation of
potassium chloride as a side product. It is possible to observe
that the hydration water of the nickel chloride salt further
reduces the atom economy leading to a final value of 37.6% for
KNiFs.

The energy demand was calculated for the mechanochemical
process by considering the power of the ball miller employed
and the different reaction times. The mechanochemical energy
consumption was identical for both the perovskites because the
optimized parameters were employed in both the syntheses and
only the milling time was varied in the different samples. For
the solvothermal synthesis, the heating time of the oven and the
energy consumption during the synthesis and final drying step
were considered.

On the basis of the energy assessment, the mechanochem-
ical syntheses was clearly favourable from an energetic point of
view because of the absence of waste of energy due to solvent
heating, heat dispersion and final drying of the products. The
dispersion of mechanical energy is therefore less impactful,
especially for laboratory scale production. Overall, the mecha-
nochemical process showed a clear advantage over the sol-
vothermal process in the assessment of all the green metrics
examined. All the details of the calculations are presented in the
ESLY

Conclusions

The fluorinated perovskites KCuF; and KNiF; were synthetized
through a mechanochemical method and a new mild sol-
vothermal process. In particular, the mechanochemical
synthesis allowed the formation of KCuF; and KNiF; through
arapid and immediate process without the use of solvents. XRD
and XPS characterization confirmed the formation of the

528 | RSC Mechanochem., 2024, 1, 520-530
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desired crystalline phases, and the average size of the particles
produced mechanochemically observed by SEM imaging was
comparable with that of the solvothermal perovskites. The
optimization of the mechanochemical syntheses, in terms of
higher yields, greater selectivities of KCuF; and KNiF; perov-
skite products and best matching of crystalline dimensions
compared to those of the solvothermal products, was obtained
with a milling time of 6 h for both the chemical compounds.
K,CuF, and K,NiF, crystalline phases were both observed to be
formed after 12 h of mechanochemical syntheses. The envi-
ronmental impacts of the mechanochemical and solvothermal
syntheses were evaluated from both atomic and energetic point
of views. The mechanochemical process was highly advanta-
geous in terms of atom economy due to the absence of theo-
retical by-products and solvents in either the synthesis or the
washing steps and because of the efficient use of raw materials.
Mechanochemical synthesis was also preferable based on the
energy demand, although the evaluations were limited to
laboratory scale factors.

The absence of significant by-products and the ease of the
mechanochemical process demonstrated that this kind of
synthesis can be considered a valid alternative to the classic
solvent-based approach. Thus, the described process can be
extended to the synthesis of other fluorinated perovskites.

Data availability

The data supporting this article have been included as part of
the ESI.TAll the XPS surveys have been added as graphs as well
as the original XRD spectra. All the calculations regarding the
green metrics have been added in the apposite section. The SEM
pictures are included in the original manuscript.
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