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Abstract
We realized fluoride perovskites ANiF3 (A = Na, K, and Ag) incorporating a transition-metal Ni element using solvent-free 
mechanochemical reaction processes. Methodologically, two different synthetic routes were devised based on the conven-
tional mechanical grinding and the planetary ball milling techniques. The structural characteristics of the as-synthesized 
fluoroperovskite powders were determined by powder X-ray diffraction measurements and subsequent Rietveld refinement 
analyses. The band gaps and the chemical compositions of the ANiF3 powders were also examined by ultraviolet–visible 
absorption measurements and element-specific energy dispersive X-ray spectroscopy, respectively. The goodness of factors 
of our refinements revealed that the high-energy planetary ball milling was more beneficial than the conventional grinding 
method in achieving a perovskite ANiF3 phase mechanically. We found that the degree of mechanochemical reaction to form 
the perovskite phase depended on the crystal structure. With the fitted lattice parameters of the fluoride perovskites, we dis-
cussed how a structural modification induced by cation non-stoichiometry affected the stabilization of the fluoroperovskite 
materials via the mechanochemical synthesis.
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1  Introduction

For several decades, perovskite ABX3 materials, which gen-
erally consist of two cations (A and B) and one chalcogen 
or halogen anion (X), have attracted tremendous attention to 
the associated fields of condensed-matter physics, materials 
science, and physical chemistry due to the large variety of 
the fascinating physical properties [1, 2]. In the perovskite 
oxides ABX3 (X = O; ABO3), which contains a BO6 octahe-
dron in the pseudocubic unit cell, intriguing physical phe-
nomena such as superconductivity [3, 4], metal-to-insulator 
phase transition [5, 6], ferroelectricity [7, 8], piezoelectric-
ity [9–11], multiferroicity [12, 13], thermoelectricity [14, 
15], magnetoresistance [16], ionic conductivity [17, 18], 

photovoltaic effects [19, 20], and electrocatalysis [21, 22] 
have been extensively reported. For the perovskite oxides, 
the thermodynamic phase stability and their physical prop-
erties are well known to be very susceptible to structural 
distortion, thereby a change in the crystallographic symme-
try [23]. In general, such a distortion in a perovskite ABO3 
lattice can be described using the Goldschmidt tolerance 
factor t and octahedral factor μ, which are closely related to 
the tilting and the rotation of the BO6 octahedron [1, 2, 24, 
25]. For perovskite ABX3, t and μ can be represented with 
the following equations [1, 2]:

where RA, RB, and RX are the ionic radii of the A-site cat-
ion, the B-site cation, and the X anion, respectively.

Fluoroperovskites ABX3 (X = F; ABF3), where the A-site 
cation is usually monovalent (e.g., Na+, K+, and Ag+) and 
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the B-site cation is a multivalent transition-metal element, 
are promising candidate materials with multi-functionality 
in the electrical, magnetic, optical, and ionic transport prop-
erties [26–28]. Furthermore, the perovskite fluorides exhibit 
not only excellent electrochemical properties (e.g., electro-
catalytic performance) attributed to the strong electronega-
tivity of the F− ion but also robust ionicity due to the weak 
bond strength between the B-site transition-metal cation and 
the F− anion [22]. Nevertheless, previous works on these 
attractive physical properties are rare due to the challenge 
in synthesizing fluoroperovskite compounds [29]. Note that 
fluoride perovskites are structurally unstable in air because 
the fluoroperovskites easily react with water molecules or 
oxygen gas in the atmosphere, which results in the forma-
tion of secondary phases [30–34]. Owing to the vulnerabil-
ity of fluoroperovskites to humidity [32], either chemical 
solvents or sealed/isolated containers have been commonly 
used to avoid the introduction of water molecules from air 
during their synthesis [34–38]. However, a synthetic route 
to achieve the fluoroperovskite phase free from a solvent has 
not been examined systematically, yet [38–40].

In this work, we demonstrate the realization of fluorop-
erovskite phases through a solvent-free mechanochemical 
reaction [41–45]. Three Ni-based perovskite fluoride com-
pounds, NaNiF3, KNiF3, and AgNiF3, were attained in a 
powder form using the mechanical-milling-based synthetic 
methods. We found the formation of the fluoroperovskite 
phase to be easier via the high-energy planetary ball mill-
ing rather than the conventional grinding in a mortar with a 
pestle. The structural properties, the electronic band gaps, 
and the chemical compositions of the as-prepared fluoroper-
ovskite powders were characterized using X-ray diffraction 
(XRD), ultraviolet (UV)–visible spectroscopy, and energy 
dispersive X-ray spectroscopy (EDS), respectively. We 
will also discuss the phase stability of the fluoroperovskite 

materials in terms of structural distortions based on the cal-
culated t values of the bulk NaNiF3, KNiF3, and AgNiF3 
compounds.

2 � Experiments

For our aim to realize Ni-based fluoroperovskite ANiF3 
(A = Na, K, and Ag) compounds experimentally, we devel-
oped two kinds of solvent-free synthetic procedures includ-
ing different mechanochemical reaction techniques: one was 
conventional mechanical grinding (named as method 1) and 
the other was planetary ball milling (named as method 2). In 
the first approach to fabricate ANiF3 powders, we weighed 
and mixed two raw powders of AF [A = Na, K, and Ag; NaF 
(> 99%), KF (> 99.0%), and AgF (99%), respectively], and 
NiF2 (≥ 95%) according to the molar ratio (all powder rea-
gents were purchased from Sigma Aldrich). Then, ~ 3 ml 
of anhydrous ethyl alcohol (C2H5OH) was inserted into 
the mixed powders with no additional solvent to produce a 
slurry. The powder-mixture slurry was blended in a mortar 
with a pestle for the mechanochemical reaction for about 
15 min. After the mechanical grinding, the composite pow-
der was annealed in a muffle furnace at 250 °C for 2 h for 
a further reaction via calcination. More details on the first 
synthetic route are shown in Supplementary Fig. S1. In the 
second process via planetary ball milling (Supplementary 
Fig. S2), the weighed powder mixture of AF and NiF2 was 
ground with C2H5OH (~ 3 ml) in a mortar until it was dry 
(~ 15 min). We moved the mixed powders of 1 g with 10 g 
of zirconia balls (diameter: 5 mm) into an autoclave and then 
mounted the autoclave to a high-energy ball milling machine 
(Pulverisette 7 Micro Mill, Fritsch, Germany). For a mecha-
nochemical reaction, the powder mixture in the autoclave 
was blended at a rotation speed of 900 rpm and a revolution 
speed of 1800 rpm for 30 min.

Table 1   Calculated lattice constants and goodness of fit via the Rietveld refinements of the XRD patterns of (a) NaNiF3, (b) KNiF3, and (c) 
AgNiF3 powders synthesized by methods 1 and 2

Materials Conventional mechanical grinding 
(method 1)

Planetary ball milling (method 2) Reference

Lattice constant (Å) Goodness 
of fit (χ2)

Lattice constant (Å) Goodness 
of fit (χ2)

Structure Lattice constant (Å) References

NaNiF3 a = 5.38
b = 5.55
c = 7.72

3.17 a = 5.38
b = 5.55
c = 7.72

2.59 Orthorhombic (Pnma) a = 5.36
b = 5.52
c = 7.69

[59]

KNiF3 a = 4.03
b = 4.03
c = 4.03

9.28 a = 4.03
b = 4.03
c = 4.03

3.93 Cubic (Pm3m) a = 4.01 [65]

AgNiF3 a = 3.83
b = 3.92
c = 3.93

2.55 a = 3.83
b = 3.92
c = 3.93

2.45 Cubic (Pm3m) a = 3.93 [66]
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The structural properties of the as-synthesized Ni-based 
fluoroperovskite ANiF3 (A = Na, K, and Ag) powders were 
analyzed using a 4-circle X-ray diffractometer [wavelength 
λ = 1.5406 Å (Cu Kα1), D8 Advance, Bruker, Germany], and 

the lattice parameter of each phase in the ANiF3 powders 
was extracted by fitting the obtained XRD θ − 2θ spectra via 
a Rietveld refinement. The fitting process was implemented 
using the refinement program FullProf Suite, while adjusting 
the peak-shape parameters and crystal-structure parameters 
continuously [46–48]. To evaluate the goodness of the fit-
ted results in the Rietveld refinement, we also obtained the 
goodness of factor (χ2), which was extracted from the differ-
ence (Yobs − Ycalc) between the observed XRD spectra (Yobs) 
and the simulated XRD patterns (Ycalc) via a fit. The refined 
lattice parameters (i.e., a, b, and c) of the fluoroperovskite 
ANiF3 phase in the as-synthesized composite powders and 
the corresponding χ2 values are summarized in Table 1.

The electronic band gaps of the as-synthesized fluoroper-
ovskite powders were quantified using UV–visible absorp-
tion spectroscopy. An ultraviolet–visible spectrophotometer 
(UV–Vis, V-670, JASCO, Japan) was used to measure the 

Table 2   Direct band gaps of the as-synthesized NaNiF3 and KNiF3 
powders estimated by linear fits of the Tauc plots in Fig. 3

Materials Conventional 
mechani-
cal grinding 
(method 1)

Planetary 
ball milling 
(method 2)

Reference

Band gap Eg 
(eV)

Band gap Eg 
(eV)

Direct 
band gap 
(eV)

References

NaNiF3 5.52 5.45 N/A N/A
KNiF3 5.29 5.23 5.59 [51]

Fig. 1   Rietveld refinement of 
the XRD patterns of a NaNiF3, 
b KNiF3, and c AgNiF3 ceramic 
powders prepared by method 
1. The observed XRD profiles 
of the ANiF3 powder are 
represented by black circles. 
The XRD fitted lines of the 
calculated (Ycal) and the differ-
ence between the observed and 
the calculated (Yobs − Ycal) XRD 
patterns are represented by red 
and blue lines, respectively. 
We labeled the positions of the 
Bragg peaks of a orthorhombic 
NaNiF3, b cubic KNiF3, and 
c pseudocubic AgNiF3 in the 
XRD θ − 2θ scans of the as-
prepared Ni-based fluoroperovs-
kites. The olive and the orange 
tick lines are labeled to the 
secondary peaks of a NiF2 and 
NaF in NaNiF3 and b NiF2 and 
Ag in AgNiF3, respectively
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UV–visible absorption spectra of our fluoride perovskite 
powders. The spectral data were collected in the wavelength 
range between 200 and 2500 nm. The direct band gaps of the 
powder samples were determined using Tauc plots, and the 
estimated band gaps are shown in Table 2.

The chemical stoichiometry of the as-synthesized Ni-
based fluoroperovskite ANiF3 (A = Na, K, and Ag) powders 
was identified by EDS measurements. For the EDS analyses, 
a field emission scanning electron microscopy (FE-SEM; 
JSM-7600, JEOL, Japan) with an EDS detector was used. 
Ahead of the SEM–EDS experiments, we coated the ANiF3 
powders with gold by direct current (DC) sputtering and 
placed them on carbon tapes. Then, we performed EDS 
measurements at target areas on the powder specimens. The 
atomic percentages of A, Ni, and F elements in the as-pre-
pared ANiF3 (A = Na, K, and Ag) powders were estimated 
by analyzing the corresponding A-K edge, Ni-K edge, and 
F-K edge EDS signals, respectively.

3 � Results and discussion

Figure 1 shows XRD θ − 2θ scans of the as-prepared Ni-
based fluoroperovskite ANiF3 (A = Na, K, and Ag) powders 
based on conventional mechanical grinding (i.e., method 1). 
As shown in Fig. 1b, KNiF3 powders were structurally in 
a single perovskite phase with a cubic lattice constant of 
4.03 Å, which is close to the bulk reference value of 4.01 Å 
(Table 1). By contrast, NaNiF3 and AgNiF3 powders incor-
porated not only the primary fluoroperovskite but also the 
secondary phases (e.g., the residues of the starting materials 
and the by-products) (Fig. 1a, c). For the NaNiF3 composite, 
the raw materials, NaF and NiF2 powders, remained without 
further reaction to the perovskite phase. Moreover, for the 
AgNiF3 composite, some Ag+ ions in the initial reagent of 
AgF were reduced to Ag metal after the mechanochemi-
cal reaction. Considering that the ionization energy of the 

Fig. 2   Rietveld refinement of 
the XRD patterns of a NaNiF3, 
b KNiF3, and c AgNiF3 ceramic 
powders prepared by method 
2. The observed XRD profiles 
of the ANiF3 powder are 
represented by black circles. 
The XRD fitted lines of the 
calculated (Ycal) and the differ-
ence between the observed and 
the calculated (Yobs − Ycal) XRD 
patterns are represented by red 
and blue lines, respectively. 
We labeled the positions of the 
Bragg peaks of a orthorhombic 
NaNiF3, b cubic KNiF3, and 
c pseudocubic AgNiF3 in the 
XRD θ − 2θ scans of the as-
prepared Ni-based fluoroperovs-
kites. The olive and the orange 
tick lines are labeled to the 
secondary peaks of a NiF2 and 
NaF in NaNiF3 and b NiF2 and 
AgF in AgNiF3, respectively
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transition-metal Ag is much larger than those of alkali met-
als (i.e., Na and K) [49], the reduction of Ag+ ions to Ag 
metal would be energetically more favorable than the forma-
tion of the fluoroperovskite AgNiF3 via a chemical reaction.

To promote the mechanochemical reactivity further and 
to yield a larger amount of fluoroperovskite ANiF3 (A = Na, 
K, and Ag) as the product, we synthesized Ni-based fluoride 
perovskite powders by solvent-free planetary ball milling 
(i.e., method 2). We first identified that the fluoride per-
ovskite structure was major in the as-prepared NaNiF3 and 
KNiF3 powders (Fig. 2a, b). Seemingly, the obtained pow-
der-XRD results of the NaNiF3 and KNiF3 composite com-
pounds were comparable to the XRD spectra of the NaNiF3 
and KNiF3 powders synthesized by method 1. Interestingly, 
a perovskite phase in the as-prepared AgNiF3 powders was 
more evident, exhibiting a higher peak intensity compared 
with that in the AgNiF3 powders synthesized by method 
1 (Fig. 2c), although the residues of the initial AgF and 
NiF2 powders still existed. We note that no Ag metal was 
observed. This implies that the high-energy ball milling 
could impede the reduction of Ag+ ions, thereby facilitating 
the chemical reaction of AgF and NiF2 to form the fluorop-
erovskite AgNiF3 [50].

Figure 3 presents the UV–visible absorption spectra of 
our NaNiF3 (orange) and KNiF3 (purple) powders synthe-
sized by methods 1 (solid lines) and 2 (dotted lines). For the 
AgNiF3 powders, the measured absorption spectrum was not 
convincing due to the large amounts of secondary phases 
(i.e., NiF2 and AgF) (not shown here). To estimate the direct 

band gaps (Eg) of the as-synthesized fluoroperovskite pow-
ders, we plotted (αhν)2 as a function of the photon energy 
hν (Tauc plot), where α is the absorption coefficient of the 
specimen. With linear fits (red lines) to the Tauc plots, the 
value of Eg for the NaNiF3 and the KNiF3 powders were 
found to be 5.52 (5.45) and 5.29 (5.23) eV for the method 1 
(method 2), respectively. For KNiF3, the obtained Eg values 
were comparable to the values (~ 5.59 eV) predicted by theo-
retical calculations (summarized in Table 2) [51]. Note that 
Eg is very susceptible to structural distortion in a solid [5, 6]. 
When the crystal structure is distorted, Eg in the electronic 
structure commonly increases due to bandwidth narrowing 
[5, 6]. Considering that NaNiF3 was more structurally dis-
torted with a smaller tolerance factor (t ~ 0.952) than KNiF3 
(t ~ 1.04) [2], the obtained Eg of NaNiF3 should be larger 
than that of KNiF3 for both methods 1 and 2.

To understand a possible origin of the difference in the 
formation of the perovskite phase in ANiF3 (A = Na, K, and 
Ag) powders, we carried out EDS analyses to examine the 
chemical stoichiometry of the ANiF3 powders synthesized 
by method 2 (Fig. 4). From the obtained EDS spectra, we 
found that the NaNiF3 and the KNiF3 powders were slightly 
Ni-deficient, deviating from a stoichiometric composition 
(Fig. 4a, b). In contrast, AgNiF3 powders appeared to be 
very Ag-deficient (Ni-rich) locally (Fig. 4c). Note that the 
atomic percentages of A, Ni, and F correspond to 20, 20, 
and 60, respectively, for the stoichiometric fluoroperovskite 
ANiF3 compound. A comparison between the Ag and the Ni 
contents showed that the molar concentration of Ag atoms 
was approximately an order of magnitude smaller than that 
of Ni atoms. Note that the accuracy of the obtained atomic 
concentrations in the EDS measurements was approximately 
± 2–5% [52, 53]. Although the presence of a NiF2 residue in 
the AgNiF3 composite powders has been considered, such a 
difference in the atomic percentage between Ag and Ni ions 
is too huge compared with other fluoroperovskite materials, 
indicating that the fluoride perovskite AgNiF3 should be Ag-
deficient, that is, Ag1−xNiF3−δ.

Distortions of the NiF6 octahedral structure in fluoroper-
ovskite ANiF3 (A = Na, K, and Ag) would be closely associ-
ated with the phase formation during the synthesis of perovs-
kite fluorides. Note that the tolerance factors tNaNiF3, tKNiF3, 
and tAgNiF3 of bulk NaNiF3 (orthorhombic, Pnma), KNiF3 
(cubic, Pm–3m), and AgNiF3 (cubic, Pm–3m) with stoichio-
metric compositions are 0.952, 1.04, and 0.987, respectively 
[2]. The octahedral factor μ is identical to 0.519 for Ni-based 
fluoroperovskites because all compounds of NaNiF3, KNiF3, 
and AgNiF3 possess the same B-site Ni2+ ions and fluorine 
F− ions [2]. We stress that a tolerance factor of less than 1 
in a perovskite structure is mainly attributed to distortions 
(i.e., octahedral tilting and rotation) of the octahedral net-
work/coordinate [25, 54–56]. With octahedral distortions, 
the original crystal structure of a cubic perovskite (Pm–3m) 

Fig. 3   Tauc plots of the UV–visible absorption spectra of NaNiF3 
(marked in orange) and KNiF3 (marked in purple) powders synthe-
sized by method 1 (solid lines) and method 2 (dotted lines). The 
direct band gaps of fluoroperovskite NaNiF3 and KNiF3 were esti-
mated by linear fits (red lines) to the obtained Tauc plots
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changes to the orthorhombic structure (Pnma), resulting in a 
decrease in the tolerance factor [56–58]. We also emphasize 
that the more a perovskite material is structurally distorted, 
the more stabilization of the distorted perovskite phase 
becomes difficult [59]. Because fluoroperovskite NaNiF3 is 
more distorted with an orthorhombic structure (a = 5.38 Å, 
b = 5.55 Å, and c = 7.72 Å for our NaNiF3 powders) than 
cubic KNiF3 (a = b = c = 4.03 Å for our KNiF3 powders) 

(Table 1), the synthesis of NaNiF3 powders with a single 
perovskite phase would be quite difficult compared with 
perovskite KNiF3.

An Ag deficiency in cubic perovskite AgNiF3 may induce 
a structural transition from cubic symmetry to orthorhom-
bic symmetry. We found that the XRD refinement results, 
where the perovskite structure in our Ag-deficient AgNiF3 
powders was assumed to be orthorhombic with different 

Fig. 4   Surface field emission 
scanning electron microscopy 
(FE-SEM) images of the cor-
responding energy dispersive 
spectroscopy (EDS) spectra of a 
NaNiF3, b KNiF3, and c AgNiF3 
ceramic powders. The atomic 
percentages of Na, K, Ag, 
Ni, and F ions in the NaNiF3, 
KNiF3, and AgNiF3 ceramic 
powders are shown

NaNiF3 powder

KNiF3 powder

AgNiF3 powder

(a)

(b)

(c)

30 μm

30 μm

30 μm

Element
Ag L
Ni K
F K

Atomic%
2.240
16.85
80.91

Element
K K
Ni K
F K

Atomic%
15.29
12.22
72.49

Element
Na K
Ni K
F K

Atomic%
19.21
11.63
69.16

Table 3   Estimated lattice 
constants and goodness of fit 
via the Rietveld refinements 
of the XRD patterns of 
AgNiF3 powders synthesized 
by methods 1 and 2. In these 
refinements, the crystal 
structures of AgNiF3 were 
assumed to be cubic and 
orthorhombic separately for 
comparison

Material (structure) Conventional mechanical grinding 
(method 1)

Planetary ball milling (method 2)

Lattice constant (Å) Goodness of 
fit (χ2)

Lattice constant (Å) Goodness 
of fit (χ2)

AgNiF3 (cubic) a = 3.96
b = 3.96
c = 3.96

3.07 a = 3.96
b = 3.96
c = 3.96

8.47

AgNiF3 (orthorhombic) a = 3.83
b = 3.92
c = 3.93

2.55 a = 3.83
b = 3.92
c = 3.93

2.45
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lattice constants (a = 3.83 Å, b = 3.92 Å, and c = 3.93 Å) 
with respect to all principal axes, gave a better goodness of 
factor (χ2 = 2.45) than the fitting results (a = b = c = 3.96 Å 
and χ2 = 8.47) derived from the assumption of cubic AgNiF3 
as in the bulk counterpart (Table 3). These XRD fitting 
results done by assuming two different crystal structures 
(orthorhombic and cubic) for our AgNiF3 powders are 
shown in Fig. 5. Note that the crystallographic symmetry in 
perovskite materials is very susceptible to chemical stoichi-
ometry [60]. In a cation-deficient perovskite A1−xBX3−δ, the 
A-site cation and anion vacancies can be created for charge 
compensation [56, 60, 61]. With the formation of vacancy 
defects, a BX6 octahedron is also distorted at the given 
vacancy site, leading to a structural phase transition locally 
[60, 62]. For instance, in the presence of cation vacancies, a 
cubic perovskite structure is transferred to an orthorhombic 
perovskite structure with lower crystallographic symmetry 
[63]. Thus, the perovskite phase in our Ag1−xNiF3−δ pow-
ders may be close to an orthorhombic rather than a cubic 
structure due to a structural distortion arising from the Ag 
deficiency. Because of the distorted orthorhombic struc-
ture, the fabrication of perovskite AgNiF3 seems to be more 
challenging.

4 � Conclusion

In summary, we stabilized a perovskite phase in Ni-based 
fluoroperovskite ANiF3 (A = Na, K, and Ag) materials by 
two solvent-free mechanochemical reaction methods with 

different synthetic procedures. We found the perovskite 
phase to be more easily formed in the fluoride perovskite 
powders synthesized by high-energy planetary ball mill-
ing than in those synthesized by conventional grinding. 
XRD refinement results revealed that the crystal structure 
of the perovskite AgNiF3 powders was close to orthorhom-
bic rather than cubic, unlike bulk AgNiF3. This difference 
in the structural symmetry may be attributed to an octa-
hedral distortion induced by Ag vacancies in Ag-deficient 
Ag1−xNiF3−δ. Our work should be of potential interest for 
the synthesis of other perovskite halides (e.g., chlorides, 
bromides, and iodides) via a mechanochemical reaction. 
Furthermore, our synthetic approaches to Ni-based fluo-
roperovskites can be harnessed to realize experimentally 
infinite-layer fluoronickelates exhibiting superconductivity 
[64] and should allow high-efficiency fluoride electrodes to 
be achieved for lithium/sodium batteries [34].

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s40042-​021-​00310-z.
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