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Abstract A microwave assisted hydrothermal method,

where the advantages of both microwave and hydrothermal

methods are utilized to synthesize complex fluoride KMF3

(M = Zn, Mn, Co, Fe), materials of technological impor-

tance, is proposed. The KMF3 metal fluorides synthesized

feature nano-sized particles having well-defined cubic

morphologies. The proposed synthesis, in contrast to the

existing synthesis methods is very rapid, economical, and

less complex in nature. The structural, thermal, optical, and

chemical properties of synthesized powders are determined

by powder X-ray diffraction, scanning and transmission

electron microscopy, X-ray photoelectron spectroscopy,

Fourier transform infrared spectroscopy, and diffuse

reflectance spectra in the UV–VIS range.

Introduction

Complex fluorides KMF3 are technologically important

materials and have found applications in many electronic

devices mostly due to their interesting properties associated

with the perovskite-type crystal structure [1–3]. KMF3

fluorides are prepared by a variety of methods including

solid-state, mechanochemical, micro emulsion, high tem-

perature and pressure, hydrothermal, and solvothermal

techniques [4–10]. The synthesis procedure involved high

temperatures, complicated and expensive set up, and

complex procedures, mainly due to the corrosive nature of

fluorides. Therefore, synthesis procedures that can improve

the above-mentioned drawbacks are needed.

Mild hydrothermal or solvothermal processes where the

reactions are performed at 140–250 �C have evolved as an

effective method to synthesize KMF3 fluorides [8, 9]. In

addition, the oxygen content of the KMF3 materials syn-

thesized by hydrothermal and solvothermal methods is

lower than that of the methods mentioned previously.

However, one of the major drawbacks of the hydrothermal

synthesis is the associated slow reaction kinetics for a

given reaction condition [11].

Microwave energy applied during the hydrothermal

synthesis [microwave-hydrothermal (M-H)] has been

found to improve the kinetics of crystallization [12–14].

Microwave radiation penetrates deeply, induces the rota-

tion of molecules and vibration of materials with dielectric

properties and molecular dipole moments enabling faster

chemical reaction between the precursors leading to the

desired product formation [15].

High pressures (over 600 psi) as well as high tempera-

tures (over 300 �C) could be generated in the reaction

vessel during the M-H process [16]. Such reaction condi-

tions help to homogeneously heat the reaction medium

within a short period of time, resulting in products with

narrow particle size distribution, high yield, high purity,

and excellent reproducibility. Such a method has been

employed as a synthetic tool to successfully synthesize

various materials [17–20].

We have extended the microwave hydrothermal method

for the successful synthesis of complex metal fluorides

KMF3 (M = Zn, Mn, Co, Fe). We have introduced further

simplicity in the process by performing the reactions in

simple solution state (with water as the solvent) using a
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domestic microwave oven and completing the reactions

within a short period of time (less than 5 min). Such a

method of synthesis, i.e. using M-H to synthesis KMF3, has

not been previously reported.

Experimental

KF, ZnCl2, MnCl2 � 4H2O, CoCl2 � 6H2O, and FeCl2 � 4H2O

starting materials were obtained from Alfa Aesar, USA, and

were used as-received. For the synthesis of ternary metal flu-

orides, KF and MCl2 (M = Zn, Mn, Co, Fe), were added in a

3:1 molar ratio into a Parr hydrothermal vessel along with

15 mL of deionized water. For example, to synthesize KZnF3,

0.5 g of KF and 0.392 g of ZnCl2 were used according to the

reaction

3KFþ ZnCl2 ! KZnF3 þ 2KCl: ð1Þ

The Parr vessel was subjected to microwave treatment for

4 min. A domestic microwave operating at 2.45 GHz with

a maximum power of 1100 W was used. After the com-

pletion of the reaction, the Parr hydrothermal vessel was

allowed to cool to room temperature. The products

obtained were washed with distilled water and ethanol

many times and then dried on a hot plate at 90 �C

overnight.

Structural properties of the materials were determined

by performing multiple characterizations. X-ray diffraction

(XRD) patterns were collected with a Scintag X2 diffrac-

tometer using CuKa radiation. A scan rate of 1�/min with a

step size of 0.02� was employed to obtain the XRD dif-

fraction pattern. SEM characterization was performed on

the JSM-6500F, a field emission system with the in-lens

thermal field emission electron gun. X-ray photoelectron

spectroscopy (XPS) experiments were performed on a

Physical Electronics 5800 spectrometer. This system has a

monochromatic Al Ka X-ray source (ha = 1486.6 eV),

hemispherical analyzer, and multichannel detector. A low

energy (30 eV) electron gun was used for charge neutral-

ization on the non-conducting samples. The binding energy

scales for the samples were referenced to the C1s peak at

284.8 eV. Diffuse reflectance spectra were recorded in the

wavelength range of 250–2500 nm using a Varian Asso-

ciates 500 double beam spectrophotometer equipped with a

Praying Mantis. Compressed polytetrafluoroethylene was

used for standard calibration (100% reflectance). Fourier

transform infrared spectroscopy (FTIR) measurements in

the 400–4000 cm-1 were carried out with Nicolet Magna

FTIR equipped with deuterated triglycine sulfate detector.

Samples for FTIR were made by pressing a mixture of KBr

and powdered sample. Transmission electron microscopy

(TEM) was carried out on a 2000 TEM (JEOL, Japan),

operating at an accelerating voltage of 100–200 kV.

Results and discussion

Figure 1 shows the XRD pattern of the synthesized complex

fluorides. Figure 1a, b, c, and d shows XRD patterns of

KZnF3, KMnF3, KCoF3, and KFeF3, respectively, synthe-

sized by the microwave hydrothermal method. Comparison

of the XRD patterns with JCPDF standard showed the single-

phase nature of the fluoride materials synthesized [21]. The

KFeF3 product contains a small quantity of an impurity

phase. In general, KMF3 (M = Zn, Mn, Co, Fe)-type fluo-

rides belong to the perovskite ABO3 family of materials.

Crystal structure details of the synthesized fluorides are

summarized in Table 1.

Figure 2 shows the SEM images of the synthesized flu-

orides. Figure 2a, b, c, and d shows SEM images of KZnF3,

KMnF3, KCoF3, and KFeF3, respectively. Well-defined

morphology is noticed for almost all the fluorides with

particles in the nm size range. Specifically, KZnF3, KMnF3,

and KFeF3 have cubic-shaped particles. Small pits can be

seen in the synthesized KCoF3. In general, the synthesized

fluorides have potassium to metal ratios of *1, as deter-

mined by energy-dispersive X-ray analysis. Figure 3 shows

TEM images of the synthesized fluorides. TEM images for

KZnF3 (Fig. 3a), KMnF3 (Fig. 3b, c), KCoF3 (Fig. 3d), and

KFeF3 (Fig. 3e), showed cubic morphologies which is in

consistent with SEM observations.

Figure 4 shows the FTIR spectra of the synthesized

fluorides. The results showed there was no surface adsor-

bed water for any of the fluorides except for KCoF3. For

KCoF3 small peaks at 3400 cm-1 and 3600 cm-1 are

noticed which indicate the presence of a small amount of

surface water possibly due to insufficient drying.

XPS analysis was performed to examine the composi-

tion of the synthesized fluorides (Fig. 5). In the full

spectrum analysis of KCoF3 (not shown), a very weak O1s

peak at 531.3 eV can be ascribed to the absorbed water on

the surface of the fluorides which is consistent with FTIR

analysis. The position of F1s (684.3 eV), K2p (292.2 eV),

and Co 2p3/2 (*775 eV) agree with those reported for

CoF2 and KF [22–24]. The analysis of the areas of these

peaks gave an atomic ratio K: Co: F3 of 1.15:1:02:2.7, in

good agreement with the expected atomic ratio. Figure 5a

shows the F1s binding energy occurring at 684.5, 683.3,

684.4, and 685.0 eV for KZnF3, KMnF3, KCoF3, and

KFeF3, respectively. The K2p3/2 binding energy occurred

at 292.8, 293.0, 292.8, and 293.3 eV for the KZnF3,

KMnF3, KCoF3, and KFeF3, respectively (Fig. 5b) and the

K2p1/2 binding energy occurred for the same compounds at

295.6, 295.7, 295.5, and 295.9 eV. Investigation of KMF3

crystals (M = Mn, Co, Fe, Co, Ni, Cu, Zn) showed that the

peaks in the XPS spectra correspond to the multiplets

arising from the 3d electrons of M3+ ions [25]. The sta-

tionary bands found in XPS spectra are independent of the
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kind of M ion and are assigned to the F- 2p valence band

[26]. Though KMF3 materials in general have ideal

perovskite structure, due to the crystalline field at the

surroundings of Fe2+ and Co2+ can distort the perovskite

structure leading to elongation of F- ions and reduced M–F–M

inter atomic distances which can induce some covalence

character. Thus the variation in the strength of M–F

chemical bond via the Madelung potential could account

for the variation in the binding energies (F1s, K2p1/2, and

K2p3/2) and result in the relative shift of the F peaks of

KCoF3 and KFeF3 (Fig. 5a) [27, 28].

In semiconductor technology, vacuum-ultraviolet trans-

parent (VUT) materials for lenses in optical lithography are

needed [29]. KMF3 materials with perovskite structures are

potential candidates and received recent attention because

they do not have birefringence which makes design of

lenses difficult [30]. The suitability of these materials is

largely dependent on the electronic properties, which are

affected by the band-gap of the material (Eg). To determine

the Eg, we have performed the diffuse reflectance spectra of

the KCoF3 samples in the UV–VIS–NIR range (Fig. 6).

The diffuse reflectance data of Fig. 6a was used to calcu-

late the absorption coefficient from the Kubelka-Munk

(KM) function [31, 32] defined as:

FðR1Þ ¼
a
S
¼ 1� R1ð Þ2

2R
where R1 ¼

Rsample

RPTFE

:

Here ‘‘a’’ is the absorption coefficient, ‘‘S’’ the scattering

coefficient, and F(R?) is the KM function. The energy

dependence of the material in the UV–VIS–NIR was further

explored. The energy dependence of semiconductors near

the absorption edge is expressed as:

aE ¼ KðE � EgÞg:

Here ‘‘E’’ is the incident photon energy (hm), ‘‘Eg’’ the

optical absorption edge energy, ‘‘K’’ a constant, and the

exponent ‘‘g’’ is dependent on the type of optical transition

as a result of photon absorption [33]. The g is assigned a

value of 1/2, 3/2, 2, and 3 for direct allowed, direct

Fig. 1 Powder X-ray diffraction pattern of (a) KZnF3, (b) KMnF3, (c) KCoF3, and (d) KFeF3 synthesized by microwave hydrothermal method

Table 1 Crystal structure details of KMF3 (M = Zn, Mn, Co, and

Fe)

a (Å) V (Å3) Z Space group

KZnF3 4.055(0) 66.68 1 Pm3m

KMnF3 4.182(0) 73.14 1 Pm3m

KCoF3 4.070(8) 67.46 1 Pm3m

KFeF3 4.120(0) 69.93 1 Pm3m
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forbidden, indirect allowed, and indirect forbidden transi-

tion, respectively [34]. For the diffused reflectance spectra,

KM function can be used instead of ‘‘a’’ for estimation of

the optical absorption edge energy [33]. It was observed

that a plot of F(R?) E vs. E was linear near the edge for

direct allowed transition (g = 1/2). The intercept of the

line on abscissa (F(R?) E = 0) gave the value of optical

absorption edge energy to be 2.2 ± 0.2 eV for KCoF3.

Figure 6b shows the plot of the same. The Eg determined is

in agreement with the Eg predicted (2.4) from modeling

studies using the local spin density approximation

approach [35]. The results indicate KCoF3 are insulators

Fig. 3 TEM images for KZnF3

(a), KMnF3 (b and c), KCoF3

(d), and KFeF3 (e) materials

showing cubic morphologies

Fig. 2 SEM images of (a)

KZnF3, (b) KMnF3, (c) KCoF3,

and (d) KFeF3 synthesized by

microwave hydrothermal

method
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and the size of the energy gap is determined by increased

charge transfer energy caused by the more ionic nature of

Co–F bonding. The diffused reflectance spectra for direct

band-gap orthorhombic (b) Ta2O5 [36] prepared by heating

Ta metal in air is also recorded for comparison. The value

of optical absorption edge energy for indirect allowed

transition for Ta2O5 was found to be 4.0 ± 0.2 eV, which

is consistent with those seen for the b-Ta2O5 reported [37].

Conclusions

Microwave hydrothermal synthesis has been successfully

applied for the synthesis of nano-sized complex metal

fluorides of KMF3 type (M = Zn, Mn, Co, Fe). The pro-

posed method is simple, less labor intensive, and less time

consuming. The products were characterized for structural,

chemical, and optical properties. The optical transition

band-gap of the KCoF3 was determined to be 2.2 eV.

Efforts to optimize the synthesis conditions (time, power

output of the microwave) to eliminate the impurities

associated with KFeF3 materials are in progress and the

results will be communicated in future.
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