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ABSTRACT. Super-structures or self-assembled nanoparticles open the development of new 

materials with improved and/or novel properties. Here, we present nickel fluoride (NiF2) self-

assemblies by successive preparatory methods. Originally, the self-assemblies were obtained by 

exploiting water-in-oil microemulsion technique as a result of auto-organization of hydrated 
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NiF2 (NiF2.4H2O) nanoparticles. The nanostructuration of NiF2.4H2O nanoparticles was 

confirmed from XRD and TEM data. The size and shape of NiF2.4H2O nanoparticles, and their 

subsequent self-assemblies varied slightly as a function of water to surfactant and oil ratios. The 

SEM and TEM characterizations revealed that the nanoparticles are organized into a succession 

of self-assemblies: from individual nanoparticles assembled into layers to truncated bipyramids, 

which further auto-organized themselves into almond shaped super-structures. The anhydrous 

NiF2 was achieved by heating NiF2.4H2O self-assemblies under the dynamic flow of molecular 

fluorine (F2) at moderate temperature (350°C). The preservation of self-assemblies during the 

transformation from NiF2.4H2O to NiF2 is successfully achieved. The obtained materials have 

specific surface areas (SSA) about 30 m²/g, more than 60% the value for bulk NiF2. The lithium 

ion (Li
+
) storage capacities and mechanism of the nanostructured samples were tested and 

compared with the bulk material by galvanostatic cycling and X-Ray Absorption Spectroscopy 

(XAS). The nanostructured samples show higher capacities (~650 mAh/g) than the theoretical 

(554 mAh/g) first discharge capacity due to the concomitant redox conversion mechanism of 

NiF2 and solid-electrolyte interphase (SEI) formation. The nanostructuration by self-assembly 

appears to positively influence the lithium diffusion in comparison with the bulk material. 

Finally, magnetic properties of nanostructured NiF2.xH2O (x = 0, or 4) have been measured and 

appear to be very similar to the corresponding bulk materials, without any visible size-reduction 

effect. The hydrated samples NiF2.4H2O show an antiferromagnetic ordering at TN =3.8 K, 

whereas the dehydrated ones (NiF2) present a canted antiferromagnetic ordering at TN = 74 K. 

 

 



INTRODUCTION 

Nanoscopic materials have been extensively explored – both on academic research and industrial 

levels – during the last couple of decades due to their novel and superior electrical, optical and 

structural properties over the conventional micro and macroscopic materials
1-8

. The 

characteristics of nanomaterials are primarily dependent on the size, shape and distribution of 

their nanoparticles
9-11

. Therefore, many materials have found renewed applications other than 

their classical uses. Assembling of particular size and shape nanoparticles into super 

architectures is critical for creation of functional nanomaterials having superior properties over 

the prevailing ones
12-14

. For example, ordered nanocrystals forming superlattices have been 

discovered for possible applications in magnetic and optical devices exploiting the quantum 

confinement effects
15-17

. Dense ceramics after sintering, and structures mimicking biomaterials 

are synthesized from ordered super-structures
18

. Furthermore, self-assembled nanoparticles have 

been explored for large number of technologically important materials – besides others – 

including metals, alloys, oxides, and organic-inorganic hybrids
19-22

. Self-assembling process is 

either controlled and/or self-propagating
23-24

, and have been exploited for construction of super-

structures of diverse materials through particularly designed synthesis protocols
25-29

. 

After their historical applications in metallurgy, isotopic separation and optics
30-32

, interests in 

metal fluorides resurfaced at the turn of the century owing to their nanochemistry. This renewed 

attention has presented them as functional nanomaterials having applications in sensors, 

batteries, actuators, optical devices, optoelectronics and additives in lubricants besides others
33-

36
. New methods have been developed for synthesis of metal fluorides nanoparticles and their 

self-assembled super-structures. Water-in-oil microemulsion method has been also exploited for 



preparation of metal fluoride nanostructures
37-38

. Besides the simplicity of reaction apparatus and 

low temperature processing, reverse microemulsion technique comes up with a large degree of 

freedom to effectively control size, shape, distribution and auto-organization of nanoparticles in 

the resulting materials by slightly varying the synthesis parameters
29, 39-42

. For example, self-

assembled uniform nanoparticles of YF3 have been prepared by water in cyclohexane reverse 

microemulsion using polyoxyethylene(5)isooctylphenyl ether (NP-5) as surfactant
43

. Randomly 

distributed BaF2 nanoparticles were produced in a CTAB/water/isooctane reverse 

microemulsion
38

.  

The benefits of nanostructuration by self-assembly for functional transition metals fluorides 

could be very interesting. However, no attention is paid to the synthesis of nanostructurated 

metal fluorides by reverse microemulsion probably due to the formation of hydrated compounds, 

and difficulty in dehydration of the resulting nanomaterials. Among the metal fluorides, an 

important effort is done on FeF3
44

, but much less is done on compounds such as CoF2 or NiF2. 

Nevertheless, NiF2 is attracting attention as conversion reaction material for Li ion batteries due 

to its comparatively high voltage (2.96 V) and specific capacity (554 mAh/g)
45

. However, its 

poor electronic conductivity, due to the high ionicity of Ni – F bond, is the main hurdle in its 

large scale applications as functional material in Li ion power storage devices
7
. Nonetheless, 

improvements in electrochemical properties of NiF2 have been reported by doping with NiO, and 

also by preparation of nanocomposites with conductive carbon materials
46

. Furthermore, the 

electrochemical performances of NiF2 nanomaterials could be improved by engineering self-

assemblies having specific open facets as seen with CuO
47

. Besides the electrochemical interests 

in nanostructured NiF2, the magnetic properties could also be interesting especially to see if NiF2 

could exhibit different magnetic properties upon nanostructuration
48

.   



Here we come up with a new strategy to synthesize self-assembled nanoparticles of anhydrous 

NiF2. The final self-assembled super-structures were formed in a consequence to the successive 

auto-organization of different structures resulting of the individual nanoparticles auto-assembly 

in a CTAB/2-octanol/water reverse microemulsion system. The size and shape of self-assembled 

structures were controlled by varying the reaction duration, and water to surfactant (ω) and oil 

() molar ratios. The as synthesized NiF2.4H2O nanomaterials were transformed to anhydrous 

NiF2, by an original conversion method under gaseous molecular fluorine (F2) while preserving 

their self-assembly. The transformation is achieved at significantly lower temperature than 

previously reported
49

. 

 

EXPERIMENTAL 

MATERIALS  

All the chemicals were purchased from commercial suppliers and used as such without further 

purification and/or treatments. The salts Ni(NO3)2.6H2O, and NiCl2.6H2O and NH4F were 

purchased of Normapur-VWR and Sigma-Aldrich, respectively. The surfactant, 

cetyltrimethylammonium bromide (CTAB), was used of Acros Organics and the oil, 2-octanol, 

was used of Sigma-Aldrich. Ethanol, absolute and commercial, was purchased from Normapur-

VWR. 

MATERIALS CHARACTERIZATIONS 

Powder X-Ray Diffraction (PXRD): XRD patterns of all the samples were recorded upon 

PANalytical XPERT-PRO diffractometer which was equipped with Cu Kα source (1.542Å) as 



monochromator diffraction beam and a linear detector X’celerator. The scanning of the 

diffraction beams was performed in continuous steps each of size 0.0840 2theta and counting 

time of 180 s. The crystallite size was estimated using the Scherrer’s Equation (Eq. 1).  

d = 0.94λ/βcosθ        (1) 

Where d corresponds to the crystallite and/or grain size, λ is the wavelength – here λ = 1.542Å – 

of the x-rays radiations used, β is the corrected width of the respective peak in radians at full 

width at half maximum (FWHM), and θ is the diffraction angle of the respective peak in degrees. 

Raman and Infra-Red spectroscopies: Raman scattering spectra were measured upon Raman 

spectrometer of JobinYvon model T64000. The wavelength of laser was 514.5 nm (2.41 eV) and 

the power was set at 100 mW. The measurement was carried out in solid state by putting the 

sample powder upon glass slide under air at room temperature. The Fourier transformed Infrared 

(FTIR) spectra of all the samples were recorded in the mid IR regions upon Nicolet FTIR 

spectrometer from ThermoElectron Corporation in Attenuated Total Reflection (ATR) mode 

using SMART ORBIT accessory. 

Thermogravimetry Analyses (TGA): TGA/DSC data of the hydrated nickel fluoride (NiF2.4H2O) 

samples were collected under inert nitrogen (N2) environment in the range of 25°C to 800°C, at 

heating rate of 10°C/min using TGA analyzer of SETARAM Instrumentations (model Setsys 

Evolution). 

77K nitrogen sorption analysis: Sorption isotherms of powder samples were measured to 

determine specific surface area (SSA), pore size and volume, and pore size distribution using 



Micromeritics ASAP 2020. The samples were outgassed at room temperature for 24 hours prior 

surface area and porosity measurements. 

Scanning Electronic Microscopy (SEM) and Transmission Electronic Microscopy (TEM): SEM 

images of the samples were taken using SUPRA 55VP ZEISS field-effect scanning electron 

microscope (FE-SEM) equipped with a Gemini
®
 column and high efficiency secondary electron 

detector. The sample powders were dispersed upon carbon film and have been analyzed without 

further treatments. Samples were observed using a Hitachi Transmission Electron Microscope 

(H-7650) at 80 kV acceleration voltage with magnifications up to x200,000. Images were taken 

using a Hamamatsu camera placed in a side position. The powders of the materials are 

investigated by TEM are suspended in ethanol and dropped on a 400 mesh holey carbon-coated 

copper grid and dried at room temperature in air. 

Magnetic Measurements (SQUID): SQUID data were collected on a Quantum Design MPMS3 

magnetometer. Magnetization measurements at different fields at a given temperature confirmed 

the absence of ferromagnetic impurities. Data were corrected for the sample holder and 

diamagnetism was estimated using Pascal constants. 

Electrochemical Measurements: The electrochemical performances were investigated using 

galvanostatic discharges. The electrodes were composed of active material (80% w/w), acetylene 

black (10% w/w) and polyvinylidene difluoride (PVDF 10% w/w) as binder. After stirring in 

propylene carbonate (PC), the mixture was spread uniformly onto a stainless steel current 

collector disk of 10 mm diameter. After the PC evaporation, the electrodes were dried in a 

vacuum oven at 120 °C overnight to remove traces of water and solvent before their transfer into 

an argon-filled glovebox. The anode was a lithium metal disk, and the separator was Celgard 



2034. A two electrodes cell was used (Swagelok cell type), where lithium was both reference and 

counter electrodes. The electrolyte was 1.0 M LiPF6 in propylene carbonate/ethylene 

carbonate/dimethyl carbonate (PC/EC/3DMC; 1:1:3 vol. %). The cells were assembled in an 

argon filled dried glove box. Relaxation was performed for at least 5 hours until the open circuit 

voltage (OCV) stabilization. Galvanostatic discharges, carried out on a VMP2-Z instrument from 

Biologic, were performed at room temperature by applying a constant current density of 10 

mA/g with a cutoff voltage of 1 V in reduction and 4.3V in oxidation. 

X-RAY Absorption Spectroscopy (XAS): X-ray absorption spectroscopy was carried out at 

beamline ROCK of SYNCHROTRON SOLEIL. The electrode samples were never exposed to 

the ambient environment during the measurement. Higher harmonics in the X-ray beam were 

minimized by detuning the Si(111) monochromator by 40% at the Ni K-edge (8333 eV). 

Transmission spectra at the Ni K-edge were collected along with a simultaneous spectrum on a 

reference foil of metallic Ni to assure consistent energy calibration. Energy calibration was 

carried out by using the first derivatives in the spectra of Ni foil. Data were analyzed and refined 

using Artemis software. 

 

SYNTHESIS OF MATERIALS 

NiF2.4H2O NANOPARTICLES AND BULK MATERIAL.  

The NiF2.4H2O nanoparticles were synthesized by reverse microemulsion technique following a 

reported procedure
38, 50

. In a typical synthesis process, a series of NiF2.4H2O nanoparticles 

(water/oil molar ratio ~0,96) were synthesized by preparing water-in-oil microemulsions of 

identical compositions in two separate Teflon beakers by stirring together 0.014 mol of CTAB, 



0.230 mol of 2-octanol and 0.222 mol of H2O for one hour. The water-in-oil microemulsions 

were named as microemulsion one (μE1) and microemulsion two (μE2) based on the facts that the 

former contained 0.002 mol of Ni(NO3)2.6H2O and the latter contained 0.005 mol of NH4F. The 

μE1 and μE2 microemulsions are stirred individually for one hour and are stable after stopping 

the stirring, no segregation of the aqueous and organic phases has been observed After, the two 

microemulsions were mixed by pouring down very slowly μE1 into μE2.. After mixing the two 

microemulsions, the whole reaction mixture was stirred, at room temperature, for another 15 min 

(sample “1”), 30 min (sample “2”) and 60 min (sample “3”). The green colored precipitate 

obtained in the bottom of the reaction beaker was separated from the supernatant by centrifuging 

at 4000 revolutions per minute (rpm) for 30 minutes. To ensure complete removal of the 

unutilized surfactant, oil, water and any other contamination(s), the resulting green powder was 

washed subsequently with 10 mL of ethanol and distilled water followed by centrifugation at 

4000 rpm for 10 minutes. The washing process was repeated ten times. The thoroughly washed 

green powder was dried at room temperature for 24 hours. 

Another series of NiF2.4H2O nanoparticles (water/oil molar ratio ~1.21) was synthesized 

following the procedure described in the preceding paragraph by increasing the water contents in 

microemulsions (μE1 and μE2) to 0.278 moles, and stirring the reactions after mixing of the two 

microemulsions for 15 min (sample “4”), 30 min (sample “5”) and 60 min (sample “6”). 

Attempts were also made for the synthesis of NiF2.4H2O nanoparticles at decreased water 

contents (0.167 mol, water/oil molar ratio ~0.7). However, due to the instability, quite unusual, 

of the resulting microemulsions (μE1 and μE2), the syntheses were not followed. A small amount 

of powder was isolated in one of the cases, and characterized by different analytical techniques 



(XRD, FTIR, Raman, TEM and SEM data are given in Figure S1(a-f) in the supplementary 

information (SI)). Because, microemulsions of this series were not stable, these samples will not 

be discussed here. Generally the microemulsions are stable over a long range of water contents, 

which is not the case here. The use of any suitable co-surfactant, which allows to favorably 

dispersing the water by decreasing the interfacial tension, would enhance stability of the 

microemulsion
51

.       

Bulk NiF2.4H2O, labeled “bulk-1”, was synthesized by a classical reaction in water with aqueous 

hydrogen fluoride (HFaq). Hydrated nickel chloride (NiCl2.6H2O) was added to a large excess of 

48% HFaq in a Teflon beaker. The reaction mixture was stirred at 50°C followed by evaporation 

of the excess HFaq by extractor. The resulting green colored NiF2.4H2O powder was dried at 

room temperature under fume hood and then stored in a clean vial. A complete summary of the 

synthesis protocol and parameters of the samples “1”-“6” (Scheme S1 and Table S1) are 

presented in Supporting Information (SI). 

 

 ANHYDROUS NiF2 NANOPARTICLES AND BULK MATERIAL 

The NiF2 nanoparticles were synthesized in a two steps process by the dehydration of NiF2.4H2O 

nanoparticles. In first step, a weighed amount of hydrated nickel fluoride powder (NiF2.4H2O 

nanoparticles) was placed in a nickel boat which was then inserted into the chamber of Buchi 

Incorporation vacuum drying system. Upon achieving the target vacuum, the chamber was 

heated to 100°C and maintained for one hour. Afterwards, the temperature of the chamber was 

raised to 250°C and maintained for another five hours. At the end of the process the system was 

allowed to cool down naturally to room temperature. The color of powder turned yellow from 



green
52

. The purposely designed procedure was followed to get transformed NiF2.4H2O to NiF2 

successfully while retaining the basic shapes and structures of the self-assembled 

nanoarchitectures synthesized by microemulsion. The temperature regimes for the separately 

manipulated steps were decided following the TGA curve of bulk and NiF2.4H2O nanoparticles. 

TGA curve of bulk sample is given in Figure S2 which shows a main weight loss between 100°C 

and 300°C with a maximum at approximately 163.3°C. At this temperature, NiF2.0.3H2O is 

achieved and the remaining 0.30 H2O molecules per formula unit are released in the steady and 

continuous step up to 340°C. 

In a second step, the nickel boat containing the vacuum dried and/or partially dehydrated powder 

of the sample was inserted into the chamber of fluorination furnace. The furnace was purged 

with dry N2 gas for two hours and then heated at the rate of 5°C/min to reach the target 

temperature of 350°C. When the temperature reached 250°C, N2 supply was disconnected and 

pure F2 gas was allowed to enter the furnace chamber. The dynamic fluorination was continued 

at 350°C for five hours. Afterwards, the F2 supply was stopped and N2 was opened into the 

chamber. The chamber was allowed to cool down to room temperature naturally under gaseous 

N2 environment. Finally, dehydrated nickel fluoride (NiF2) powder was retrieved into a clean 

vial. The same procedure was repeated for the transformation of all NiF2.4H2O samples “1”, “2”, 

“3”, “4”, “5” and “6” to NiF2 samples labeled “1-1”, “2-2”, “3-3”, “4-4”, “5-5” and “6-6”, 

respectively. The cartoon drawing of the furnace used for the dehydration of hydrated nickel 

fluorides is given in Figure S3 and the relevant dehydration parameters are summarized in Table 

S2.     

The procedure for synthesis of bulk dehydrated nickel fluoride (NiF2), labeled “bulk-2”, is 

exactly the same as was adopted for the preparation of dehydrated nano-NiF2 from hydrated 



nickel fluorides nanoparticles (NiF2.4H2O). The synthesis parameters and samples labels of all 

the obtained samples are summarized in Table 1. 

Table 1. Summary of the main synthesis parameters and samples labels of NiF2.4H2O / NiF2 

nanoparticles and bulk material. 

Sample 

H2O/Oil 

 

(mole/mole) 

Time 

(Min) 
Sample 

Heating under Vacuum Fluorination 

Temp./Time 

(°C/H) 

Temp./Time 

(°C/H) 

“1” 0.96 15 “1-1” 250/5 350/5 

“2” 0.96 30 “2-2” 250/5 350/5 

“3” 0.96 60 “3-3” 250/5 350/5 

“4” 1.21 15 “4-4” 250/5 350/5 

“5” 1.21 30 “5-5” 250/5 350/5 

“6” 1.21 60 “6-6” 250/5 350/5 

“Bulk-1” -- -- “Bulk-2” 250/5 350/5 

 

RESULTS AND DISCUSSION 

NIF2.4H2O NANOPARTICLES AND THEIR SELF-ASSEMBLIES.  

The NiF2.4H2O nanoparticles and their self-assemblies were prepared at two different values of 

ω (molar water/surfactant ratio) i.e., 16.18 and 20.23 following the reported procedures
38, 50

. 

Simultaneously, the water/oil molar ratio is changed from <1(~0.96) to >1 (~1.21) for the 

NiF2.4H2O nanoparticle series prepared at ω = 16.2 and ω = 20.2, respectively. As presented in 

Table S1, samples were obtained by varying the ω and reaction time from 15 min (sample “1”) to 

30 min (sample “2”) to 60 min (sample “3”).  



Powder X-Rays Diffraction (XRD) patterns of all the samples (“1” to “6” and “Bulk-1”) are 

presented in Figure 1-a. The XRD patterns give narrow and intense peaks at 2θ positions 

matching with the powder diffraction files (PDF) of NiF2.4H2O ([00-025-0579] and [04-008-

9585]) in ICDD (International Center for Diffraction Data) database. The search and match 

results confirm the orthorhombic crystal system with P21ab space group of NiF2.4H2O crystals. 

The intense and narrow peaks indicate the formation of well grown crystallites of NiF2.4H2O in 

all the samples. The crystallite sizes were estimated by Scherrer’s approximation (Eq. 1), and 

presented in Table 2. As evident from Table 2, the crystallite size increases slightly with 

increasing ω and the reaction time. This was anticipated and in accordance to the previous 

reports about the effect of water contents over the crystallite and/or grain size
53

, but in our case 

the effect is smaller. In fact, the increase in water content is responsible for increasing the droplet 

size and thus, decreasing its rigidity
54

. The decrease in droplet rigidity enhances the exchange 

rate (diffusion rate) which is responsible for fast growths of crystals
55

. However, certain other 

factors could also influence particle nucleation and growth, among them inter-micellar 

interactions and dynamic behavior, phase behavior (e.g. solubility), average occupancy of the 

water pool by the reactant (i.e., precursor concentration) can be cited. The use of cationic CTAB 

as surfactant can especially influence the packing parameter and the interfacial rheology, due to 

interaction with precursor salts. In our case, while some parameters may lead to faster kinetics, 

some others favor slower kinetics. As a global result, the size of the primary particles remains 

nearly unaffected 
56-57

. It is pertinent to mention here that though the increase in crystallite size 

with increasing water contents is slight but the overall crystallite size is quite very small 

compared to that reported previously in case of BaF2 by the very same water-in-oil 

microemulsion system
38

. 



 

 

 



Figure 1. (a) XRD patterns, (b) FTIR and (c) Raman spectra of bulk (“bulk-1) and nano-

NiF2.4H2O samples (“1” to “6”) synthesized respectively by the reaction with HFaq, and water-

in-oil microemulsion technique under varying ω and  ratios and reaction time. 

The obtained NiF2.4H2O nanoparticles are confirmed by FTIR and Raman analyses. FTIR 

spectra of NiF2.4H2O bulk and nanoparticles are presented in Figure 1-b. The FTIR spectra of 

the NiF2.4H2O nanoparticles are in good agreement with the IR spectrum of bulk NiF2.4H2O 

embedded in Figure 1-b, and also with the previously reported
58

. The mid FTIR spectra of 

NiF2.4H2O bulk and nanoparticles give stretching and bending peaks for O–H of H2O in the 

range of 3409 – 3016 cm
-1

 and 1651 cm
-1

, respectively
59-61

. The peaks which are absent in the 

FTIR spectrum of “bulk-1” and appear at 2816 cm
-1

, 1466 cm
-1 

and 1396 cm
-1

 in the FTIR 

spectra of samples “1”-“6” are corresponded to the adsorbed surfactant molecules. The fewer 

than actual peaks of pure CTAB is the indication of the fact that the surfactant molecules are in 

strong interaction with NiF2.4H2O nanoparticles
62

. The weak peak around 2330 cm
-1

 in FTIR 

spectra of all the samples is ascribed to the combination of bending and rocking vibrations of 

H2O
58

. A number of peaks appear in the FTIR spectra of bulk as well as nanoparticles in the 900 

cm
-1

 to 400 cm
-1

 region. The two peaks of medium intensity at 879 cm
-1

 and 764 cm
-1

 are due to 

the rocking while the other two peaks of comparatively weak intensity at 679 cm
-1 

and 632 cm
-1

 

correspond to the wagging vibrations of H2O 
58

. The peak around 509 cm
-1

 is assigned to the Ni-

F stretching vibration
58

. The IR spectra of metal fluoride nanoparticles prepared from nitrate salts 

can show significant peaks for NO3
-
 stretching vibrations around 1384 cm

-1
. However, the IR 

spectra of all the samples do not contain peaks of NO3
-
. The samples were also analyzed by 

Raman spectroscopy in the range of 600 cm
-1

 – 300 cm
-1

 at room temperature under air. The 

Raman spectra (Figure 1-c) of all the samples correspond to each other. The peaks at 431 cm
-1

 



and 308 cm
-1

 corresponds to A1g and Eg vibration modes of NiF2, respectively
63

. The rest of the 

peaks are due to the different vibration modes of Ni – O bond and H2O, and symmetric stretching 

mode of hydrogen bond
64-65

.  

Table 2. Crystallite and individual particle sizes of NiF2.4H2O and NiF2 nanoparticles and their 

bulk counterparts determined by XRD and TEM respectively. 

 

Sampl

e 

Crystallite/Individual Particle 

size 
Sample 

Crystallite/Individual Particle 

size 

XRD 

(nm) 

TEM 

(nm) 

XRD 

(nm) 

TEM 

(nm) 

“1” 15.2 15.7±4.3 “1-1” 13.4±0.7 24.0±8.0 

“2” 16.8 17.3±4.1 “2-2” 14.2±2.0 26.0±2.5 

“3” 17.9 19.2±8.4 “3-3” 14.3±2.4 26.8±4.6 

“4” 18.3 18.9±6.4 “4-4” 14.8±2.2 31.4±3.2 

“5” 20.8 20.1±9.4 “5-5” 14.2±2.0 13.6±3.2 

“6” 24.4 23.0±7.1
 

“6-6” 15.7±2.9 29.9±4.6 

“Bulk-1” 48.1 >250
(i) 

“Bulk2” 37.2±22.1 >250 

(i)
 irregular shaped particles spread over a wide range of size 

 

SEM images of samples “1” to “3” and “4” to “6” are presented in Figure 2 and Figure 3, 

respectively. SEM images of sample “1” (ω = 16.18,  <1 and reaction time of 15 min) show 

predominant and larger structures having almond-like shapes, and less frequent and smaller 

truncated bi-pyramidal structures (Figure 2-a, b). The almond-like structure looks anisotropic 

having average length and width in order of 6-7 μm and 3-4 μm, respectively. However, the 

truncated bi-pyramids seem isotropic having average size of 5-6 μm. The bi-pyramids seem to be 

formed as a result of auto-assembling of smaller structures perhaps cubes (Figure 2b inset). 

Furthermore, the truncated faces of the bi-pyramids are rough while the isosceles trapezoid facets 



are smooth. This could be due to the slow growth rate along z-axis direction (vertical) and rapid 

growth rate along x- and y-axis directions (horizontal). The morphologies of sample “2” (Figure 

2-c, d) and “3” (Figure 2-e, f) are not too different than that of sample “1”. The same larger 

almond shape and smaller truncated bi-pyramidal structures are also seen in the SEM images of 

sample “2” and “3”. However, as the reaction time – at same ω and  ratios – increases from 15 

min (sample “1”) to 60 min (sample “3”), the size of almond shaped structure increases slightly 

from the order of 6-7 μm to 7-7.5 μm. The magnified SEM images of sample “2” (Figure 2-d) 

and “3” (Figure 2-f) show a cascade auto-organization of the cubes into truncated bi-pyramids 

which further auto-organize into almond shaped macrostructures.    



 

Figure 2. SEM images showing almond-like structures of samples “1” (a) and “3” (e), truncated 

bipyramids of samples “1” (b), “2” (c) and “3” (f), incomplete pyramidal wall encompassing 

auto-organized small pyramids of sample “2” (d), and auto-organized truncated bipyramids into 

superstructure of sample “3” (f); insets in (a) and (e) show magnified almond-like structures of 

samples “1” and “3”, respectively 



Upon increasing the ω from 16.18 and  <1 (samples “1” to “3”) to ω = 20.23 and  >1 (samples 

“4” to “6”), variations in morphologies of the resulting NiF2.4H2O nanomaterials are observed in 

the SEM images (Figure 3-a – f). As shown in Figure 3-a, the SEM image of sample “4” (ω = 

20.23, >1 and reaction time of 15 min) shows truncated bi-pyramids which are highly 

agglomerated through the isosceles facets. The average size of the truncated bi-pyramids is in the 

order of 8-8.5 μm. The rupture running along the center of the truncated bi-pyramidal shapes 

indicates that the structures are not fully developed to form well defined almond-like structures 

(Figure 3-b and 3-b inset). However, the SEM images of samples “5” (Figure 3-c) and “6” 

(Figure 3-e) show the very almond shaped structures which upon magnification resembling boats 

covered on both the sides by vertically standing truncated bi-pyramids. The sizes of the almond-

like structures formed in sample “5” and “6” are in the order of 19-20 μm and 22-23 μm, 

respectively, and are far larger than those of samples “1” to “3”. The surfaces of almonds-like 

assemblies are covered on both the sides by truncated bi-pyramidal structures as shown in Figure 

3-d (sample “5”) and 3-f (sample “6”). In fact, the almond-like super-structures are formed as a 

result of horizontal auto organization of truncated bi-pyramids, and after attaining a threshold 

size of the almond-like structures, the horizontal growth stops on the expense of a new growth 

initiation on the high energy truncated facets of almonds. The truncated bi-pyramidal structures 

are aligned through the truncated facets owing to interdigitation of surfactant molecules
29

.      

 



 

Figure 3. SEM images showing agglomerated truncated bi-pyramids of sample “4” (a), large 

almonds super-structures covered with sub-structures of samples “5” (c) and “6” (e), 

underdeveloped truncated bi-pyramids of samples “4” (b) and well organized through truncated 

facets truncated bi-pyramids of samples “5” (d) and “6” (f); inset in (b) shows magnification of 

rupture in truncated bi-pyramids of sample “4”, in (e) magnification of a super-structure of 



sample “6” and in (f) magnification of auto-organized through truncated facets truncated 

bipyramids of sample “6”. 

TEM images of samples “1” to “3” (ω = 16.18, <1) are presented in Figures 4. Figure 4-a – 

TEM image of sample “1” – shows an elongated hexagonal super-structure (length = 3.37 μm 

and width = 1.94 μm). A small square ¼ the size of hexagon is also seen. The square structure 

has a cleavage along the diagonal, and seems to be formed of single layer of nanoparticles in the 

center while a second layer growth is observed on the edges. It seems that the cleaved square 

particle is the result of auto-assemblage of nanoparticles. This hypothesis of nanoparticles auto-

assemblage into square is further augmented by the larger magnification TEM image (Figure 4-

b) showing self-assembled nanoparticles in horizontal layers which are packed successively into 

a cuboid structure (Figure 4-b inset). In fact, the cuboids and the hexagons are not two different 

structures formed, but the hexagonal architecture is the result of further auto-organization of the 

cuboids. In fact, these structures can be assimilated respectively to the almond-like (hexagons) 

and truncated bi-pyramid (cuboids) structures observed in the SEM pictures. TEM images of 

sample “2” (NiF2.4H2O synthesized at ω = 16.18, <1 and reaction time of 30 min) and “3” 

(NiF2.4H2O synthesized at ω = 16.18, <1 and reaction time of 60 min) in Figure 4-c and Figure 

4-e, respectively, also show similar structures i.e. larger hexagonal and their approximately ¼ 

square shaped as were observed in TEM images of sample “1”. The average size of hexagons 

and cuboids are increasing upon increasing the reaction time at the same ω and  ratio. This is in 

good agreement with the sizes evolution observed in the SEM images (Figure 2) for the almond-

like and truncated bi-pyramid structures. For example the average lengths and widths of 

hexagons of sample “2” (11.67 μm and 5.36 μm) and “3” (13.70 μm and 7.47µm) are longer than 



that of sample “1” (3.37 μm and 1.94 μm). Similarly the average size of squire measured for 

sample “2” (2.62 μm) and “3” (3.18 μm) are larger than sample “1” (1.25 μm). Furthermore, the 

relatively compact cuboids and hexagons shown in TEM images of sample “2” and “3” suggest 

that the auto-assemblage efficiency of nanoparticles increases with increasing reaction time. The 

self-assembling of nanoparticles in sample “2” and “3” seems to have followed the same 

mechanism as was observed in sample “1”. The successive (vertical) growth indicated in Figure 

4-d (inset) and 4-f (inset) further support the layer by layer growth mechanisms in sample “2” 

and sample “3”, respectively. The individual particle size increases slightly as a function of 

increasing reaction time from 15 min to 30 to 60 min (Table 1). 



 

Figure 4. TEM images of samples “1” (a, b), “2” (d, e), and “3” (g, h); the histograms (c), (f) 

and (i) are the particle size distributions of the samples “1”, “2”, and “3” respectively; insets in 

(a), (e), and (h) are the layer by layer formed 3D structures of samples “1”, “2”, and “3”, 

respectively. Insets in (d) and (g) are almond-like structures observed in samples “2” and “3” 

respectively. 



TEM images of samples “4” to “6” synthesized by microemulsion having larger water contents 

(ω = 20.23 and  >1) are given in Figure 5. The increase in ω from 16.18 to 20.23 resulted in 

formation of distorted-hollow-spherical NiF2.4H2O structures as primary auto-assemblies of 

individual nanoparticles, a phenomenon which was not observed in case of sample “1” – “3”. 

The deformation in shapes of hollow spheres could be correlated to their coalescence and thus 

formation of larger irregular hollow nanostructures. The coalescence increases with increasing 

reaction time as is evident from the TEM images in Figure 5-a – e. The increase in ω from 16.18 

to 20.23 resulted in different first self-assemblies. However, the consequent (second) self-

assemblies of the hollow nanostructures followed the auto-organization mechanism observed in 

case of sample “1” to “3”. The deformed hollow nanostructures self-assemble into layers which 

packed successively to give 3D architectures. The TEM images given in Figure 5-b and 5-d of 

the samples “4” and “5”, respectively, show partial self-assemblies. However, cuboid structure is 

observed in TEM image of sample “6” (Figure 5-f). Furthermore, the existence of hexagon like 

shape in TEM image of sample “6” (Figure 5-f inset) indicates that the cuboids further auto-

organize as was the case in samples “1” to “3”. As indicated in the case of samples "1"-"3", the 

hexagons and cuboids observed here correspond respectively to the almond-like and truncated 

bi-pyramids structures observed in the SEM images (Figure. 3). In fact, the hollow-spherical 

nanostructures auto-assemble in case of samples “4” to “6” but the packing efficiencies are not 

high enough to resist their disorganization induced by the sonication performed during sample 

preparation for TEM analysis. On the other hand, nanoparticles in the first assemblies (distorted 

hollow spheres) are coherent, and thus remain intact as shells of hollow spheres after sonication. 

The NiF2.4H2O nanoparticle size estimation from the TEM images of samples “4” to “6” is 

difficult due to stronger aggregation of the particles than for samples “1” to “3”. However, the 



particle size estimated from the thickness of the walls of the hollow spheres of sample “4” to “6” 

indicates that the size of individual nanoparticles increases slightly but consistently with the 

increasing ω and the reaction time. For example, as also shown in Table 2, the average 

nanoparticle sizes estimated from TEM images for the samples “1” to “3” and“4” to“6” are 

15.7±4.3 nm to 19.2±8.4 nm, and 18.9±6.4 nm to 23.0±7.1 nm, respectively.  

The bulk material synthesized is obtained with irregular shape and non-uniform big chunk shown 

by the TEM images (supplementary Figure S4).  



 

Figure 5. TEM images of samples “4” (a, b), “5” (d, e), and “6” (g, h); inset in (a) shows the 

successive layers of deshaped-hollow-spheres; insets in (h) show the cuboid and almond-like 

structures. The histograms (c), (f) and (i) are the particle size distributions of the samples “1”, 

“2”, and “3” respectively. 



An auto-organization mechanism is proposed in Figure 6. The formation of NiF2.4H2O 

nanoparticles in the two series (samples “1” to “3” and “4” to “6”) is slightly different, chiefly 

owing to the difference in ω,  ratio and reaction time. At ω = 16.18 and  <1, the water droplet 

is smaller, and thus, irrespective of the reaction time, the diffusion of reactants lead to the 

formation of dense nanoparticle suspended in the water pool. On the other hand, upon increasing 

the ω to 20.23 and  >1, the size of micelle increases, and thus, as the reaction occurs at the 

interface, hollow spheres form at lower reaction time owing to the auto-organization of the 

nanoparticles into a shell encompassing the water pool (droplet). However, as the reaction time 

increases, the inward growth of the nanostructure in the micelle leads to the formation of thick 

wall hollow-spheres, and finally dense nanoparticles of larger size. The dense nanoparticles 

(samples “1” to “3”) and the hollow spheres (samples “4” to “6”) self-assemble into cuboids in a 

concentric growth. The cuboids further self-assemble into 2D superlattices suggesting a faster 

growth in XY plane (horizontal) than in the z-axis direction (vertical). Owing to the fast growth 

in horizontal directions, the superlattices turned into truncated bi-pyramidal structures which 

eventually auto-organize themselves into almond-like super-structures. The auto-organization of 

the nanoparticles and then of the different structures like cuboids or truncated bi-pyramids is in 

fact controlled by the surfactants molecules on their surfaces and faces. As was observed 

previously
29

, the surfactant molecules on the surface of nanoparticles or on the facets of bigger 

structures act as anchorage sites by interdigitating their alkyl chain, and consequently, align the 

structures into ordered assemblies. This phenomenon is more evident from the SEM images of 

sample “5” (Figure 3-c & d) and “6” (Figure 3-e & f) in which the truncated bi-pyramidal super-

structures are parallely aligned through the truncated facets. It is worth noting that the individual 

nanoparticles average size is not significantly related to the time parameter, but is rather is due to 



the water/oil ratio. Conversely, the time parameter drives the super-structure sizes. In 

conclusion, excepted slight differences about the sizes of the individual nanoparticles and that 

the sizes of super-structures depend of the reaction time, there is no crucial differences between 

the obtained self-assembled nanostructures.       

 

Figure 6. Schematic of cascade auto-organization process of nanoparticles/spheres into self-

assembled super-structures 

NiF2 NANOPARTICLES, THEIR SELF-ASSEMBLIES AND THEIR PROPERTIES 

Conversion under F2:  

NiF2 nanostructures were prepared from NiF2.4H2O nanoparticles self-assemblies by a 

deliberated two-step process. The carefully designed step by step heating process was followed 



in order to eliminate completely the crystallization water molecules from the lattice without 

damaging the self-assembled super structures. The simple vacuum drying is unable to deliver 

completely anhydrous crystalline NiF2.   

The XRD pattern of a vacuum dried sample shows no clear peaks except a couple of broad 

humps (Figure 7-i). This indicates that the yellow powder
52

 obtained at the end of first step is 

amorphous. The amorphosity of powders is also evident from the Raman scattering spectrum 

which shows a broad peak around 400 cm
-1

 (Figure 7-iii). This indicates that upon removal of 

water, the lattice structure collapses. However, the removal of water is not complete, and this is 

evident from the IR spectrum which is comparable to that of precursor. As shown in Figure 7-ii, 

the FTIR spectrum gives broad peaks around 3220 cm
-1

 and 1612 cm
-1

 for O – H stretching and 

bending vibrations, respectively, and at 679 cm
-1

 for H2O libration mode. This indicates that the 

dehydration of NiF2.4H2O is incomplete at the end of first step. Nonetheless, TEM images show 

that the self-assemblies of nanoparticles are intact (supplementary Figure S5).  

 



Figure 7. X-rays diffractogram (i), FTIR (ii) and Raman (iii) spectra of vacuum dehydrated 

NiF2.4H2O nanoparticles (sample 5) at 100°C for 1 hour followed by at 250°C for 5 hours. 

The resulting NiF2 nanoparticles obtained at the end of the second step are crystalline as 

evidenced by the diffractograms presented in Figure 8-a. The peaks of all the samples (“1-1” to 

“6-6”) are indexed as NiF2 in tetragonal structure having P42/mnm space group by matching 

with powder diffraction files (PDF) number [01-74-0917] and [00-24-0791]
66

. The NiF2 

nanoparticles in all the samples consist of single phase as the XRD patterns show no peaks other 

than those of tetragonal NiF2. The average crystallite size was determined by Scherrer formula 

given in Eq. 1 (d = 0.94λ/βcosθ)
67

. As shown in Table 2, the average crystallite size slightly 

increases as the time and the water contents of the reaction, employed for the synthesis of 

precursors, NiF2.4H2O, increases. It indicates that the crystallite size trend observed in hydrated 

NiF2.4H2O nanoparticles is preserved after transformation to dehydrated NiF2 nanoparticles. 

However, by comparing the crystallite size data in Table 2 of the hydrated and dehydrated NiF2, 

respectively, the overall grain size is smaller in the dehydrated NiF2 than the hydrated NiF2.4H2O 

nanoparticles. This could be attributed to the shrinkage of lattice after removal of water.  



 

 

 



Figure 8. (a) Diffractograms, (b) FTIR, and (c) Raman spectra of NiF2 samples “1-1”, “2-2”, “3-

3”, “4-4”, “5-5” and “6-6” synthesized in a two-step process by the dehydration of NiF2.4H2O 

nanoparticles samples “1”, “2”, “3”, “4”, “5” and “6” respectively, and bulk NiF2 (“Bulk-2”) 

prepared from bulk NiF2.4H2O (“Bulk-1”). 

The typical mid FTIR spectra of samples “1-1” – “6-6” and bulk NiF2 (“Bulk-2”) are presented 

in Figure 8-b. The IR spectra show that all the samples absorb moderately in the range of 450 

cm
-1

 – 410 cm
-1

. The single peak in this range corresponds to the NiF2 vibration
68

, and shifts to 

higher wave numbers due to nanostructuration in the spectra of NiF2 nanoparticles corresponding 

to the bulk. Apart from this peak, no other peak has been observed as shown in Figure 8-b. The 

complete absence of peaks other than the one mentioned indicates that the H2O molecules are 

completely removed under the given synthesis parameters. 

Raman scattering spectra of NiF2 nanoparticles (samples “1-1” to “6-6”) is in accordance with 

FTIR spectra, confirming efficient removal of H2O molecules. Raman spectra of NiF2 

nanoparticles (samples “1-1” to “6-6”) is presented in Figure 8-c which gives only two peaks in 

the range of 500 cm
-1

 – 200 cm
-1

, and all the bands observed in the Raman spectra of precursors 

(Figure 1-c) due to H2O vibrations are absent. NiF2, a rutile structure compound having space 

group    
  , has two raman active modes in the range of 500 cm

-1
 – 200 cm

-1
 i.e., A1g and Eg 

giving bands around 410 cm
-1

 and 305 cm
-1

, respectively
63, 69

. Therefore, these peaks are 

assigned to the NiF2 vibrations due to A1g and Eg modes. A slight red shift is observed with 

increase in crystallite size
70

.  



TEM images of the progenies (samples “1-1” to “6-6”) are acquired to follow the preservation 

and/or retention of the self-assemblies of the precursors (samples “1” to “6”) after dehydration of 

NiF2.4H2O into NiF2. Figure 9 and Figure S6, TEM images of samples “1-1” to “6-6”, show two 

types of self-assembled structures i.e., a larger almond-like and a comparatively smaller cuboids 

as were seen in the TEM images of the precursors (Figure 2 and 3). Furthermore, the 3D layer by 

layer construction of the self-assemblies of precursors is also observable in the TEM images of 

the derivatives (samples “1-1” to “6-6”). The nanoparticles are orderly arranged in horizontal 

layers which are subsequently packed/stacked giving cubic structures. The cuboids are further 

auto-organized giving truncated bi-pyramids and almond-like super-structures. The TEM images 

clarify the fact that the superlattices are the result of cascade auto-organization process. The sizes 

of the individual spherical-shaped nanoparticles observed on TEM images are bigger than the 

crystallites sizes determined by XRD analysis (Table 2). This suggests that, after thermal 

treatment under F2, the obtained individual nanoparticles are polycrystalline. The moderate 

temperature (350°C) could have caused a slight sintering between a few neighboring crystallites. 

 



 

Figure 9. TEM images of samples “1-1” (a), “2-2” (b) , “3-3” (c) , “4-4” (d) , “5-5” (e) and “6-

6” (f) showing self-assembled nanoparticles giving cuboids and almond shaped super-structures; 

insets in (c) and (d) are shown the auto organized cubic structures in case of sample “3-3” and 

“4-4”, respectively. 



SEM images are acquired for the anhydrous NiF2 samples and presented in Figure 10. The basic 

self-assemblies i.e., almond shaped big structures and the truncated bi-pyramidal sub structures 

observed in the SEM images of precursors (Figure 2-c, d and 3-a, b) could be clearly seen in the 

SEM images of their progenies (Figure 10-a – d). This is clear indication of the fact that the 

transformation process is secure and efficient enough to prepare NiF2 from NiF2.4H2O while 

retaining the basic shapes of the self-organized architectures. Furthermore, the SEM images 

support the cascade auto-organization mechanism illustrated in Figure 6. High magnification 

SEM images of “2-2” and “4-4” in Figure 10-b and 10-d, respectively, show the impact of 

dehydration process upon the surface of the self-assemblies. As could be seen in SEM images, 

more clearly in the case of sample “2-2”, the surfaces of self-assembled structures are marked 

with tiny holes. It is believed that the water molecules have escaped from the solid body through 

these holes. Besides the water molecules, these holes could have also been served as channels for 

escaping of volatile organic molecules like CF4, C2F6 etc. which may be formed by the reaction 

of molecular F2 with the surfactant molecules left behind after washing. The presence of limited 

number of surfactant molecules is evident from the FTIR spectra of samples “1” – “6” (Figure 1-

b). In fact, the water and also the CF4, C2F6 etc. molecules boiled off during heat treatment 

making small channels through the self-assembly body. This sort of porosity is also evident from 

the TEM images of NiF2 samples (Figure 9), and could help in enhancing the specific surface 

area of the materials and be favorable for electrochemical applications (anhydrous materials will 

be tested as conversion based electrode material in secondary batteries).  



 

Figure 10. SEM images of dehydrated NiF2 samples “2-2” (a, b), and “4-4” (c, d) prepared from 

the NiF2.4H2O samples “2” and “4”, respectively, which were heated under vacuum at 250°C for 

5 hours followed by heating under dynamic fluorine at 350°C for 5 hours. 

Surface characterizations and properties:  

The N2 adsorption-desorption isotherms at 77K of the anhydrous nano-structurated NiF2 samples 

(“1-1” to “6-6”) were measured employing Brunauer-Emmett-Teller (BET) method for obtaining 

the specific surface area and compared with bulk material (“Bulk-2”). The pertinent data are 

summarized in Table 3 and the N2 sorption isotherms are presented in supplementary materials 

(Figure S7). The shape of adsorption-desorption isotherms for all the samples (“1-1” to “6-6”) 

corresponds to the type IV
71

. From the type of isotherms and the pore size distributions (insets in 



supplementary Figure S7), it is evident that materials of all the samples are mesoporous
71

. The 

developed porosity could be mainly ascribed to the interparticle spaces, and in good accordance 

with TEM and SEM images (Figure 9 and 10, respectively). The BET specific surface areas, and 

BJH (Barret-Joyner-Halenda) pore volumes and pore diameters of all the samples are 

comparable and are more than 60% higher than the values obtained for the bulk material. This 

could be attributed to the auto-organization of nanoparticles into super-structures. However, the 

sample “2-2” has shown maximum specific surface area and pore volumes in comparison to their 

analogues about 50 m²/g. This could be due to a larger number of tiny channels produced during 

the dehydration in case of sample “2-2” compared to their analogues and to the concomitant 

collapsing of the superior faces. The production of tiny holes is evident from the SEM image of 

sample “2-2” (Figure 10-a, b). These holes could act as diffusion channels for N2 molecules into 

the body of the super-structures. The N2 sorption isotherms profiles of the nanostructured 

materials also highlight the presence of mesopores with a large hysteresis between the sorption 

and desorption curves at high relative pressure compared to the “bulk-2” sample. That could be 

ascribed to the channels between the nanoparticles composing the super-structures, in good 

agreement with the pores volumes values obtained by the BJH method. These results show that 

the microemulsion synthesis allows obtaining nanomaterials with SSA about 30 m²/g (average 

value), higher more than 60% the SSA of sample obtained by a direct synthesis in aqueous HF 

(~18 m²/g). This value could be increased and reaches ~50 m²/g, as shown in the case of the 

sample “2-2”.  Thanks to this synthesis method, self-assembled nano-NiF2 samples offer an 

interesting surface of interaction with a surrounding medium like an electrolyte. Indeed, these 

interesting SSA values could be an advantage for electrochemical application, especially for the 

lithium diffusion. 



Table 3. BET specific surfaces areas and BJH pores volumes of samples “1-1”, “2-2”, “3-3”, “4-

4”, “5-5” and “6-6” prepared by the dehydration of NiF2.4H2O nanoparticles at 250°C and 350°C 

under vacuum and dynamic fluorination, respectively. Comparison with NiF2 bulk sample 

obtained in aqueous HF and treated in similar conditions. 

Sample 
Surface Area (m

2
/g) 

(BET) 

Pore Vol. (cm
3
/g) 

BJH Desorption 

“1-1” 31.7 0.079 

“2-2” 51.0 0.102 

“3-3” 33.2 0.076 

“4-4” 24.8 0.050 

“5-5” 29.1 0.076 

“6-6” 15.4 0.040 

“NiF2 Bulk” 18.6  0.013 

 

Being representative of the different samples resulting from the micro-emulsion syntheses, as 

well as about the organization and the morphology, than about the specific surface area, the 

sample “3-3” was chosen for the study of the electrochemical activity of self-assembled nano-

NiF2 materials. 

The Li storage capacities and cycle performances of self-assembled nano-NiF2 (sample “3-3”) 

were investigated by discharge/charge galvanostatic measurements and compared with NiF2 bulk 

(bulk-2). Figures 11-a/b show the first and second discharge and charge curves of NiF2/Li cells 

cycled between 1V and 4.3V at a constant current density of 10 mA/g for the chosen 

nanostructured material (“3-3”) compared to the bulk material ones (“Bulk 2”). The voltage 

profiles exhibit its electrochemical activity with a flat voltage plateau at 1.65 V for the sample 

“3-3” in the first discharging process (for instance the same plateau is at 1.55 V for the sample 



“1-1” as seen in Figure S8. This values is higher than the value obtained for bulk material at 

1.45V, meaning a lower polarization and a better lithium diffusion process in nanomaterial by 

comparison of bulk material. This voltage plateau, as the general voltage profile, is equivalent to 

the one described by Lee et al. for pristine and NiO-doped nickel fluoride and by Teng et al. for 

nanostructured NiF2
46, 72

. The first discharge capacity of nano-NiF2 is about 650 mAh/g and is 

higher than the theoretical value of 554 mAh/g. This is explained by a concomitant redox 

mechanism of NiF2 and the formation of a Solid Electrolyte Interface (SEI)
46

. The irreversible 

capacity leading to SEI is directly proportional to the SSA. As the nanostructured materials “1-1” 

and “3-3” have about the same SSA, their SEI are attempted to be the same leading to the same 

discharge capacity (see Figure S8 for sample “1-1”). In parallel, since the SSA of bulk NiF2 is 

lower than the one of the nanostructured compounds, only a fewer irreversible capacity can 

contribute to the first reduction capacity. Moreover, the first reduction capacity of the bulk 

material is lower than the theoretical value, so lithium diffusion process may be limited the 

access to the overall active material. A better diffusion of the lithium ions in the more opened 

structures of the self-organized NiF2 nanoparticles compared with the bulk compound (see 

Figure 11-b) can explain the higher value of the second reduction capacity for “3-3” sample than 

NiF2 bulk.  

In the literature, two different mechanisms have been proposed concerning the electrochemical 

activity of NiF2. In their studies, Dae Hoe Lee et al. have described a conversion mechanism 

supported by XAS and XRD measurements
46, 73

. According the authors, the first cycle profile 

appears as different as the second one because of a conversion mechanism of NiF2 into Ni during 

which the NiF2 particles are electrochemically ground and reduced into little particles of nickel. 

Then the following oxidation gives heterogeneous NiF2 particles with different electrochemical 



potentials. So no flatter plateau of NiF2 can be obtained during the second reduction process. In 

another side, a study of Zhang et al. 
7
 made on NiF2 nanoparticles about of 20-30 nm in size 

deposited by pulse laser deposition shows good electrochemical performances for NiF2 used as 

cathode in lithium batteries (more than 40 cycles and a delivered capacity higher than 400 

mAh/g between 3.5V and 0V), because of the stabilization of Li2NiF4 as an intermediate during 

the reversible electrochemical reaction of NiF2 with Li. The galvanostatic curves of our samples 

(nanostructured and bulk) are very similar with those presented in the studies of Lee et al., and 

are dissimilar to those reported by Zhang et al. This is the case on the plateau values during the 

first discharge or on next cycles. To confirm the electrochemical mechanism of our NiF2 samples 

(bulk and nanostructured “3-3” sample), the changes of the oxidation state of nickel have been 

followed by XAS thanks several galvanostatic measurements with various cutoff voltage at 1.5 

and 1.0V in reduction and 1.5, 3.2, 4.0 and 4.3V over the first and second cycles (Figure 11-c/d). 

In the case of the bulk material, the Ni K-edge energy varies between 8344 and 8339.6 eV during 

the reduction, whereas in the case of sample “3-3” a minimum of 8338 eV for the same edge is 

obtained. This last minimum is narrower to the attempted value of metallic nickel at 8333 eV
73

. 

It demonstrates that more metallic nickel amount is obtained for nanomaterial than for bulk 

sample. This result shows that the electrochemical mechanisms of our bulk and nanostructured 

NiF2 are quite the same, that is to say a conversion process to metallic nickel and that 

demonstrating a better efficiency of formation of metallic nickel for the nanostructured material 

than the bulk one
73

. Moreover, it demonstrates also that no reaction between Ni and LiF occurred 

to stabilize nickel into Li2NiF4 as at the end of oxidation
74

, the recovering of starting spectra is 

obtained in both cases. Indeed, the XANES region is mostly determined by valence, the 

symmetry of the local environment, and the nearest neighbor bond length. As Li2NiF4 structure is 



Fd3m and the one of NiF2 is P42/mnm, one can conclude that the formation of Li2NiF4 is 

avoided. So, our synthesized (nano)-particles do not favor the formation of the Li2NiF4 phase and 

exhibit an electrochemical behavior very similar with the conversion mechanism proposed by 

Lee et al. with a rapid decrease of the capacity after only two cycles due to the SEI formation 

during the first cycle. Nevertheless, the values of capacities reached by nanostructured NiF2 are 

higher than those relatives to the bulk compound. These results give evidences that NiF2 

organization into self-assembled nanostructures appears to be more favorable than dense and 

bulk structures for its electrochemical activity. 

 
(a)  

(b) 

 
(c) 

 
(d) 

 



Figure 11. First, second and fifth galvanostatic cycles of half-cells using as cathode material 

sample “3-3” (a) compared to those of bulk material (sample “bulk-2”) (b). Oxidation and 

reduction process are labeled “Cox” and “Cred” respectively. XANES spectra of the 

nanostructured “3-3” (c) and bulk (sample “bulk-2”) (d) NiF2 electrode materials before 

electrochemical measurements or after 1 full cycle and 1 reduction, stopped at 4.3 V or 1V. 

Magnetic characterizations: 

The magnetic properties of the samples “bulk-1” and “bulk-2”, and of nanoparticles samples “1”, 

“6”, “1-1” and “6-6” were investigated under a 5000 Oe dc magnetic field in zero-field-cooled 

(ZFC) mode in the temperature range 1.8 – 300 K. The molar magnetic susceptibilities curves as 

a function of temperature for samples “bulk-1”, “1” and “6” are given in Figure 12-a, and for 

samples “bulk-2”, “1-1” and “6-6” in Figure 12-b. The inverse of the susceptibility curves can be 

fitted by the Curie-Weiss law in the high temperature region (above 150 K) (shown in Fig S9 (a-

f)), which provides Curie constants around 1.36 emu·K·mol
-1

 for the hydrated compounds 

(“bulk-1”, sample “1” and sample “6”) and slightly larger, around 1.41 emu·K·mol
-1

, for the 

dehydrated compounds (“bulk-2”, sample “1-1” and sample “6-6”). These values of the Curie 

constant are well consistent with the expected value for the Ni (II) ion (~ 1.3 emu.K·mol
-1

) in 

octahedral geometry and the value about 1.36 emu.K·mol
-1

 found for NiF2 by Cooke et al.
75

. The 

Weiss temperatures are negative (around -8.7 K for the hydrated samples, and around -130 K for 

the dehydrated samples), which indicates the occurrence of dominant antiferromagnetic 

interactions, much larger in the case of the dehydrated samples. The ZFC curves for samples 

“bulk-1”, “1” and “6” show a single and relatively sharp peak around 3.8 K which indicates the 

occurrence of antiferromagnetic ordering. It is worth noticing that to the best of our knowledge, 



it is the first time the magnetic behavior of NiF2.4H2O is reported. No influence of the size 

reduction and self-assembly can be noticed.  

The ZCF curves of anhydrous NiF2 (“bulk-2”, sample “1-1” and sample “2-2”) show two peaks 

at ~4 K and ~74 K. The peak at 74 K corresponds to the already reported Néel temperature of 

NiF2
75-76

. There again, no change of the magnetic properties of NiF2 nanoparticles compared to 

their bulk counterpart can be noticed, most probably because the size of the obtained 

nanoparticles is still too large to detect any significant size reduction effect. Indeed, the modeling 

work of Lang et al.
77

 shows that in the case of NiF2, the effects of reducing the Néel temperature 

with the particle size become significant only for nanoparticle sizes smaller than 10 nm. In our 

case, the smallest NiF2 particles have sizes of the order of 24 nm and monocrystalline domains of 

13 nm. Again, no noticeable influence of self-assembly is observed. The emergence of a second 

peak around 4 K is rather surprising and likely corresponds to the presence of a small quantity of 

NiF2.4H2O that could be probably due to a slight hydration of the compounds before 

measurement  



  

Figure 12. (a) χ = f(T) curves for “bulk-1” (blue), sample “1” (red) and sample “6” (green), and 

(b) “bulk-2” (blue), sample “1-1” (red) and sample “6-6” (green) under a 5000 Oe dc magnetic 

field (zfc mode). Insert in figure (a) is a zoom around 4K for hydrated compounds, while figures 

(b-2) and (b-3) are zooms around 4K and 74K respectively for anhydrous compounds. 

 

CONCLUSION  

Obtaining self-assembled nanoparticles of anhydrous metal fluoride is a real challenge. Indeed, 

most of fluorides of transition metal present hydrated forms, but in the same time 

nanostructuration with self-assembly is generally obtained in aqueous media. In this paper, 

microemulsion method has been used for the first time to make self-assembled nanoparticles of 

NiF2.4H2O and the obtained compounds have been successfully converted into anhydrous NiF2 

while preserving self-assemblies thanks to controlled gas/solid fluorination. 



The influence of the synthesis parameters of the water-in-oil microemulsion method, such as 

time or water/2-octanol ratio has been studied. The control of these parameters does not change 

strongly the size and the shape of the individual nanoparticles, even a small increase as a result 

of increasing the reaction time and the water to octanol ratio of the microemulsions. The 

morphological studies revealed an assembly mechanism made by a cascade of auto-organization 

process from the primary auto-organization of the individual nanoparticles into layers which 

packed together to give tiny cubes to their self-assembly giving truncated bipyramids. The 

preferential plane growth mechanism for the successive assemblies leads the formation of large 

almond-like super-structures. Unlike the formation of the individual nanoparticles, the synthesis 

parameters have a significant influence on their self-assembly. The water/2-octanol ratio () 

drives the primary auto-organization of the individual nanoparticles while the super-structures 

size depends on the reaction time. The controlled post-treatment of fluorination under molecular 

fluorine allows transforming hydrated nickel fluoride nanoparticles into anhydrous particles 

without destruction of the self-assembled structures. The self-assembled structure and the water 

released by fluorination lead to noticeable surface areas which promote better Li
+
 diffusion 

during charge/discharge of the LIBs compared with bulk NiF2. The electrochemical activity of 

the self-assembled materials has been investigated and compared with bulk sample, it clearly 

shows the importance of the nano-structuration on the SEI formation along the redox process of 

NiF2. The electrochemical conversion mechanism is confirmed XAS measurements and the 

discharges capacities are in good agreement with values presented in the literature. Finally, the 

magnetic characterizations of nanostructured hydrated (for the first time) and anhydrous NiF2 

show the same behaviors than the bulk materials, without any noticeable size-reduction and self-

assembly effect.  



This paper shows that our combined synthesis method (microemulsion + fluorination) has high 

potential for making self-assembled nanosized anhydrous nickel fluoride. It appears to be very 

promising for the controlled synthesis of anhydrous functional fluorides with the mutual benefits 

of nanostructuration, self-assembly and water-free compounds. This study opens way for future 

works concentrated upon the electrochemical studies of the self-assembled materials and the 

optimization the charge/discharge process.  

SUPPORTING INFORMATION 

Synthesis of NiF2.4H2O at low water to oil ratio (~0.7). Synthesis of NiF2.4H2O AND NiF2 (Synthesis 

parameters, TGA, fluorination and TEM pictures). Isotherms and the pore size distributions of NiF2 

samples. First Galvanostatic cycle of half cell using as cathode material sample “1-1”. Magnetic 

characterizations and properties of samples “1”, “6”, “1-1” “6-6”AND “bulk-1” and “bulk-2”. 
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