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ABSTRACT: Cobalt(II) fluoride (α-CoF2) has potential for application as a high-performance
electrode material in lithium-ion batteries. α-CoF2 is synthesized by the thermal heat treatment of
CoF2·4H2O, commonly synthesized in an aqueous environment. There exists disagreement in the
literature upon the mechanism, intermediate hydration states, and temperatures of the reaction.
Here, we resolve this discontinuity by using integrated structural, thermogravimetric, and
calorimetric analyses to elucidate the dehydration pathway of CoF2·4H2O in both ex situ and in
situ experimental conditions. Specifically, the decomposition of CoF2·4H2O to α-CoF2 has been
investigated using isothermal thermogravimetry (ex situ TG), thermogravimetry (TG)−differential
scanning calorimetry (DSC), kinetic analysis, and ex situ and in situ X-ray diffraction (XRD). We
deduce that in two irreversible steps CoF2·4H2O completely decomposes into α-CoF2, with an
amorphous intermediary phase of CoF2·0.5H2O. Under DSC conditions with a heating rate of 10
°C/min, CoF2·4H2O dehydrates to CoF2·0.5H2O from 80 to 175 °C, and further dehydration between 175 and 300 °C leads to α-
CoF2. The α-CoF2 phase remains stable up to the highest temperature recorded, 400 °C.

■ INTRODUCTION

In the face of climate change, electric vehicles offer a significant
reduction in carbon emissions over traditional transportation.1

To enable commercially feasible and competitive electric
vehicles, electrode materials with higher energy density are
needed.2 Transition metal fluorides have potential as lithium-
ion battery cathode materials due to their high specific
capacities.2,3 Transition metal fluorides commonly exhibit
multiple hydration states which can strongly affect their
electrochemical performance.4 As research continues into
transition metal fluorides as electrode materials, it is important
to examine not only the electrochemical properties of each of
their hydration states but also the phase evolution and stability
for better design and processing.
CoF2 (α-CoF2) has recently received interest for application

as an electrode material for energy storage5−12 due to its high
theoretical capacity (553 mA·h/g).7 For optimal Li-ion
insertion and greater performance, CoF2 is employed as
nanoparticles5,6,8,12 or nanostructured hybrids13 to increase its
reactive surface area. One common strategy to create these
nanostructures is by synthesis of CoF2·4H2O in an aqueous
environment followed by heat treatment to remove the waters
of crystallization to form α-CoF2 (see Figure 1).5,13 To best
enable the controllable synthesis of α-CoF2 materials from
CoF2·4H2O, it is important to understand the mechanisms of
crystalline water loss.
Previous studies of the thermal decomposition of CoF2·

4H2O to the anhydrous α-CoF2 have produced a considerable
disagreement in the mechanism and temperature ranges of
decomposition. Moreover, ex situ and in situ analyses usually

lead to different conclusions. In 2008, Berdonosov et al., using
thermogravimetric analysis (TGA), reported a three-step
mechanism in which no water loss was seen below 120 °C,
followed by the loss of about three water molecules to CoF2·
0.9H2O up to 310 °C and the loss of about one-half a water
molecule to CoF2·0.4H2O up to 440 °C, and finally, complete
loss of crystalline water at 500 °C.14 In 2016, Nasriddinov et
al., using nonequilibrium and equilibrium tensiometry with a
membrane null manometer, reported a two-step decomposi-
tion mechanism including dehydration to the intermediate
CoF2·H2O at 72 °C and complete dehydration at 107 °C.15

Most recently, in 2018, using thermogravimetry (TG) coupled
with differential scanning calorimetry (DSC), Khan et al.
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Figure 1. Crystal structures of CoF2·4H2O and α-CoF2, cobalt in
blue, fluoride in green, oxygen in white, and hydrogen in red.
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reported a single-step mechanism, reporting complete loss of
crystalline water at 110 °C and no subsequent phase transition
up to 525 °C.5

To effectively dehydrate CoF2·4H2O and take advantage of
α-CoF2’s potential as an electrode material, it is essential to
identify each stage of the structural and compositional
evolutions of CoF2·4H2O under programmed thermal treat-
ment. Here, using integrated structural, both ex situ and in situ,
thermogravimetric, kinetic, and calorimetric analyses, we
determine the decomposition stages of CoF2·4H2O. Our
results strongly suggest a previously unreported two-step
irreversible dehydration pathway with the presence of an
amorphous intermediate phase.

■ EXPERIMENTAL METHODS

CoF2·4H2O was purchased from Sigma-Aldrich (99.99%
purity). The powder had large grain sizes similar to pellets
so was ground for 5 min prior to investigation to promote even
heating. Thermogravimetry−differential scanning calorimetry
(TG−DSC) analyses were performed simultaneously via a
Netzsch STA 449 F5 Jupiter. The derivative of the TG and
DSC curves was taken yielding derivative thermogravimetric
analysis (DTG) and derivative differential scanning calorimetry
(DDSC) curves. The measurements were carried out with
heating rates of 5, 10, 15, and 20 °C/min up to 400 °C under a
nitrogen flow rate of 50 mL/min. Isothermal thermogravi-
metric measurements, ex situ TG, were performed by weighing
∼100 mg sample of CoF2·4H2O before and after isothermal
heat treatment using a tube furnace in an argon atmosphere at
a heating rate of 10 °C/min to the desired temperature
followed by thermal treatment for 3 h. The sample was then
gradually cooled to room temperature. The structural
evolution from heat treatment was characterized by both ex
situ and in situ powder X-ray diffraction (XRD). XRD data
were obtained using a Rigaku Smartlab with Cu Kα radiation
(k = 1.5406 Å) coupled with an Anton Paar XRK 900 furnace
operated at a scan rate of 4°/min with a heating rate of 10 °C/
min under 50 mL/min of argon with hold times of 5 min and 1
h. PDF database references were used to identify the phases of
CoF2·4H2O, PDF-Card No. 00-025-0243, and α-CoF2, PDF-
Card No. 01-071-1969. Scanning electron microscopy (SEM)
was performed using a Tescan Vega3 operated at 20 kV and 72
μA.
Kinetic analysis was performed using the Ozawa−Flynn−

Wall model-free method by using the nonisothermal
thermogravimetric curves at different heating rates to draw
isoconversional lines with which activation energy was found.
The pre-exponential factor was estimated by assuming a first-
order decomposition reaction (A → B + C). This method and
a correction to the activation energy has been presented in
great detail previously by Opfermann and colleagues.16,17 Since
the approach used here is identical to theirs, we choose not to
expand the details in this paper.

■ RESULTS

Thermogravimetric (TG) and the derivative thermogravimet-
ric (DTG) curves of CoF2·4H2O are presented in Figure 2a.
Two decomposition stages are observed. First, the majority of
water weight loss (−37 wt % for 10 °C/min) takes place
rapidly. Subsequently, a subtle weight loss (−5 wt % for 10
°C/min) occurs gradually. Above 300 °C, no appreciable mass
loss is seen. Accordingly, a singular sharp DTG peak implies a

simple decomposition event. The second weight-loss event,
being much more gradual and less significant, is not obvious.
Weight loss from ex situ TG, 3 h at a particular temperature, is
plotted in Figure 2b with the nonisothermal TG. Mirroring the
isothermal TG curve, the majority of weight loss occurs from
50 to 100 °C with continued mass loss as temperature
increases. The partial and total decomposition of CoF2·4H2O
lead to two nonisothermal TG weight-loss steps of −39 and
−4 wt % at 175 and 300 °C with a heating rate of 10 °C/min.
These two losses of crystalline water were recorded at 90 °C
(−37 wt %) and 200 °C (−42 wt %) in the ex situ TG.
Notably, compared with the nonisothermal TG curves, there is
a significant left shift for the weight-loss plot of ex situ TG.
Differential scanning calorimetric (DSC) and the derivative

differential scanning calorimetric (DDSC) curves are shown in
Figure 2c. The DSC curve presents a sharp endothermic event
corresponding to the loss of the waters of crystallization within
CoF2·4H2O and a low magnitude endothermic shoulder
reflecting the second stage of minor loss of crystalline water.
Integration of the DSC curve gives an average enthalpy of
complete dehydration, from CoF2·4H2O to α-CoF2, of 24.0

Figure 2. (a) Thermogravimetric and derivative thermogravimetric
analysis (TG−DTG), (b) ex situ TG, and (c) differential scanning
calorimetry and derivative differential scanning calorimetry (DSC−
DDSC) curves of CoF2·4H2O decomposition.
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kJ/mol of H2O. The low magnitude of average enthalpy of
dehydration strongly suggest loosely associated molecular
water within the lattice of CoF2·4H2O, which is energetically
similar to what we observed for water confined within zeolites
and on hydrophobic surfaces.18−21 The corresponding DDSC
profile appears to show one major endothermic event
corresponding to an abrupt phase transition. However, its
response curve is asymmetric and sharper than the initial
endothermic curve implying a hidden, low magnitude second
endothermic event.
The TG−DSC curves and DTG−DDSC curve peaks

experience a shift toward higher temperatures as the heating
rate increases. There is an increase in areas within the DSC and
DDSC curves as the heating rate increases. Such phenomena,
commonly seen in dehydration processes, indicate kinetic and
transport limitations due to the nature of dynamic heating.22,23

Decomposition chemical reactions, like all chemical reactions,
take place over a period of time, because each decomposition
step depends directly on the heating rate in a nonisothermal
experiment. More explicitly, as the heating rate increases, at
any given temperature during the reaction, the amount of
unreacted and reacting hydrates increases and the transporting
water vapor is yet to exit the material.22,23 The phenomenon
observed in this study is very similar to that of CuSO4·5H2O
dehydration.22

To use the Ozawa−Flynn−Wall model-free method to
kinetically analyze the nonisothermal thermogravimetric
curves, isoconversional lines were drawn to determine the
activation energies from the slope of each. Figure 3 presents a

representative group of isoconversional lines from a range of α
= 0.02 to 0.98 (α being conversion). In Figure 4, the
determined activation energies and estimated pre-exponential
factors are plotted as a function of conversion α. Pre-
exponential factors are estimated using a first-order decom-
position reaction model. In the case of only one reaction
occurring, it is expected that the activation energy is
independent of conversion. Three distinct regions of kinetic
action are inferred from the two changes in activation energy
and the pre-exponential factor. According to the kinetic
analysis, the decomposition pathway appears to occur
stagewise with at least two steps, Step 1: from CoF2·4H2O
→ CoF2·0.5H2O followed by Step 2: CoF2·0.5H2O → α-CoF2.
Specifically, the initial activation energy of CoF2·4H2O
dehydration is about 69 kJ/mol (ln A = 18), similar in
magnitude to what has been reported for the decomposition of
CuSO4·5H2O (75 kJ/mol). Subsequently, as the mass loss

increases, the activation energy switches abruptly to ∼98 kJ/
mol (ln A = ∼28) and the average activation energy of this
region is about 70 kJ/mol. At the conclusion of the thermal
analysis, the activation energy experiences a sharp increase to
112 kJ/mol, at which ln A = 26.
Ex situ XRD patterns of CoF2·4H2O under heat treatment

are shown in Figure 5a. When treated isothermally, CoF2·

4H2O decomposition is witnessed at 100 °C, at which an
amorphous intermediate phase (CoF2·0.5H2O) is observed.
Between 150 and 400 °C, α-CoF2’s patterns are resolved. α-
CoF2 exhibits good thermal stability at 400 °C, evidenced by
sharp representative peaks. In situ XRD patterns of CoF2·
4H2O are shown in Figure 5b. The difference in signal-to-noise
ratio between ex situ and in situ techniques is due to the
differences caused by using the furnace apparatus in the in situ
experiments. Generally, the ex situ and in situ XRD patterns
share the same trend. Amorphization of CoF2·4H2O was
observed at 125 °C. Subsequently, α-CoF2’s representative
peak at ∼27° appears after 1 h at 200 °C, and its pattern is not
very well-resolved until 400 °C. Heated dynamically in the
DSC experiments with shorter hold times accounts for the
phase transition lag seen in in situ versus ex situ investigation.
To illustrate the phase evolutions, the representative peak

intensities, CoF2·4H2O at ∼16°, CoF2·0.5H2O using the
baseline intensity, and α-CoF2 at ∼27°, of ex situ and in situ
XRD data of each phase are plotted as a function of
temperature (see Figure 6a,b). Generally, both ex situ and in
situ data boast of a very similar trend. As CoF2·4H2O
undergoes decomposition at 50 °C and above, the intensity at

Figure 3. Ozawa−Flynn−Wall isoconversional lines for select
conversions, where T is the temperature (K) and β is the heating
rate (K/min).

Figure 4. Ea denotes the activation energy (kJ/mol) and A represents
the pre-exponential factor (1/s), presented as a function of conversion
(α).

Figure 5. (a) Ex situ and (b) in situ X-ray diffraction (XRD) patterns
of CoF2·4H2O as a function of temperature.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://dx.doi.org/10.1021/acs.jpcc.9b08175
J. Phys. Chem. C 2020, 124, 3551−3556

3553

https://pubs.acs.org/doi/10.1021/acs.jpcc.9b08175?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.9b08175?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.9b08175?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.9b08175?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.9b08175?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.9b08175?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.9b08175?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.9b08175?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.9b08175?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.9b08175?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.9b08175?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.9b08175?fig=fig5&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.9b08175?ref=pdf


∼16° decreases significantly, which suggests abrupt initiation
of transition to an amorphous phase. The intermediate
amorphous phase remains with low peak intensity until 200
°C followed by α-CoF2’s representative peak (at ∼27°)
intensity, which emerges and increases as temperature
increases.
Visually, there is an abrupt phase transition observed in the

normalized peak intensities of the in situ XRD curve of α-CoF2
compared to the sample analyzed in the ex situ experiment.
This is because the sample analyzed by in situ XRD, which
experienced effectively more heating time than the sample in
ex situ thermal treatment, only showed eventual phase
transition at temperatures higher than 200 °C, before which
the sample is essentially in metastable states away from
equilibrium due to the fast heating rate at 10 °C/min and
holding time (5 + 9 min). In contrast, the normalized peak
intensities of ex situ XRD data reflect equilibrated phases
treated for 3 h at each temperature isothermally.
The morphological evolution from room temperature CoF2·

4H2O to amorphous CoF2·0.5H2O at 100 °C (am-CoF2·
0.5H2O) to α-CoF2 at 400 °C is presented in the SEM images
in Figure 7. At room temperature, the surface of bulk CoF2·
4H2O is relatively smooth (Figure 7a,b). As temperature
increases to 100 °C (Figure 7c,d), little holes and cracks
emerge on the surface of am-CoF2, which are likely due to
dehydration and subsequent transport phenomena of the water
vapor from the interior of the material. At 400 °C, to minimize
the overall energy, sintering and formation of solid−solid
interfaces among the α-CoF2 nanograins are observed (see
Figure 7e,f).

■ DISCUSSION
The kinetic analysis indicates three distinct activation energies.
The first two correspond to two weight-loss events from
decomposition reactions seen in the thermogravimetric (TG−
DTG) and energetic (DSC−DDSC) analyses and are in
agreement with the structural analysis (XRD) that shows the
formation of an intermediate amorphous CoF2·0.5H2O phase
and subsequently the α-CoF2 phase. The third activation
energy can be attributed to sintering of the nanograins with
solid−solid interfaces expected to occur during decomposition
as seen in the morphological analysis in Figure 7e,f.
Corresponding well with the weight loss of the thermogravi-
metric steps reported by the TG and ex situ TG weight loss
(−39/−37 and −43/−42 wt %, respectively) is the theoretical
weight loss for partial decomposition to CoF2·0.5H2O, −37 wt
%, and the total decomposition to α-CoF2, −43 wt %. The
kinetic, thermal, and structural analyses suggest the following
irreversible decomposition mechanism

Step 1: CoF 4H O CoF 0.5H O 3.5H O2 2 2 2 2· → · +

Step 2: CoF 0.5H O CoF 0.5H O2 2 2 2α· → − +

Because CoF2·0.5H2O exhibits thermal stability from approx-
imately 100 to 300 °C, and because dehydration of CoF2·
0.5H2O to α-CoF2 represents only ∼5% of the total observed
water loss, the dehydration pathway of CoF2·4H2O could
easily be mistakenly identified as direct decomposition from
CoF2·4H2O to α-CoF2.

5 Interestingly, the intermediate
hydration product observed here is amorphous, lacking long-
range order (see Figure 5). The final decomposition product,
α-CoF2, has well-resolved crystallinity and is structurally intact
and thermally stable at 400 °C, supported by both ex situ and
in situ XRD data. At a particular temperature, the sample
analyzed using ex situ methods (ex situ TG and ex situ XRD)
tends to have better-defined phases at each temperature as
seen by the more intense peaks compared to baseline (see
Figure 5). This is because of the difference in heating rate and
equilibrium time applied in the in situ versus ex situ
thermogravimetric, calorimetric, and structural experiments.
The ex situ TG and XRD demonstrate that the dehydrated
phases are stable in the air upon cooling so the decomposition
of CoF2·4H2O and CoF2·0.5H2O is irreversible under the time

Figure 6. Normalized peak intensities of (a) ex situ (isothermally
treated) and (b) in situ from X-ray diffraction (XRD) data of CoF2·
4H2O. The normalized peak intensities were calculated by the
intensity of each representative peak: intensity of the strongest peak ×
100%.

Figure 7. Scanning electron microscopy images (SEM) of ex situ
isothermally treated CoF2·4H2O at room temperature with bar scales
at (a) 1 μm and (b) 5 μm, 100 °C with bar scales at (c) 1 μm and (d)
5 μm, and 400 °C with bar scales at (e) 1 μm and (f) 5 μm. Here,
“am-CoF2·0.5H2O” denotes the amorphous cobalt fluoride hydrate
intermediate phase as observed in Figure 5a at 100 °C. The scale bars
are 1 μm for (a)−(c) and 5 μm for (d)−(f).
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constraints and conditions of these experiments. In summary,
our analysis shows a two-stage irreversible dehydration
pathway with an intermediate phase of CoF2·0.5H2O.
Generally, our analysis is in agreement with the TG−DSC

data reported by Khan et al., yet we have a distinctly different
interpretation.5 Since the weight loss and energetic difference
between CoF2·0.5H2O and α-CoF2 are both small in
magnitudes compared with the large mass change and heat
effects of the initial CoF2·4H2O to CoF2·0.5H2O reaction,
Khan et al. might overlook this stable intermediate phase and
considered it to be a product of kinetic or mass transport
resistance. The existence of a CoF2·0.5H2O to α-CoF2 reaction
and a stable intermediate CoF2·0.5H2O phase is clearly
identified by our integrated kinetic analysis and structural
investigation. Although Berdonosov et al. using a thermogravi-
metric method reported CoF2·0.9H2O, not seen here, they
described the existence of a similar intermediate phase of
CoF2·0.4H2O.

14 It is possible that Berdonosov et al.’s CoF2·
0.4H2O might actually be the CoF2·0.5H2O phase that we have
identified here. Nevertheless, without the technical specifica-
tions of their experimental thermogravimetric device, analytical
method, the initial purity or source of cobalt nitrate and cobalt
sulfate used, we are not able to be convinced. Moreover,
although it was claimed that the samples were characterized by
XRD and the fluoride content was measured by potentiometry,
no experimental data were presented. Nasriddinov et al.
concluded that the dehydration process of CoF2·4H2O consists
of two steps.15 However, similarly, no experimental data were
presented to support their conclusion.15 Here, we have
resolved the disagreement in the literature by thorough
reexamination of the thermal decomposition process of
CoF2·4H2O using a multitude ex situ and in situ studies
using integrated calorimetric and structural analyses.

■ CONCLUSIONS

By integrating ex situ and in situ XRD with coupled
thermogravimetric and calorimetric analyses, we have
elucidated the decomposition mechanism for CoF2·4H2O.
Illuminating the pathway of dehydration for CoF2·4H2O allows
better phase control during decomposition to α-CoF2. CoF2·
4H2O decomposes irreversibly in two steps, from CoF2·4H2O
to CoF2·0.5H2O to α-CoF2. Using ex situ and in situ XRD, we
demonstrate that the CoF2·0.5H2O intermediate phase is
amorphous. α-CoF2 shows the most well-defined crystallinity
when treated up to 400 °C. The variations in the heating rate
and equilibrium time in the in situ and ex situ thermogravi-
metric, calorimetric, and structural experiments lead to a
shifted decomposition profile as a function of temperature. For
thermal treatment of CoF2·4H2O in the synthesis of α-CoF2,
we recommend heating to 400 °C regardless of the heating
rate. Furthermore, with unexplored electrochemical perform-
ance, the CoF2·0.5H2O amorphous phase may serve as a viable
alternative to CoF2·4H2O and α-CoF2 as an electrode material.
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