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a b s t r a c t
Electrochemical intercalation of potassium into graphite in molten potassium ﬂuoride at 1163 K was
investigated by means of cyclic voltammetry, galvanostatic electrolysis and open-circuit potential measurements. It was found that potassium intercalated into graphite solely between graphite layers. In
addition, the intercalation compound formed in graphite bulk in molten KF was quite unstable and
decomposed very fast. X-ray diffraction measurements indicate that a very dilute potassium–graphite
intercalation compound was formed in graphite matrix in the ﬂuoride melt. Analysis with scanning electron microscope and transmission electron microscope shows that graphite was exfoliated to sheets and
tubes due to lattice expansion caused by intercalation of potassium in molten KF.
© 2009 Elsevier Ltd. All rights reserved.

1. Introduction
Aluminum is conventionally manufactured by Hall-Héroult
electrolysis process at high temperature (around 1233 K). Carbon
anodes are consumed and carbon dioxide is emitted during the
process. It is a challenge for the aluminum industry worldwide to
replace the carbon anode with inert anode so as to avoid consumption of carbonous materials, and most importantly, to eliminate the
emission of greenhouse gas. Research on inert anodes for aluminum
electrolysis has been carried out for several decades. However,
only limited progress has been made in this ﬁeld because the inert
anodes are severely eroded by the high-temperature melts in the
conventional Hall-Héroult process [1,2]. Low temperature electrolytes, especially those with a melting point below 1023 K, could
increase the probability of ﬁnding a suitable inert anode material
because the corrosion rate of inert anode would greatly be reduced
at low temperature [3–5].
As compared with the NaF–AlF3 system, the KF–AlF3 system
seems to be a promising candidate as low temperature electrolyte
due to its lower eutectic temperature and higher alumina solubility.
The eutectic temperature of KF–AlF3 system is around 833 K while
that of NaF–AlF3 system is around 971 K [6]. The studies on KF–AlF3 based electrolyte system were mainly focused on its physical or
chemical properties and corrosion effects on inert anodes [6–9].
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Penetration of the electrolyte into the cathode carbon block, however, is important since it affects the cell life in aluminum reduction
cell. Although the inert cathode materials (wettable cathode) in
which TiB2 is the main component in either pure form or composite could be applied to a carbon lining, which may help to reduce the
melt penetration and prolong cathode lifetime in the industrial cell
[10], better understanding of potassium interaction with cathodic
carbon block would be of basic importance to predict the performance of cathode when KF–AlF3 system is used as low temperature
electrolyte.
It has been found that potassium could intercalate into
graphite lattice to form potassium–graphite intercalation compounds (K-GICs) with various stage structure either at relatively
low temperature or in organic solutions [11–14]. However, it may
not be the case for intercalation occurring between potassium
and carbon in molten ﬂuoride salt. Electrochemical intercalation
of alkaline metals such as lithium and sodium into graphite in
molten chloride has been employed to produce nano-sized carbon
materials like tubes and particles [15–18]. Also, the intercalation of potassium into graphite by electrolysis in chloride melt
has been reported and investigated for the mechanism in order
to elucidate the role of potassium intercalation in the formation
process of nano-sized carbon materials [19,20]. In the present
work, the basic mechanism of potassium intercalation into graphite
in the pure KF melt under cathodic polarization condition was
discussed, with the aim of understanding the electrochemical intercalation process of potassium and the nature of the intercalation
resultants.
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2. Experimental
Anhydrous potassium ﬂuoride contained in a graphite crucible
was heated up to 523 K and held at this temperature for 8 h under
vacuum, then heated up to the working temperature 1163 K, which
is higher than the melting point of KF (1131 K). Electrochemical
experiments were performed with a three-terminal electrochemical cell. The graphite crucible served as the container for the
electrolyte and also as the high surface counter electrode. The
working electrode (WE) was a thin sheet (with a dimension of
5.9 mm wide × 4 mm high × 1.2 mm thick exposed to molten salt)
machined from a spectral pure graphite rod (d0 0 2 = 0.337 nm, crystallite size along c-axis Lc = 69 nm, apparent density = 1.78 g cm−2 ,
open porosity = 20.9%). The rest of graphite rod was shielded with
BN tube. A stainless steel rod was connected to the graphite rod
as current lead. Due to the difﬁculty of ﬁnding a suitable reference electrode in molten KF, platinum wire of 1.0 mm diameter was
employed as the quasi-reference electrode. Hence, all potentials in
the present work are expressed versus the platinum reference electrode. The stability of the quasi-reference electrode was conﬁrmed
by measuring the potential difference between two platinum wires
in molten potassium ﬂuoride for 12 h. It was found that the potential ﬂuctuation of Pt electrode did not exceed ±10 mV. The graphite
crucible was placed inside a sintered corundum tube within a programmable vertical furnace. The electrochemical cell was under
a continuous nitrogen circulation during the experiment. Electrochemical measurements were performed with a PAR Model 263A
Potentiostat/Galvanostat monitored by a computer with commercial PowerSuit software.
At ﬁrst, the WE was characterized by means of cyclic voltammetry. Around 70% of the measured solution resistance between the
working and reference electrodes was compensated for all cyclic
voltammetric measurements. Secondly, the WE was subjected to
galvanostatic electrolysis. Once the current was shut down, the
open-circuit potential (OCP) of the WE was traced. After OCP measurements, the electrode was removed from the melt and cooled
down naturally in nitrogen atmosphere. The electrode was washed
with distilled water to get rid of the solidiﬁed electrolyte on the
electrode surface. Scanning electron microscope (SEM) performed
on JSM-6360LV (JEOM) was utilized to investigate the surface
morphology of the electrode. In another case, the electrode just
undergone galvanostatic electrolysis was taken out of the melt
immediately, then cooled down rapidly in nitrogen atmosphere
to room temperature and transferred into a glove box ﬁlled with
high purity nitrogen. The graphite sheet was ground to powder
and sealed with polyethylene ﬁlm for X-ray diffraction (XRD) measurements which were performed on X Pert Pro diffractometer
(PANalytical) with Cu K␣ radiation. Finally, after conducting galvanostatic electrolysis, a thin upper layer of solidiﬁed electrolyte in
the cooled down graphite crucible was sampled to a 50-ml beaker.
Then 30 ml of distilled water was added to the beaker and sonicated
for 10 min. The aqueous mixture was left to stand overnight. Samples collected from the surface of the aqueous mixture by a pipette
were dripped onto a holey carbon coated copper grid and then
dried thoroughly for transmission electron microscope (TEM) analysis which was performed on JEM-2100 (JEOM, 200 keV, capable of
energy dispersive X-ray analysis).

Fig. 1. Cyclic voltammogram recorded on platinum electrode in molten KF at 1163 K.
Potential scan rate = 100 mV s−1 .

working temperature (1163 K) is higher than the boiling point of
potassium (1032 K). The interference of these two factors with
potassium intercalation into graphite may inﬂuence the magnitude of the current that is attributed solely to the latter process.
In order to evaluate the disturbance amplitude of potassium dissolution and evaporation, cyclic voltammogram was recorded on
platinum electrode in molten KF at a scan rate of 100 mV s−1 at
1163 K (Fig. 1). Platinum electrode was chosen to estimate the current density caused by potassium dissolution and evaporation due
to its chemical inertness against potassium and ﬂuoride melt. The
voltammogram in Fig. 1 shows potassium deposits at the potential
of ca. −1.1 V. It is notable that the oxidation peak of potassium is
absent during the anodic scan even when the cathodic potential is
down to −1.5 V. That strongly indicates that potassium deposited in
cathodic process undergoes very rapid dissolution and evaporation.
That is, metallic potassium generated at the cathodic sweep had
completely escaped from the electrode surface before the sweep
was reversed to its oxidation potential at the potential scan rate,
which is in agreement with that reported by Chen et al. [20].
Fig. 2 presents cyclic voltammograms recorded on the platinum
wire and the graphite sheet electrode in molten potassium ﬂuoride
at 1163 K. The potential was scanned from a potential at which no
reduction or oxidation reaction occurred in the negative direction
and switched at −1.1 V to avoid the deposition of metallic potassium at a scan rate of 100 mV s−1 . The cyclic voltammetric behavior
of graphite differs greatly from that of platinum. A reduction wave
starts from around −0.8 V on graphite electrode, and then the cur-

3. Results and discussion
3.1. Cyclic voltammetry
Potassium is soluble in molten potassium ﬂuoride [21]. Furthermore, as reported in ref. [20], considerable evaporation of
potassium occurred in the process of cathodic polarization as the

Fig. 2. Cyclic voltammograms recorded on graphite and platinum electrode in
molten KF at 1163 K. Potential scan rate = 100 mV s−1 .
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Fig. 3. A series of cyclic voltammograms recorded on graphite electrode with
various cathodic switch potential in molten KF at 1163 K. Potential scan
rate = 100 mV s−1 .

Fig. 4. OCP variations of the graphite electrodes after galvanostatic electrolysis in
molten KF at 1163 K. The inserted numbers behind the legends denote the transferred electricity during galvanostatic electrolysis.

rent density increases with accelerated speed. An anodic wave is
found in the reverse potential scan. It is the same as on platinum
electrode, no anodic wave would be found if the cathodic wave is
supposed to deposition of metallic potassium on graphite electrode.
It is because of the fact that the metal would have escaped from
the surface of electrode completely before the sweep is reversed
to its oxidation potential due to severe dissolution and evaporation. On the other hand, the cathodic current density recorded on
the graphite electrode is much larger than that on platinum. So
it is reasonable to ascribe the coupled cathodic and anodic waves
recorded on graphite electrode to potassium intercalation into and
extraction from graphite lattice respectively instead of deposition
and stripping of metallic potassium. It is easy to ﬁnd that potassium
ion discharges at a slightly more positive potential on graphite than
on platinum. The reason for that potential shift is due to the intercalation of potassium into the graphite bulk. It is worthy of noting
that the anodic current density is much lower than cathodic current
density, indicating that the K-GIC (potassium–graphite intercalation compound) produced at cathodic scan probably undergoes
decomposition or kinetic limitations are involved in the anodic
reaction instead of dissolution and evaporation of metallic potassium. Fig. 2 also shows an unsymmetrical shape with extra broad
width for the anodic wave of the cyclic voltammogram on graphite
electrode. The shape of anodic wave indicates that kinetic limitations such as charge transfer or phase transition are probably
involved in the process of anodic reaction. It should be also noted
that relatively higher reduction current density is observed on
graphite electrode as compared with that on the Pt electrode in the
potential range from the onset of sweep to −0.8 V in the cathodic
direction. It is probably due to the intercalation of potassium into
the graphite lattice. In order to conﬁrm whether the intercalation reaction is involved in this potential range or not, more cyclic
voltammetric experiments with various negative switch potentials
were carried out.
Fig. 3 shows a series of cyclic voltammograms on graphite electrode with different cathodic switch potentials. When the sweep
is reversed at potential more positive than −0.8 V, no anodic wave
is observed in the reverse sweep, suggesting that no intercalation
reaction occurs when the potential is more positive than −0.8 V.
The current is probably caused by the electro-endosmosis of electrolyte into the interior of graphite electrode, which is conﬁrmed
by the subsequent XRD measurements in this paper. When the
sweep is reversed at more negative switch potential, no other
cathodic or anodic waves are observed except the current density
of cathodic and anodic wave increase monotonically, suggesting
that only potassium intercalation is involved in the cathodic pro-

cess. It is quite different from the process of sodium intercalation
into graphite in cryolite melts which is always accompanied by the
insertion of metallic sodium to the micropores of the graphite bulk
[22,23].
3.2. OCP variation of K-GIC
Fig. 4 presents the OCP variations of intercalated graphite
after galvanostatic electrolysis with various amounts of transferred charges at a current magnitude of 200 mA. All the curves
show similar shape. The curves start from various onsets of opencircuit potential which gets more negative as the amount of
transferred charge increases. Then the curves ascend gradually and
rise abruptly at the open-circuit potential of ca. −0.65 V, which
can be assigned to the decomposition and disappearance of KGIC. It is worthy of noting all the curves present slowly ascending
slope rather than plateau within the potential range from the onset
to −0.65 V, which is probably because of the variation of K-GIC
concentration in graphite matrix. The length of the slope representing the lifetime of the K-GIC is relatively short. It implies K-GIC
is quite unstable in molten KF and suffers from fast decomposition, in agreement with the cyclic voltammetric results. The OCP
curves become nearly overlapped with each other as the transferred charge increases, which means that potassium reaches the
maximum concentration in graphite and probably the metallic
potassium starts to deposit on electrode under the current conditions. The deposition of metallic potassium is conﬁrmed by the
chronopotentiometric experiment as presented in Fig. 5. It can be
seen from the chronopotentiogram that the potential decreases
gradually versus time. It is because of the fact that the rising potassium concentration in the graphite bulk requires an increasingly
larger voltage to maintain a constant current through the electrode. The potential of working electrode gets to −1.1 V when the
transferred charge reaches 180 C, a potential at which deposition
of metallic potassium occurs.
Phase transition is a general phenomenon in the process of forming graphite intercalation compounds. A typical example is the
lithium intercalation into graphite in Li-ion battery which comprises a series of stage transformations between distinct stages
[24,25]. These phase transformations can be identiﬁed by distinct
potential plateaus on the charge curve or coulometric titration
curve. From the distinct onset of OCP curves, one would infer that
stage transformation may be probably involved in the process of
potassium intercalation. As for the intercalation of potassium into
graphite in molten KF, it is difﬁcult to perform small rate intercalation or coulometric titration due to the fast decomposition of
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Fig. 5. Chronopotentiogram of graphite electrode in molten KF during cathodic
polarization with at 1163 K. Step current = 200 mA.

K-GIC. So XRD measurements were carried out in order to check
the occurrence and stage structure of K-GIC formed by electrolysis.
3.3. XRD characterization of the electrolysis resultants
The graphite was subjected to galvanostatic electrolysis until
72 C, 108 C and 180 C electricity was transferred for XRD measurements, respectively. Fig. 6 presents the XRD patterns of the
resultant compounds after electrolysis as well as pristine graphite.
The diffraction lines at 29◦ , 33.6◦ , 48.2◦ , 57.2◦ , 60◦ and 70.5◦
can readily be identiﬁed as KF crystal. Matched with the cyclic
voltammetric result, it is supposed that the KF results from electroendosmosis of molten salt into micropores of graphite bulk under
cathodic polarization condition. The lines at 21.5◦ , 23.9◦ and 36.3◦
in 2 are assigned to polyethylene. Also, the diffraction line of pristine host can be found at 26.5◦ . Only the weak line at 27.3◦ in 2,
which is partly overlapped with the line 0 0 2 of pristine graphite,
is related to K-GIC. There is however no evidence for the occurrence of potassium carbide in the XRD patterns despite the high
working temperature. The c-axis repeat distance of K-GIC, Ic , can
be determined from this peak using Eq. (1)
Ic = l × d00l

(1)

where l is an integer and d00l can be calculated from Bragg equation. Then the stage number of K-GIC is determined from Ic using

Fig. 7. SEM photographs of graphite electrodes surface: (a) before electrolysis; (b)
after electrolysis—note that the electrode was washed with distilled water to get rid
of the solidiﬁed electrolyte on surface.

the Eq. (2).
Ic = nc0 + di = (n − 1)c0 + ds

(2)

where n is the stage number, c0 is the interplanar distance of the
pristine graphite layers (c0 = 0.337 nm) and ds = c0 + di is the distance separating two graphite layers between which an intercalate
layer is sandwiched (ds = 0.541 nm for K-GIC) [26]. The c-axis repeat
distance is determined as Ic = 3.912 nm, which is very close to the
calculated Ic value of 3.911 nm for stage-11 K-GIC according to Eq.
(2). The determined Ic value indicates that a higher stage K-GIC
was formed by electrolysis in the ﬂuoride melt. However, the stage
number of K-GIC could not be accurately evaluated because only
one diffraction line related to it was observed. It is noticed that the
peak at 27.3◦ is absent in the sample which was subjected to electrolysis with 72 C electricity. That is probably due to the complete
decomposition of K-GIC during the cooling process. The XRD patterns of K-GICs show almost identical characteristics despite being
formed by electrolysis with different electricity. Coupled with the
behavior of OCP variations, it can be inferred that only higher stage
K-GIC was generated in molten KF. Consequently, no stage transformation occurred in the process of potassium intercalation and
extraction.
3.4. SEM and TEM characterization

Fig. 6. X-ray diffraction patterns of resultant compounds after galvanostatic electrolysis in molten KF at 1163 K.

The surface morphology images of graphite electrode before and
after electrolysis are depicted in Fig. 7. The electrode before electrolysis owns a scale-like surface (Fig. 7a). After electrolysis, the
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Fig. 8. TEM images of: (a) a representative sample obtained at the upper layer of the melts; (b) magniﬁed image of local region I marked in photograph (a); (c) magniﬁed
image of local region II marked in photograph (a); (d) an individual dumbbell-like tube. The arrow marked in image (a) points to a tube. The arrows marked in image (b) and
(c) point to the enrolled edges of thin sheets.

electrode is severely eroded as many irregular crystal facets and
concaves can readily be observed (Fig. 7b). Similar behavior was
observed during electrolysis in molten alkali chloride using carbon
as cathode [16]. It is believed that the crystal facets and concaves
are caused by the exfoliation of graphite layers and particles. As
proposed by Chen et al. [20], in the process of potassium intercalation, potassium atoms entered into the interlayer of graphite
and led to strong lattice expansion due to the large ionic radius of
potassium whereafter resulted in some of graphite layers and particles stripping from the graphite bulk. The stripping process was
facilitated by the weakened interaction between adjacent graphite
layers under high temperature. Only the electrode suffered from
electrolysis with 108 C transferred charges was examined with SEM
analysis because those electrodes with large charge transferring
were cracked to fragments when they were washed with distilled
water due to seriously destroyed texture of the graphite caused by
the lattice expansion.
TEM together with energy dispersive X-ray analysis (EDX) has
been employed to identify the nature of the exfoliations from electrode. Generally, the exfoliations were found to be aggregated in
various dimensions. Fig. 8a shows the TEM image of a representative example of the exfoliations ﬂoated in the surface of fused
KF. From the edge of aggregate presented in Fig. 8a, extremely thin
sheets can be seen. Fig. 8b and c gives magniﬁed images of the local
regions I and II marked in Fig. 8a respectively for closer observation of the thin sheets. The individual sheet can be well discerned
from the huddle by the enrolled edge (marked in Fig. 8b and c with

arrows). Also, some sheets have totally enrolled to form tubes in
a state of single (Fig. 8d) or aggregate (marked in Fig. 8a with an
arrow). The components of sheet and tube were conﬁrmed to be
carbon by EDX analysis (Fig. 9). The thickness of the sheets varies
from ca. 10 nm to 20 nm, much less than the crystallite size along c-

Fig. 9. Typical EDX spectrum of the sample shown in Fig. 8. The Cu and K proﬁles
were built up from a TEM copper grid and the not completely removed electrolyte
respectively.
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axis (69 nm) of the pristine graphite used in experiments. Coupled
with the SEM analyses, evidently the sheets are fragments stripped
from the graphite crystal by potassium intercalation. However, neither single wall nor multiple wall nanotubes were observed in the
samples, which is different from the reported results that examples of nanotubes were found after intercalation of potassium into
graphite in molten chloride [19,20].
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