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Improvements  in the fluorine product ion process may  be obtained by forming a ternary conducting 
layer CFxMy at the surface of  the carbon anodes (M is a metal: Li, Mg, A 1 , . . .  ). Electron transfer 
at the interface is thus enhanced and the wettability of  the electrode by the K F - 2 H F  melt is improved. 
In this paper, we show that polishing the carbon electrodes with alumina or magnesia actually dopes 
the carbon by mechanical insertion of  the latter compound.  Scanning electron microscopy experi- 
ments show that particles of  aluminium oxide or magnesium oxide are inserted during the polishing 
process; they give the corresponding fluorides during electrolysis in the K F - 2 H F  melt. A surfacic 
ternary conducting compound  is formed, as in the case of  electrodes doped by additions of  LiF or A1F 3 
into the melt. The electrochemical behaviour of  the polished electrodes has been studied by cyclic 
vol tammetry experiments and impedance measurements.  

1. Introduction 

In all modern fluorine production units, 'medium tem- 
perature cells' are used. During electrolysis of KF-  
2HF melts, hydrogen is liberated at the cathode and 
fluoride ions are oxidized to fluorine at the anode. The 
cell operating voltage always lies in the range 10-12 V 
because a large anodic overvoltage takes place, induc- 
ing a considerable energy loss [1, 2]. 

The anodic overvoltage is a consequence of the 
presence of a passivating layer of graphite fluoride at 
the surface of the carbon electrodes. The electron 
transfer is thus inhibited, and very low values of the 
transfer coefficient are observed for the electrochemi- 
cal reaction of discharge of fluoride ions at the inter- 
face [3]. 

In a recent paper [4], we recalled the kinetics of 
the electron transfer during this reaction and the 
numerous attempts which have been made to improve 
the efficiency of the overall electrochemical process. In 
that paper, after presenting a rapid voltammetric test 
useful for comparing the electrochemical behaviour of 
several carbonaceous anodic materials, we showed 
that the addition of lithium or aluminium fluoride in 
the melt is effective for improving the performances of 
the carbon materials. Our investigations clarify the 
effect of several additives that had been proposed in 
the literature: the formation of a conducting ternary 
compound CFxMy, where M is a metal such as A1 or 
Mg, is supposed to be formed at the interface. These 
compounds would be similar to those chemically 
prepared by Nakajima [5]. The electron transfer is 
thus enhanced, as is the wettability of the anode by the 
electrolyte. 

In the present paper, we demonstrate that the same 
goal may be reached by introducing the metal M into 
the carbon sample before electrolysis. The insertion of 
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the doping agent in the carbon anode may be per- 
formed by polishing it. 

Before giving our experimental results, we report 
from the literature some empirical improvements 
based on preliminary treatments of the anodes before 
electrolysis. Following this, we describe the electro- 
chemical technique used for comparing the various 
anodic material. This is based on cyclic voltammetric 
experiments coupled with impedance measurements. 

2. Improving the anodic material 

It is now well known that, in the fluorine production 
process, the anodic overvoltage is mainly due to the 
presence of a passivating layer of' graphite fluoride at 
the interface, inhibiting the electron transfer. The elec- 
tric properties of the insulating layer strongly depend 
on the nature of the carbonaceous material. Graphite 
electrodes give rise to the formation of large amounts 
of insulating compound at the interface and therefore 
must not be chosen for the industrial preparation 
of fluorine. The characteristics of the anodes, recom- 
mended for electrolysis in 'medium temperature cells', 
are discussed in the literature [6]. For example, the 
manufacturing process must be controlled to avoid 
the formation of graphite phases; in addition, the 
material is often porous, in order to allow the possi- 
bility of removing fluorine internally, via internal 
pathways provided by the porosity. 

Indirect improvement of the anodic behaviour is 
obtained by adding lithium fluoride (1 to 2wt%)  
to the melt. The anodic polarization problems are 
reported to be less intense, due to the formation of a 
graphite intercalation compound (GIC) at the inter- 
face: this compound is much more conducting than 
graphite fluoride [7]. 

The presence of nickel salts in the electrolyte, 
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resulting from the corrosion of the Monel parts of the 
cell, is also reported to have the same beneficial effect 
on the electrolytic process [1, 6]. The addition of NiF2, 
MgF 2 or A1F3 prevents the anode effect by reducing 
the anode-electrolyte contact angle [8]. The electrodes 
are covered by a layer (containing metallic ions) which 
is wetted by the melt, thus reducing anode polarization. 

Several attempts at improving the behaviour of the 
carbon electrodes by means of a preliminary treat- 
ment before electrolysis are reported below. 

2.1. Polished carbon electrodes 

It is reported in the patent literature [9] that the 
efficiency of the process may be markedly improved 
(i.e. the amount of electricity consumed in a given cell 
to produce a specified amount of fluorine may be 
lowered) when 'modifying the surface texture' of the 
carbon anodes by polishing. 

Smooth surfaces are obtained by using a sequence 
of abrading materials, in the presence of a liquid 
which can be water or a polar organic water-soluble 
solvent. It is claimed that the nature of this liquid 
is of considerable importance because it affects the 
efficiency of the polished electrodes. This effect is not 
understood, nor are the anodic properties of polished 
anodes fully understood [10]. 

After polishing, the samples are cleaned in water 
and dried before testing. Comparison between pol- 
ished and unpolished electrodes cut from the same 
carbon sample have been made. For small scale anodes, 
rapid cyclic voltammetry tests have been performed; 
the results are in good agreement with long time tests 
performed with an industrial cell. 

2.2. Impregnation 

This technique is useful for introducing a 'doping 
agent' into the carbon electrodes. For example, 
impregnation of the anodes by immersing them into 
molten lithium fluoride under pressure was first pro- 
posed by Watanabe several years ago [11]. This work 
has been resumed recently [12, 13]. This technique was 
reported to be much more effective than the addition 
of LiF into the melt. After this operation, the porosity 
of the material tends to zero. With these impregnated 
electrodes, the potential for a given current density is 
lowered and it is possible to operate at higher current 
density without the onset of anode effect. 

In the patent literature, Brown and Wilmott claim 
that the anodic overvoltage is lowered by the pres- 
ence of dispersed transition metals in the electrodes 
[14]. These dopants, preferably selected from nickel, 
vanadium and cobalt, are derived from thermally 
decomposed organic complexes. The manufacture of 
the 'modified' electrodes consists of three steps. First, 
the transition metal is dispersed, as an organic com- 
plex, in a 'precursor' in the liquid phase. This precursor 
is petroleum or coal-tar. Secondly, the impregnated 
precursor is carbonized and pulverized. Then, corn- 

bined with a suitable binder, it is heat-treated to pro- 
duce the doped electrode. 

In our study, our goal is to understand the effect of 
polishing the carbon sample and to demonstrate that 
this technique is an indirect way of doping the carbon. 
The behaviour of raw on modified anodes is compared 
using rapid electrochemical tests. 

3. Experimental 

Cyclic voltammetry experiments and impedance 
measurements have been performed in order to dem- 
onstrate the effect of polishing on the electrochemical 
behaviour of the carbon electrodes. Scanning electron 
microscopy has also been used to study the surface 
texture of the samples, especially the polished ones. 

3.1. Experimental procedure 

3.1.1. Electrolytic cell, anodic material. Our laboratory 
cell is described elsewhere [15]. It contained approxi- 
mately 1.5 kg of molten KF-2HF. For all the experi- 
ments, the acidity was maintained constant as well 
as the temperature (85~ because these two par- 
ameters have a considerable influence on the behav- 
iour of anodic materials [16, 17]. A careful pre- 
electrolysis was made in order to avoid the presence 
of water. 

For the cyclic voltammetry experiments, an Amel 
555 potentiostat was driven by a function generator 
(Amel 565) and a potential adder-amplifier built in 
our laboratory. Scans were done over a very large 
potential range: - 10 to + 10V against a Pt-H2 refer- 
ence electrode. For all our investigations presented 
here, the potential sweep rate was: v = 0.4V s -~. 

Impedance measurements were performed with a 
Hewlett Packard 4192A LF Impedance Analyser, 
driven by a Hewlett Packard 9816S computer. The 
frequency range lay between 5 Hz and 13 MHz; the 
amplitude of the AC signal was equal to 30 inV. 

This configuration is useful for determining the 
electric characteristics of passivating layers, when the 
faradic current is very low. The elements of the equiv- 
alent circuit are deduced by exploitation of impedance 
or admittance plots in the complex plane. 

A graphite auxiliary electrode was chosen to pre- 
vent any pollution of the melt by metallic cations. The 
anodic material of the working electrode was P2J 
industrial non-graphitized carbon for fluorine pro- 
duction manufactured by SERS, France. The anodes 
were Teflon-shielded cylinders (diameter: 12ram). The 
area exposed to the melt was a vertical disc (S = 
1.13cm2). 

3.1.2. Preparation of modified electrodes by 'mechani- 
cal #tsertion'. Four kinds of samples were prepared 
from industrial P2J non-graphitized carbon, with a 
JPS 150 polisher using different polishing agents: 

-sample 1: silicon carbide abrasive papers (Grit 
360 and 1200) only 

- sample 2: pre-polishing with SiC abrasive papers, 
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followed by final polishing with aluminium oxide 
suspensions Durmax JPS (1 and 0.1 ~m) on a 
suitable polishing cloth 

- sample 3: pre-polishing with SiC abrasive papers, 
followed by final polishing with a magnesium 
oxide suspension Magomet Buehler on a polish- 
ing cloth 

- sample 4: Buehler diamond grinding disc (6/~m, 
resin-bonded). Each sample preparation with this 
disc needed several hours. It was possible to 
reduce this time by using several diamond discs: 
the first for coarse grinding and the final one for 
fine grinding. 

After polishing, the samples were ultrasonically 
cleaned in distilled water, dried, and heat-treated at 
545 or 1000 ~ C for several hours. A quartz tube, con- 
taining the samples, was introduced into the furnace; 
the temperature was progressively raised under vacuum; 
after the heat-treatment, i.e. 15 h at the suitable tem- 
perature, the tube was progressively cooled at room 
temperature, the samples being under controlled 
atmosphere (argon) to avoid oxidation of the carbon. 

Another attempt to insert doping particles was to 
brush on the carbon electrodes suspensions of the 
polishing agents reported above: 

-sample 5, prepared with a suspension of alu- 
minium oxide (Durmax, 0.1/~m) 

- sample 6, prepared with a suspension of mag- 
nesium oxide (Magomet Buehler) 

3.1.3. Scanning electron microscopy. Scanning electron 
micrographs of the polished samples were made with 
a Jeol JEM 100 CX II transmission electron micro- 
scope equipped with a Jeol high resolution scanning 
attachment (STEM-SEM ASID 4D) and an energy 
dispersive X-ray detector (Li-doped Si, S = 30 mm 2, 
with ultra-thin window), Link AN 10000. The X-ray 
spectra give the elemental composition of the samples. 

3.2. Electrochemical tests on carbon electrodes 

A new electrode was introduced into the cell. The 
admittance diagram was determined before and after 
performing the cyclic voltammetry test described 
below. 

3.2.1. Cyclic voltammetry. In a previous paper [4], we 
emphasized that cyclic voltammetry experiments were 
useful for comparing the electrochemical behaviour of 
several anodic materials in the KF-2HF melt. It was 
established that the anodic passivation peak near 
2.5 V, observed in the first scan performed with a new 
carbon electrode, corresponds to the formation of 
intercalation compounds. The intensity of this peak 
(denoted Ip) and the charge Q, are related to the 
quantity of these compounds. 

On the one hand, scans over a small potential range 
( -0 .5  to 3V) gave information on the ability of the 
intercalation compounds to be formed and reduced. 
On the other hand, scans over a wide potential range 
(+ 0.5 to 9.5 V) gave information on the behaviour of 

an anodic material during the evolution of fluorine. 
These latter experiments were particularly useful for 
comparing carbon electrode materials subject to 
severe conditions (high current density). For the scan 
number n, the intensity at 9.5V is denoted I,. I~ is 
generally lower than/1. For graphite electrodes/t is 
large (80Adm-Z), but the ratio 1,/11 rapidly tends 
to zero. On the contrary, for carbon electrodes, Ii 
(40-50 A dm -2) is lower than the value obtained with 
graphite, but I, does not decrease so quickly. The/20 
value may often be considered as a 'stationary' value. 
It has been observed that there is a good correlation 
between the results of this kind of test and those of 
long potentiostatic experiments performed in a full 
scale cell with the same anodic material [9]. We have 
observed that the samples which exhibit the highest 
values of/1 and I2o/I 1 and the lowest values of I v 
generally present the lowest anodic overvoltage. 

Thus, twenty scans were performed with each 
carbon sample, and the values of It and I2o/Ii were 
compared. The current intensity depended on the 
potential sweep rate, the latter being arbitrarily chosen 
for all the experiments at v = 0.4 V s 1. 

3.2.2. Impedance measurements. The electric proper- 
ties of the passivating layer formed at high potential 
on a carbon anode in molten KF-2HF may be deduced 
from the impedance (or admittance) diagram of the 
system comprising the passivated electrode and the 
auxiliary electrode both immersed in the cell. This 
system may be simulated by a very simple equivalent 
circuit: a resistor Rp in parallel with a capacitor C, this 
loop being in series with a resistor Rs [18]. This model 
is correct if the following conditions are satisfied: 

- use of a large auxiliary electrode; the best configur- 
ation is a platinum basket surrounding the working 
electrode. The contribution of the auxiliary electrode 
in the total impedance is thus negligible. 

- if a ddp is applied between the two electrodes, it 
must be sufficiently low to avoid a perceptible faradic 
current to flow, Thus, the thickness of the film remains 
roughly constant, fluorine evolution does not occur, 
and it is actually possible to measure the electric 
properties of the passivating layer. 

It is possible to plot impedance data in the complex 
plane. In Nyquist diagrams, the imaginary part X 
(reactance) of Z (impedance) is shown against its real 
part R (resistance), the pulsation w of the aC signal 
being the parameter. The diagram corresponding to 
the equivalent model described above is a semicircle. 
We prefer to plot the imaginary part B (susceptance) 
of Y (admittance) against its real part G (conduc- 
tance). For our equivalent circuit, the admittance dia- 
gram is also a semicircle. When w tends to infinity, 
B tends to zero and G to 1/Rs; when w tends to zero, 
B tends to zero and G to 1/(Rp + R~). B passes 
through a maximum for a given value of w which will 
be denoted wM. The capacity C is deduced from the 
equation: 

C = (Rp + R~)/RpRsw M (1) 
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Fig. 1. Schematic admittance diagrams for carbon electrodes in 
KF-2HF melts. Curve A, new electrode; curve B, passivated elec- 
trode; curve C, enlargement of curve (B) for low frequencies. 

- The ratio R~I/Rso is always slightly greater than 1 
[21], indicating that the Rs term of the equivalent 
circuit contains a contribution from the passivating 
layer and not only the contribution from the elec- 
trolyte, as is often considered. Highly passivated elec- 
trodes are characterized by the greatest values of this 
ratio. 

- The value of Rp is always much greater than R~. 
High values of Rp are related to highly passivated 
electrodes, for which the rate of electron tunnelling 
across the graphite fluoride film will be strongly 
inhibited. 

The determination of the electric characteristics of 
the passivating layers formed at various potentials on 
vitreous carbon have been made by Brown et al. How- 
ever, their experimental procedure is quite different: 
these authors fluorinated the carbon sample by con- 
stant potential polarization and removed the electrode 
from the melt. Then, the impedance diagram was 
plotted, corresponding to the behaviour of the flu- 
orinated electrode in acetonitrile containing the 
ferrocene/ferrocinium redox couple [22]. The results 
globally agreed with our conclusions concerning the 
decrease of the interfacial capacitance. 

In the case ofpassivating layers, Rp >~ Rs. Thus, the 
equation may be simplified as follows: 

C = 1/RswM ( 2 )  

The results obtained with a new electrode immersed 
in the electrolyte do not meet the above conditions 
since the passivating layer is not yet formed. The 
admittance diagram is a flattened semicircle. The 
extrapolation of G at high frequency gives the value 
1/Rso. The maximum value of the imaginary part gives 
a rough estimation of the capacitive term C o before 
passivation, i.e. 10-30#Fcm -2 (point M0 on Fig. 1, 
curve A). 

After the voltammetric test, the electrode is covered 
by a passivating film and the equivalent circuit pro- 
posed above fits the system correctly. 

The admittance diagram is plotted, for a DC polariz- 
ation of 3.5 V. The extrapolation of G at high fre- 
quency leads to the value R~I, which is always greater 
than R~0. The extrapolation at zero frequency leads to 
the value of Rp. The capacity C is deduced from 
Equation (2). Several remarkable results must be 
noted: 

- The maximum value of B (point M1 on Fig. 1, 
curve B) occurs for large values of the pulsation 
wM~ >> WMo; this means that the passivation of the 
electrode leads to a considerable decrease of the capaci- 
tive term [18-20]; C/Co is often lower than 0.01. It is 
considered that the lowest value of this ratio is related 
to the most passivated electrode [20, 21]. 

Fig. 2. Scanning electron micrographs showing the distribution of 
inserted particles on the surface of a P2J carbon electrode polished 
with MgO and heat-treated at 1000 ~ C. 
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4. Results and discussion 

In this section, we show that it is possible to dope 
carbon electrodes by mechanical insertion of a suit- 
able agent. The first method is by polishing the 
material; a second possible method is by brushing the 
electrodes with a suspension of the doping agent. 

4.1. Characterization of the surface of polished 
samples 

We have observed by scanning electron microscopy 
that the surface of the polished samples which have 
been heat-treated at 545~ do not present apparant 
inclusions of the polishing oxide. However, for the 
samples heat-treated at 1000~ these inclusions are 
clearly visible. We believe that the high temperature 
facilitates the diffusion of the inserted particles from 
the matrix of the sample to the interface. 

In Fig. 2 we present micrographs of an electrode 
polished with MgO and heat-treated at 1000~ 
Inserted particles are clearly visible; the chemical com- 
positions of these inclusions is determined from the 
X-ray spectrum of the sample, which is compared with 
the spectrum obtained with a raw carbon sample. Two 
peaks corresponding to the elements Mg and Si are 
noticed for the electrode polished with MgO. 

Our conclusion is that polishing electrodes intro- 
duces very small particles of the polishing agent into 
the electrode; ultrasonic cleaning is not sufficient to 
remove all these particles which can act as doping 
agents and improve the electron transfer during the 
discharge of fluoride ions. 

4.2. Electrochemical tests 

The results of the voltammetric test performed with 
the modified electrodes are presented in Table 1. These 
are compared with those obtained with raw carbon 
anodes. Modified electrodes generally give rise to 
higher values of Ip than the reference sample because, 
in the same range of potential, the fluorination of the 
inserted particles occurs in addition to the intercal- 
ation compound formation. So, the most suitable 
modified carbon electrodes for fluorine production are 
only characterized by the higher values oflL and I2o/I~. 

In Table 2 we report the results of impedance 
measurements. For all the polished samples, Rp is 

Table L Results of cyclic voltammetry experiments with polished P2J 
carbon electrodes 

Sample I v (mAcm -2) I I (mAcm -2) 120 (mAcro -z) 12o/1 ~ (%) 

0 10.6 663 531 80 
1 18.6 813 778 96 
2 19.5 752 707 94 
3 49.5 707 707 100 
4 16.4 486 296 61 
5 17 707 353 50 
6 67 707 619 88 

Table 2. Results of impedance measurements with polished P2J car- 
bon electrodes 

Sample Rso (0 V) R~I (3.5 V) Rp C Rs~/R~o 
(n) (n) (f~) (ur~ 

0 6.7 7.2 6700 0.062 1.07 
1 6.5 6.9 4200 0.13 1.06 
2 6. I 6.5 5000 0.22 1.06 
3 6.1 6.4 2600 0.22 1.05 
4 8.1 7.7 4800 0.065 0.95 
5 8.0 5.6 700 0.029 0.70 
6 6.5 8.3 2600 0.034 1.28 

lower than that of the reference sample. These results 
clarify the effect of polishing on the performance of 
the electrodes during fluorine production. 

Samples 1 to 3 present better characteristics than 
raw carbon (Sample 0) because they exhibit lower 
values of R p ,  and higher values of 12o/11 and C. We 
attribute this phenomenon to the presence of inserted 
particles at the interface. The particles of aluminium 
oxide or magnesium oxide give the corresponding 
fluorides during electrolysis and the surface layer is 
then composed of a ternary conducting compound, as 
in the case of electrodes doped by additions of LiF or 
A1F3 in the melt. Doping the carbon with Si may 
not be interpreted in the same way. In this last case 
(sample 1), the wettability of the electrode by the melt 
may be improved by the presence of silicon at the 
interface. However, we think that these Si-doped elec- 
trodes would not maintain this property during long- 
time electrolysis, because Si would progressively be 
removed, leading to the evolution of SiF 4. 

Sample 4, which was polished only, without any 
insertion (diamond disc), does not present good 
characteristics because the ratio I2o/IL is lower than 
that of the reference sample. This result clearly shows 
that polishing itself is not effective for improving the 
performances of the electrodes. 

Brushing the electrodes is a convenient technique 
for doping them with aluminium or magnesium. How- 
ever, Samples 5 and 6 do not exhibit significantly 
improved performance. We think that the conducting 
ternary compounds CFxMy are hardly formed at the 
interface because the oxide particles, which are not 
sufficiently anchored to the carbon, are progressively 
carried to the bottom of the cell. 

5. Conclusion 

Our experiments show that significant improvements 
of the fluorine production process may be obtained by 
forming a ternary conducting layer CFxMy at the 
interface. This compound is thought to enhance elec- 
tron transfer at the interface and to improve the wet- 
tability of the electrode by the melt. The layer may be 
formed either by adding a fluoride in the melt or by 
polishing the carbon electrodes, because this later 
process actually dopes the carbon by mechanical 
insertion of a polishing agent which may be con- 
sidered as a promotor in the catalytic doping process. 
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In this paper ,  we have shown that  the inser t ion o f  
a lumina  o r  magnes ia  into the e lect rodes  improves  
their  per formance .  The part icles  o f  a lumin ium oxide 
or  magnes ium oxide are though t  to give the corre-  
sponding  fluorides dur ing  electrolysis;  the surface 
layer  is then composed  o f  a t e rnary  conduc t ing  com- 
pound ,  as in the case o f  e lectrodes doped  by add i t ions  
of  L iF  or  A1F 3 in the melt.  W e  have p r o p o s e d  ano the r  
me thod  o f  mechanica l  insert ion,  i.e. brushing  the elec- 
t rodes with a suspension o f  a sui table  dop ing  agent.  
However ,  we th ink  tha t  pol i sh ing  m a y  give rise to a 
bet ter  insert ion and  to  bet ter  pe r fo rmance  in long-  

t ime electrolysis.  
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