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Chemical reactions during dissolution of CrCl; or CrCl, in molten LiCI-KCL eutectic have been
demonstrated to occur, but the nature of the reactions is not yet well understood. Reduction of CrCls
to chromium metal occurs through two well-characterized electrochemical steps, at approximately
+ 0.1 and — 0.9 V vs Ag/AgCl. Each step was studied in the 0.025-0.085 molar CrCl; concentration
range, at various temperatures between 375 and 550 °C. The Cr(u)/Cr(11) electron transfer step
exhibited reversible behaviour under all the experimental conditions studied. In contrast, the Cr(ir)/
Cr(o) step could involve Cr(i1) adsorbed species and initial chromium electrocrystallization phe-

nomena, mainly depending on the nature of the substrate.

1. Introduction

Analysis of the thermodynamic and kinetic data re-
lated to chromium plating reveals that electro-
deposition of chromium from aqueous solutions,
without hydrogen evolution, is very difficult to
achieve [1]. Hydrogen production leads to hardened
and bright chromium layers. The development of
chromium plating processes from molten salt elec-
trolytes is an alternative [2-4]. Moreover, at high
temperatures, intermetallic diffusion is enhanced so
that better adherence of the deposits is obtained [2].

Previous investigations of alkali chloride melts as
chromium electroplating electrolytes have shown that
the chemistry of these electrolytes is simple and yields
electrodeposition of high purity metal [2, 3, 7, 9-12].
These mixtures are possible chromium electroplating
electrolytes. The stabililty of CrCl, and CrCl; solu-
tions in LiCI-KClI binary eutectics have been studied
[3, 6, 12]. Data from the literature concerning CrCl,
solubility are varied. A value below 40 ppm at 500 °C
was reported by Levy et al [5], who concluded that
CrCl, precipitation followed the first step of the
electrochemical reduction of CrCl;. Later however,
they measured a solubility as high as 0.026 mol dm
from the coulometric reduction of a CrCl; solution
[6]. Moreover, a molar solution of CrCl, was pre-
pared more recently by Lantelme et al. [3].

Highly concentrated and stable CrCl; solutions,
up to 0.45 mol dm >, were obtained by Lantelme er al.
[3]. These authors assumed that the CrCl; solubility is
dependent on the morphological characteristics of the
salt in the solid state, but the CrCls solubilization
phenomena are not yet fully understood.
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As far as the electrochemical processes are con-
cerned, CrClj; is reduced to the metallic state through
a two-step process involving the CrCl, intermediate
species, and some adsorption phenomena of the
chlorochromate species on the surface of the elec-
trode have been reported.

Electronic transfer kinetics was studied for both
couples. The Cr(11)/Cr(i1) exchange was found to be
fast, but in the case of the Cr(i)/Cr(o) exchange, a
controversy remained. Some authors suggested that
the exchange is slow [9, 10]; others thought it to be
nernstian [7]. The adsorption of Cr(i) and Cr(ir)
species on the electrode was postulated [3, 9], but
other researchers [5, 7] reported that chromium spe-
cies adsorption does not play a significant role. In
addition, according to White et al. [7], the adsorption
process could be masked by the electrocrystallization
phenomena occurring simultaneously.

Recently, adsorption of the electroactive species
was suggested [9], and the formation of an adsorbed
layer of Cr(11) at the electrode surface was reported by
Lantelme ez al. [3]. These authors concluded that the
reduction process of the adsorbed and dissolved
Cr(11) species occurred simultaneously. They used this
property to design a pulse deposition procedure
which prevented the dendritic growth of the deposit.
Levy and Reinhardt [5] reported that CrCl, has low
solubility. They observed that the electrochemical
reduction of CrCl; resulted in irreversible precipita-
tion of CrCl,. A few authors [3, 8, 9, 12] have studied
the effect of water, oxygen or fluoride ions upon
the electrodeposition process. According to Laitinen
et al. [8] the hexachlorochromate (111) species reacts
reversibly with water:
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(CrCI}™) + H,0 = (CrClsOH?") 4 HCI

Then, the electroactive Cr(111) species are converted to
an electrochemically inactive species:

2(CrClsOH*") — (ClsCrOCrCI$™) + H,0

finally, giving a chromium oxychloride.

According to White et al [7] the sensitivity of
chromium(ir) electrolytes to oxygen and moisture
ensure the formation of Cr,03, and oxide occlusions
may occur in the chromium deposits. On the con-
trary, a beneficial influence of the presence of oxygen
in the melt on the structure of the deposit was ob-
served, but not explained, by Benslimane [12].
Fluoride additions have a very small effect on the
equilibrium potential of the chromium couples, but
have no significant effect on the electrochemical re-
sponse of the system. The polarization curves, ob-
tained before and after the addition of fluoride ions,
remained unchanged.

In this paper the electrochemistry of CrCl, and
CrCl; is studied in molten LiCl-KCI eutectic, in the
375-550 °C temperature range. The objective is to
clarify questions concerning the chromium chloride
solubility, the Cr(im1) or/and Cr(11) species adsorption
on different substrates, the kinetics of the electron
exchange for both couples, and also to study chro-
mium electrocrystallization phenomena.

2. Experimental arrangement

The LiCI-KCI eutectic mixtures were introduced into
a Pyrex crucible situated inside an air-tight cell de-
scribed previously [14], then heated and fused under
vacuum. Purified argon containing less than 1 ppm
O, and H,O was then flushed through the cell during
the experiments. The CrCl; and CrCl, solutions were
prepared by direct addition of weighed amounts of
high purity chlorides (Strem Chemical) to the fused
LiCl-KCl eutectic, via an argon filled lock chamber.

The working electrode was either a vitreous car-
bon rod (3 mm diam.), a tungsten wire (1 mm diam.),
a platinum or gold wire (0.5 mm diam.). The elec-
trode area was fixed by the length of the electrode in
the melt. The counter-electrode was a carbon rod.
Potentials were referred to the silver/silver chloride
reference electrode (0.75 mol kg*1 AgCl solution in
the fused LiCI-KCI eutectic). The reference electro-
lyte was contained in a thin walled Pyrex bulb at the
end of a Pyrex tube.

Standard electrochemical techniques (cyclic volt-
ammetry, chronopotentiometry and chronoampero-
metry) were employed. A universal programmer
(model 173, PAR), coupled to an inverse programmer
function generator (model 175, PAR) was used as the
potential source. A digital oscilloscope (Nicollet
2090) was used for data acquisition.

Table 1. Solubilization of CrCl;y in LiCI-KCI at 406 °C (total
amount: 0.044 mol L")

Cercr,y 2.86x1072  349x107*  3.49x107>  3.89x107?
molL~!

Time/h 13 24 36 60

% CrCl3
dissolved ~ 64.9 79.3 79.3 86.7

3. Results and discussion
3.1. Solubility of chromium chlorides

The solubility of CrCly and CrCl, was studied by
measuring the chromium chloride concentration
variation after the introduction of the corresponding
salts to the melt. Samples of molten electrolytes,
taken at fixed times, were dissolved in acidic aqueous
solution and analysed by atomic absorption spec-
trophotometry. Two sets of results are given in
Tables 1 and 2.

The dissolution of CrCl; was found to be slow
(Table 1): the concentration of dissolved CrCls in-
creased slowly with time, although the resulting
CrCl; concentration was very far from saturation.
The flocculation of fine solid particles in the bulk of
the melt was observed as soon as solid CrCl; was
added to the melt. We therefore assumed that the
solubilization velocity was limited by surface reaction
between solid CrCl; particles and the dissolved
chloride ions:

CrCl; (solid) + 3(Cl™) — (CrCI3)

The solubilization of CrCl, occurred faster than that
of CrCl;. From the experiments and the data re-
ported in Table 2, it could be seen that a part of the
CrCl, initially in solution disappeared from the so-
lution yielding fine colloidal particles dispersed in the
melt, but nevertheless finally resulting in a solution
which remained stable for more than a week. This
phenomenon remains unexplained. It may be postu-
lated that the chromium species slowly react with the
solvent or with some nonidentified impurities present
in the solvent. It was also verified that the CrCl,
solubility was high, since concentrated solutions, up
to 0.2 molar, could be prepared.

3.2. Electrochemical study of CrCls solutions

Cyclic voltammetry transients on a platinum elec-
trode (Fig. 1) show that the reduction of CrCl; to

Table 2. Solubilization of CrCl, in LiCI-KCI at 439 °C (total
amount: 0.027 mol L™)

Cere,/ 27x1072 222x1072 221x1072  2.221x1072
molL~!

Time /h 12 24 65 80

% CrCl, 100 81.9 81.9 81.9

dissolved
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Fig. 1. Cyclic voltammogram for the reduction of CrCl; in molten
LiCI-KC1 at 673 K; v = 0.9 V s™; Cire, = 3.81x102 mol L™
Reference: Ag/AgCl (0.75 mol kg ' AgCl in molten LiCI-KCl
eutectic). A is Cr(1m)/Cr(11) and B is Cr(11)/Cr(0) couples.

chromium metal occurred through two well-sepa-
rated electrochemical steps, at approximately + 0.1
and — 0.9 V vs Ag/AgCl. These two steps, referred to
as A and B, correspond respectively to the Cr(i)/
Cr(11) and Cr(m1)/Cr(0) couples. Each of these couples
was then studied in the 0.025 to 0.085 molar CrCls
concentration range, at temperatures between 375
and 550 °C.

3.2.1. Cr(m)/Cr(11) couple. The voltammograms pre-
sented on Fig. 2 correspond to the reaction:

Cr(mm) + e~ = Cr(m)

The curves show that both cathodic and anodic peaks
have a symmetrical shape for various values of sweep
rate. The data were processed by plotting the ca-
thodic peak currents against the square root of the
sweep rate. A typical plot is shown in Fig. 3. The
peak currents obtained using gold, vitreous carbon or
platinum electrodes were proportional to the square
root of the sweep rate and the concentration of
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Fig. 2. Cyclic voltammograms for the Cr(1ir)/ Cr(11) electrochemical
couple in the fused LiCI-KCl eutectic. Ccrcl, = 2.86% 102 mol L.
Working electrode: vitreous carbon. n: (1) 0.5, (2) 1 and
(3) 1.8 Vs
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Fig. 3. Variation of the peak current density against the square
root of the scan rate. For Ccrcp, = 2.86% 102 mol L. Working
electrodes: (1) platinum, (2) gold and (3) vitreous carbon. For
Cerar, = 8.57% 102 mol L™'. Working electrode: (4) gold.

CrCl;. These results proved the diffusive character of
the exchange process rate-control and also the ab-
sence of significant the diffusive character of the ex-
change process rate-control and also the absence of
significant Cr(111) adsorption. Moreover, since the
peak potentials did not depend on the scan rate, it
can be assumed that the electron exchange process is
reversible.

The reduction of the Cr(1m) species, as well as the
reoxidation of the Cr(i) species, were also studied
using chronopotentiometry. The results for the re-
duction step obeyed Sand’s law (Fig. 4) and thus
confirmed the diffusion control of the reaction.

The reversibility of the Cr(1r)/Cr(i1) exchange was
confirmed by the convolutional analysis of the
voltammograms: the direct and reverse convoluted
curves (Fig. 5) corresponding to the voltammograms
reported in Fig. 2, were identical whatever the sweep
rate. Then, the logarithmic analysis of the con-
voluted curves was carried out assuming nernstian
behaviour:

T T T
e
T L

I

0 0.02 0.04 0.06

il Acm™

Fig. 4. Sand’s law criteria for the Cr(un)/Cr(1) couple:
curve it)’” = f(i). For Ccici, = 3.81x10 2 mol L™! working elec-
trodes: (OJ) platinum and (e) gold. For Cc,¢y, = 8.57% 102 mol L™
working electrode: (A) gold. ’
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The result is presented in Fig. 5. The slope of the
linear part of the curve, equal to 57 mV decade ',
yielded the number of electrons exchanged (i.e., n = 1).
Similarly the logarithmic analysis of a cathodic
chronopotentiogram, according to a nernstian be-
haviour hypothesis gave a straight line, with a slope
of 56 mV decade ' corresponding to a monoelectron
exchange. Hence, we concluded that the Cr(11)/Cr(1r)
exchange is reversible and involves two soluble spe-
cies.

The diffusion coefficient Dy was calculated in
the 450-540 °C temperature range from the plateau of
the convoluted voltammograms using

* 1/2
m’ = nk CCr(III)Dc/r(IH)
The temperature dependence of the diffusion coeffi-

cient is represented by an Arrhenius equation:
Dy (em?s™!) = 1.95 x 10% exp(—6077/T)

These values are in agreement with data of Lantelme
et al. [2]. Assuming that the diffusion coefficients of
both soluble species were equal, the apparent stan-
dard potential £ was assumed to be equal to the
half wave potential £, (Table 3). As the tempera-
ture increased, a positive shift in the Cr(1)/Cr(ir)
apparent standard potential was observed, which is
in agreement with the previous results of Lanteleme
et al. [3]

3.2.2. Cr()/Cr(0) couple. A series of voltammograms
related to the reduction of a CrCls solution at a
vitreous carbon electrode is reported in Fig. 6(a),

Table 3. Apparent standard potential E°c,iy)icrcir) obtained at
different temperatures in LiCI-KCI eutectic melt

Temperature (°C) 375 380 406 455

Ecramycran £ 0.02 0.16 0.26 0.27 03
V vs Ag/AgCl

7 0.01

o
m(t)/Acm2s!/?2

-0.01

-0.02

0.02

Fig. 5. (a) Semiintegral curves related to the volt-
ammograms of Fig. 2. (b) Logarithmic analysis of a
semiintegral curve.

with the corresponding direct convoluted curves
(Fig. 6(b)). The separation of the direct and reverse
peak potentials corresponding to the Cr(ir)/Cr(o)
couple appeared to be larger than expected for a
reversible electron exchange. But chromium electro-
crystallization phenomena (see Fig. 10) were demon-
strated , thus, accounting for the shape of cathodic
voltammograms, and also perhaps accounting for the
hump at the foot of the oxidation peak. Two plateaux
are visible on the convoluted curves, which indicates
diffusion control for both steps. From the ratio of
these plateaux, m3/m} = 2, it may be concluded that
the second step corresponds to a two electron
exchange. Because of the poor definition of the
convoluted curves in the cathodic potential domain,
the reversibility of the Cr(11)/Cr(o) electron exchange
was not discussed from the analysis of these curves.

At this point, it was merely established that the
electrochemical reduction of the CrCl; solutions oc-
curred following two consecutive steps. The Cr(i)/
Cr(o) exchange is not well characterized, and a slow
adsorption step of Cr(11) species cannot be ruled out.
It was therefore found necessary to carry out a more
detailed study of the electrochemistry of CrCl, solu-
tions in order to improve these results.

3.3. Electrochemical study of CrCl, solutions

The oxidation and reduction of the CrCl, solutions
were studied by chronopotentiometric and volt-
ammetric techniques. Chronopotentiometry was used
to study possible adsorption phenomena, voltam-
metry and chronoamperometry were mainly em-
ployed to discuss nucleation phenomena.

A series of chronopotentiograms related to the
oxidation of the Cr(ir) ions at a gold (or vitreous
carbon) electrode (Fig. 7(a)) were in agreement with
Sand’s law and provided no evidence of an adsorp-
tion phenomenon. The corresponding plots 7!/2
against /7, at different temperatures (433 °C and
462 °C, respectively), are shown in Fig. 7 (curves (b)).
Straight lines through the origin are observed. In
addition, the reduction of Cr(i1) species at a gold
electrode freshly dipped into the electrolyte was
proved to be diffusion controlled. Calculation of the
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Fig. 6. (a) A series of voltammograms related to the reduction of CrCl; in the fused LiCI-KCl eutectic at =406 °C. For C¢,cj, = 3.49 X
102 mol L™!, working electrode: vitreous carbon. v: 0.5, 0.9 and 1.4 V s, (b) Corresponding direct semiintegral curves.

diffusion coefficient of the Cr(i1) ions using Sand’s
law, yielded values such as D¢y = (0.62 £ —0.37) x
10-cm?s~! at 429 °C, which are in agreement with
previous data [2, 11].

However, if the gold electrode was immersed a
long time in advance, the results were markedly dif-
ferent, and the adsorption of Cr(i1) species may be
postulated from the chronopotentiometric transients
obtained. The analysis of a series of anodic chrono-
potentiograms, obtained 12 h after immersing the
gold electrode, are presented in Fig. 7 (curve (c)). The
fact that the extrapolated line, t'/? against /t, does
not go through the origin may be attributed to the
adsorption of Cr(II) species, the oxidation of which
occurs simultaneously with the oxidation of the Cr(11)
diffusing species [12, 15].

Adsorption of Cr(11) species on copper and nickel
electrodes was also evident: a series of chrono-
potentiometric transients, related to the reduction of
the Cr(1) species, showed that the corresponding 7'/2
against I~ plots (Fig. 8) yielded a positive intercept
with the 7!/2 axis.

Finally, in order to investigate whether a Cr(i1)
adsorption process also occurred on a chromium
substrate, a thin chromium deposit (a few micro-
metre) was plated in situ on a tungsten substrate. The
electrochemical reduction of a CrCl, solution was
studied on this electrode. A series of chronopotenti-
ograms were obtained and analysed. The value of
I7'/? was deduced from these experiments, reported
in Table 4, and ¢'/? is plotted against /- in Fig. 8.
The product /7'/? increased with the current density,
which demonstrated the adsorption of the Cr(i)
species and the simultaneous reduction of both the
adsorbed and dissolved Cr(11) species.

Thus, it may be concluded that the Cr(11) adsorp-
tion process depends on the nature of the substrate

Table 4. Sand’s law study for the CrCl, reduction at a chromium-
plated tungsten electrode

I/A 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09
Ir%/As%().0247 0.0251 0.0286 0.0272 0.029 0.0305 0.031 0.032
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Fig. 7. Chronopotentiometric studies of CrCl, solution in the fused LiCI-KCl eutectic; Ccrcy, = 2.97x102 mol L', (a) Current reversal
chronopotentiogram; working electrode: gold 7,y = 0.038 A cm 2. (b)t!/? against it analysis; working electrode: vitreous carbon (1.4 cm?)
at T+ (1) 433 and (2) 462 °C. (c)r!/? against it analysis; working electrode: gold (0.16 cm?), dipped into the melt 12h before.
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Fig. 8. Chronopotentlometrlc /2 analy51s for the reduction of
Cr(n). (9)Ccrcr, = 4. 13><10’ mol L™, T = 461 "C workmg elec-
trode: copper (O 32 cm ), (A) Cercl, = 9. 23% 1072 mol L™

431 °C, working electrode: chromlum electroplated tungsten
(0.48 cm?); (O) Corar, = 289><10 mol L™}, 7' =431 °C, working
electrode: nickel (0. 32 cm 2). % = concentratlon calculated from the
known amount of CrCl, added.

and also on its interaction with the electrolyte. No
adsorption was demonstrated on a vitreous carbon
electrode, although a very slow adsorption of Cr(1r)
species could be detected on a gold electrode and a
faster adsorption process occurred at copper or nickel
electrodes, as well as at chromium-plated tungsten
electrodes.

Cyclic voltammetry was used to investigate the
CrCl, electrochemical reduction, on various cathodic
materials, including gold, copper, nickel, vitreous
carbon and tungsten. Typical voltammograms are
shown in Fig. 9. These curves show that an over-
potential was needed for the formation of the first
chromium nuclei and that the reverse potential had
an influence on the nucleation crossover effect in
the reverse i(E) sweep [16]. Chronoamperometric
techniques were used to characterize the chromium
nucleation process during the electrochemical re-
duction of CrCl,.

A series of current—time curves, obtained at a
vitreous carbon electrode, at different applied over

@ 0.1 -
50,05 - :
s 5
= E :
ocL l\)..__.,— E

C 1

i

-0.05 1
-1.5 -1 -0.5 0 0.5
E/V vs Ag/iAgCl

) 60 ¢ , < ]
40 L -

o0 L ]

< i ]
S i ]
20 | -
40 i | 1 ! ]
-1.5 -1 -0.5 0 0.5

E/V vs Ag/AgCl

Fig. 9. Cyclic voltammograms for the reduction of CrCl,. (a) Ccycy, = 2.71 1072 mol L7

;T = 489 °C, worklng electrode: gold (0.14 cm?);

v=0.5Vs (b Cercl, = 413 %10 2 mol L™}, T = 461 °C, working electrode: copper (0 32cem?)y=1Vsh
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Fig. 10. A series of chronoamperograms for the reduction of
CrCl,.Ceral,= 1.76 % 107" mol L-1*, T'= 414 °C, working electrode:
vitreous carbon (1.4 cm?). E: (1) —0.860, (2) -0.910, (3) —0.970 and
(4)1.0 V vs Ag /AgCl. *= concentration calculated from the amount
of CrCl, added.

potentials, are reported in Fig. 10. Their shape is
characteristic of the presence of a nucleation process.
A variety of theoretical current—potential-time re-
lationships were used to analyse the curves [13], and
some preliminary indications were extracted from the
behaviour of the current as a function of time in the
region prior to the maximum.

The value of I2, fmax is @ convenient criterion to
determine whether the nucleation process was in-
stantaneous or progressive. Thus, in the relation
2. toax = Q(zFC)zD, the value of Q is diagnostic [7].

Typical plots of I,x against t;,;iz, extracted from
chronopotentiograms at a vitreous carbon electrode,
are shown in Fig. 11. The slope of the linear part was
utilized to characterize the nucleation process. The
instantaneous nucleation of chromium (Q = 0.14)
was demonstrated on a gold electrode, but a pro-
gressive nucleation (Q = 0.4) process occurred on a
vitreous carbon electrode. Consequently, the nuclea-
tion process appeared to be controlled by the nature
of the substrate and the characteristics of the applied
current or potential pulse.

15 ——
r -

« 10 . . q
E - i
B - ;
| 5 - . i
0 t | -

0 6

2 12 , 112
t ST

Fig. 11. Chronoamperometric studies of CrCl, solutions in the
fused LiCI-KCl eutectic. Ijax against fmak~ analysis. Cercl, =
2.47x102 mol L™!, T = 428 °C, working electrode: gold (0.24 cm?).

4. Conclusion

The present study of the solubility of CrCl; and CrCl,
in molten LiCI-KCl eutectic has indicated chemical
reactions with the solvent. The reduction of the
Cr(1m1) species to chromium was confirmed to occur
via a two step process. The reversibility of the first
step was confirmed. The results obtained in the study
of the Cr(11)/Cr(o) exchange explain some of the dis-
crepancies in previous studies. The behaviour of the
Cr(i)/Cr couple appears to be dependent on the
‘state’ of the solution (achievement of equilibrium
could be instantaneous or require a long time), and
also on the nature of the material used for the
working electrode.

From these results we have designed chromium
plating procedures which yield compact and adherent
deposits. The next step is the design of a more simple
process capable of being scaled up. In this respect, a
more precise knowledge and control of the properties
of the electrolyte is needed. In situ u.v.—visible spec-
troscopic investigation of the electrolyte, as well as
study of the influence of additives on the chemical
and electrochemical properties of the electrolyte, will
be carried out.
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