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Abstract Voltammetric responses of Ni, Cu, Ag, Pt and
glassy carbon (GC) electrodes in triethylamine-
tris(hydrogen fluoride) medium in the anodic as well
cathodic potential region were investigated. AAS as well
as SEM measurements were also made to ascertain the
dissolution rate and surface transformation due to flu-
oride film formation on the electrode surfaces. On Ni,
bulk NiF, film growth occurs only around 4.0 V fol-
lowing a thin NiF, monolayer formation around 0 V.
The NiF, film shows very little solubility in the medium.
Monolayer and bulk CuF, phases are formed quite close
to each other on Cu during anodic polarization. The
anodically formed CuF, dissolves to the extent of 12%
in this medium. AgF formation follows a different
mechanism during the first and subsequent anodic
sweeps. The effect of MeCN as well as water addition on
the solubility and stability of these fluoride films are also
reported. Glassy carbon and Pt electrodes are relatively
inert in this medium. Anodic voltammetric responses for
other reactive species could be observed only on Pt and
GC electrodes. On the cathodic side, all the electrodes
show inert behaviour. Electrochemical reduction of
PhNO,, for example, could be observed on all the
electrodes.
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Introduction

A number of electrode materials are being employed in
different highly concentrated fluoride media of interest
in fluorine electrochemistry. In anhydrous HF (AHF)
media, Ni and Pt are among the least corroding mate-
rials [1, 2]. Ni has received considerable attention in this
medium, because of its use as the only anode material in
electrochemical perfluorination reactions [3]. A thin
passive NiF, layer is formed below 1.0 V [4]. Further
anodic current noticed beyond 3.0 V [4, 5, 6] has been
attributed to additional NiF, film growth formation of
higher valent nickel fluorides [7], fluorine radical gen-
eration [6] and fluorine evolution [5]. Voltammetric
studies in the presence of organic compounds suggest
electrochemical perfluorination through organic ad-
sorption [8]. During anodic polarization of Cu in AHF,
a thick CuF, film is formed and the Cu/CuF, system
functions as a well-defined reference electrode in this
medium [9]. Below the F, evolution region, Pt [10, 11,
12] and glassy carbon (GC) electrodes [10, 11] serve as
stable inert electrodes for voltammetric studies of or-
ganic reactions.

Even in AHF, Ni undergoes considerable anodic
dissolution in the presence of alkali metal fluorides.
Hence in cryolite [13], as well as KF.2HF melts [14],
carbon electrodes are mainly employed. Under normal
conditions, a thin C-F layer formed on carbon electrodes
in a KF.2HF melt does not inhibit electron transfer to
any significant extent [14, 15, 16]. Highly passivating
anode effects can be eliminated by addition of alkali
metal fluoride on the electrode surface or in the elec-
trolyte [15, 17, 18]. Cu undergoes quite reversible redox
reactions while Ni shows a passivation phenomenon in
this medium as well [19, 20]. Mg, which finds application
as bas-bar material in F, generators, undergoes consid-
erable dissolution especially in the temperature range
80-90 °C [21].

Ni is once again the electrode of choice for the pro-
duction of high-purity NF5; in NH4F-containing melts.
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Tasaka and co-workers [22, 23, 24, 25, 26, 27] have
studied the anodic behaviour of Ni in NH,F-HF as well
as in CsF-NH4F-HF media. Trace level water was found
to decrease the corrosion rate of Ni in this medium [25].
The anodic behaviour of Cu has also been studied in this
medium [28].

Pyridinium-HF [29, 30] and tetraalkylammonium
fluoride-HF [31, 32] have been used in electroorganic
synthesis. Pt and carbon electrodes can be employed as
inert electrodes in these media over a wide potential
range. Triethylamine-tris(hydrogen fluoride) (TEA.3HF)
is another highly concentrated fluoride media with good
ionic conductivity [33]. The inert behaviour of Pt [34] and
the redox behaviour of Ag/AgF [35] have also been
studied briefly in this medium. TEA.3HF [36, 37] and
TEA.SHF [38] have also been employed in electroorganic
synthesis, mainly using Pt electrodes. There is, however,
considerable scope for further investigation of different
electrode materials in TEA.3HF medium.

The electrochemical behaviour of Ni in aqueous [39]
and non-aqueous [40, 41] fluoride media were evaluated
in this laboratory. In the present work, the electro-
chemical behaviour of Ni, Cu, Ag, Pt, and carbon
electrodes are compared under identical conditions using
electrochemical and surface analytical methods. An at-
tempt is also made to compare the results with those
obtained in a number of other concentrated fluoride
media cited above.

Experimental

TEA.3HF was prepared by mixing TEA with freshly distilled AHF
(TANFAC, India) at the temperature range of a freezing mixture,
evaluating the HF content by titration and adjusting the TEA.3HF
ratio accordingly [42]. Pt (0.126 cm?), Cu, Ag, Ni (0.196 cm?) and
GC (0.05 cm?) rods tight-fitted into Teflon served as the working
electrodes. A Pt foil served as the counter electrode. Though neat
TEA.3HF and other fluoride media employed in the present work
are not aggressive towards glass, a polypropylene undivided cell
was used throughout. The choice of reference electrode posed some
serious problems. The palladium Pd/H, electrode showed insta-
bility, especially in TEA.3HF in which Pd dissolution was noticed.
Hence, a Pt wire was used as a quasi reference electrode in
TEA.3HF. The measurements suggested that the Pt quasi reference
potential in TEA.3HF is always close to the Pt/H, reference elec-
trode within the limit of +20 to +30 mV. The reference potential,
however, was compared from time to time externally against a
saturated calomel electrode (SCE).

MeCN (HPLC) and triply distilled water were used as the ad-
ditives. Nitrobenzene (AR, Ranbaxy) was used without purifica-
tion. All the working electrodes were polished to a mirror finish
and washed repeatedly with triply distilled water and then with
trichloroethylene before use. Since an insoluble fluoride film is
formed on Ni, Cu and Ag electrodes during each potential cycle,
these electrodes had to be repeatedly cleaned and polished after
each CV experiment, in order to obtain reproducible results.

A Wenking potentiostat (model VSG 72) was used for potential
control and programming and a Rikadenki (model NP-0363) was
used to record the results. SEM was performed with a JEOL
(model 30CF) scanning electron microscope. The amount of Ni*™
and Cu?" species dissolved in the electrolyte was estimated using
atomic absorption spectroscopy (GBC 906AA, Australia). All the
experiments were carried out at 303+1 K.

Results and discussion
Anodic behaviour of Ni

Typical cyclic voltammograms obtained during the an-
odic polarization of Ni in TEA.3HF at different sweep
rates are presented in Fig. 1. A small well-defined anodic
peak is noticed around 0.0 V. Another well-defined wave
is noticed beyond 4.0 V. The first anodic peak current
increases with sweep rate v. However, the current in the
first peak region was much smaller when compared to
the current in the second anodic peak region. Hence
these two processes were further investigated separately.

The main anodic peak region

The second or main anodic current appears around
4.0 V, increases and becomes a wave to 8.0 V, beyond
which a further sharp rise in current (probably due to
fluorine evolution) is noticed. All further studies were
thus confined to 8.0 V. Since the current rises with a
varying slope from 4.0 to 8.0 V (see Figs. 1 and 2), the
peak potential, peak current or the limiting current
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Fig. 1 Cyclic voltammograms (CVs) of Ni in TEA.3HF at
different sweep rates (mV s '): a 40, b 80, ¢ 160
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Fig. 2 Multisweep CVs of Ni TEA.3HF containing MeCN of
concentration a 25%, b 50% at 160 mV s'; CVs of Ni in
TEA.3HF containing 10% H,O in the main anodic potential
region at different sweep rates (mV s'): ¢ 80, d 160

Table 1 Voltammetric features of Ni in TEA.3HF containing
various concentrations of MeCN and H,O in the main anodic peak
region at different sweep rates

Conc. of MeCN  Sweep rate  E; (V) 0 (Ccm?)
(% v/v) (mVv s
0 40 4.0 4.15
320 4.0 0.76
10 40 3.0 3.43
320 3.0 0.74
25 40 22 2.55
320 2.3 1.09
37.5 40 2.2 3.24
320 23 1.26
50 40 22 4.72
320 23 1.07
75 40 2.5 4.82
320 2.6 1.74
20% MeCN + 40 2.4 2.83
10%H,0
320 2.5 0.44

could not be accurately measured. Hence the initiation
potential (E;) for the process and the anodic charge in-
volved in the potential window from 0 to 8.0 V at dif-
ferent sweep rates are summarized in Table 1. The main
anodic peak current does not increase significantly with
sweep rate and hence the anodic charge Q, decreases
with increasing v (Table 1). In the reverse sweep, no
reduction peak corresponding to the anodic peak was
noticed. In multi-sweep cyclic voltammograms, no fur-
ther anodic current was noticed up to 6.0 V, both in neat
TEA.3HF and TEA.3HF containing other additives
(Fig. 2).
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The effects of two additives, namely acetonitrile,
which can influence the solubility of the NiF, film
formed, and water, which can influence the solubility as
well as hydrolysis of NiF, to form a passive layer, were
examined. In the main peak region, the effect of the
additive was significant when the additive content was
10% and above. Typical multi-sweep cyclic voltam-
mograms of Ni in TEA.3HF containing 25% and 50%
(v/v) MeCN at a sweep rate of 160 mV s ' are pre-
sented in Fig. 2a and b, respectively. The initiation
potential (E;) for anodic dissolution decreases with
increasing acetonitrile content (Table 1). However, the
anodic dissolution charge decreases with acetonitrile
content up to 25% acetonitrile addition. Higher
acetonitrile content once again increases the anodic
dissolution charge.

The effect of water on the anodic dissolution of Ni
was quite similar. Typical cyclic voltammograms of Ni
in TEA.3HF containing 10% water are shown in Fig. 2¢
and d. The E; values for the main peak are slightly lower
than 3.0 V in this medium (Fig. 2c and d and Table 1).
The anodic dissolution charge is also slightly lower in
TEA.3HF containing 10% water when compared to the
same concentration of acetonitrile.

The main anodic peak observed in TEA.3HF is ob-
viously due to the formation of NiF, film. Formation of
similar, highly insoluble NiF, film has been reported in
liquid HF media [1, 2, 5, 8]. The film is more soluble in
alkali metal fluoride-HF melts [20, 24, 25, 26]. The
multi-sweep cyclic voltammograms showing very little
anodic current in the second and subsequent sweeps in
the present work (Fig. 2) also indicate that the solubility
of NiF, in TEA.3HF is very low. The rate of film growth
is determined by the slow nucleative growth of NiF, film
and hence the anodic peak current does not increase
significantly with sweep rate. The CV responses of Ni
presented here are also similar to those studied in detail
in acetonitrile-triethylamine-HF media [40, 41].

Despite the similarity in voltammetric responses, the
morphology of NiF, deposits formed depends signifi-
cantly on the nature and concentration of the additive
employed. Typical SEM images of Ni electrodes in
TEA.3HF for 5 min at 5.0 V at different magnifications
are shown in Fig. 3a—c. Well-defined NiF, crystals on Ni
substrates are seen in this figure. The average crystal size
is found to be around 5 pm (Fig. 3b). Some crystals up
to 30 um size could also be seen (Fig. 3c). The SEM
micrographs obtained after polarization of Ni in the
same medium containing 10% (v/v) MeCN at 3.5 V for
5 min (Fig. 3d, e) show significant differences in film
structure. The film is quite porous and the crystals are
much less distinctly visible (Fig. 3d). Very large sized
pits (Fig. 3e) are also noticed in the film.

At slow sweep rates (10 mV s'), the anodic dissolu-
tion charge obtained from CV curves is as high as
15C cm°. AAS measurements of the solution after
such a polarization indicate very little dissolved Ni*™"
species in solution (Table 2). If the NiF; film is assumed
to be compact and uniform, the charge required for a



422

monolayer NiF, film would be 305 uC cm 2. Even if
some allowance is given for surface roughness, the film
thickness would be around 100 pm. The formation and
stability of such a thick, crystalline layer from TEA.3HF
is indeed noteworthy.

Additives seem to influence NiF, film dissolution in
two ways. A low MeCN concentration, for example
0-25% MeCN, dilutes the fluoride ion content but does
not enhance the solubility of NiF, in TEA.3HF medium;
hence the anodic dissolution charge decreases with
MeCN concentration (Table 1). Beyond this concen-
tration, MeCN enhances the solubility of NiF, and

Fig. 3 SEM images of Ni in TEA.3HF after anodic polarization
for 5 min at 5 V: a x288, b x576, ¢ x2250; SEM images of the same
solution in the presence of 10% MeCN under the same condition at
3.5 Vi d x1152, e x1152

hence the total anodic dissolution charge increases once
again to between 25% and 75% (Table 1).

The first anodic peak region

A small but distinct anodic peak was noticed earlier in
liquid HF containing NaF [4] and CsF-NH4F-HF melts
[25, 26, 27]. The anodic process in this region on Ni was
studied in some detail in KF-2HF melts [19]. This anodic
peak was also observed in TEA.3HF . Despite a lower
anodic current, the voltammetric response was highly

Table 2 Metal fluoride formed,

dissolved and retained on Estimation of fluorides

NiF, (moles x 10°)  CuF, (moles x 107

electrode surfaces

Total metal fluoride formed (by CV) 8
Total metal fluoride dissolved (by AAS)
Remaining metal fluoride on electrode surface -

Percentage of dissolution
Thickness

0.06
0.002 0.007
0.05
>0.1% 12%
10 pm 0.07 pm




reproducible, as long as freshly polished electrodes were
used for each polarization measurement.

In neat TEA.3HF, at a single voltammetric peak
around 0.0 V, the anodic charge involved is around
650 pC cm 2 at the slowest sweep rate of 40 mV s '. The
surface charge corresponding to the formation of a
monolayer of NiF, film is 305 pC cm 2. This suggests
either the formation of NiF, film with two monolayers
or a monolayer film with a Ni surface roughness factor
of 2; the latter appears to be more probable.

However, the additive has a substantial effect on the
voltammetric behaviour in this region, even at low
concentrations. Typical cyclic voltammetric responses of
Niin TEA.3HF containing 2-4% (v/v) MeCN below the
1.0 V anodic limit are presented in Fig. 4. A single well-
defined anodic peak around —0.320 V is observed. The
anodic peak current increases with concentration as well
as sweep rate (Table 3). In the presence of 10% MeCN,
for example, an anodic dissolution charge up to
122 mC em 2 at 160 mV s ' is found. Thus, although
this region corresponds to monolayer formation in the
absence of any additive, substantial anodic dissolution
can proceed in this potential region itself in the presence
of MeCN (Fig. 4).

In the presence of water, two anodic dissolution
peaks are noticed in this potential region. Both peaks
increase with concentration. While the first peak in-
creases with sweep rate, the second is found to be rather
independent of sweep rate (Fig. 5, Table 3). In the
presence of 10% (v/v) additives at 40 mV s ', the total
anodic dissolution charge in water (56.6 mC cm ) is
substantially higher than in MeCN (12.2 mC c¢m 2). The
first anodic dissolution peak is probably due to the direct
dissolution of Ni and passivation by NiF,. The second
kinetically controlled process is associated with the for-
mation of hydroxides and oxides of Ni. Such passiva-
tion effects and formation of reactive conducting
oxyfluorides on Ni in the presence of water have been
invoked for their electrode activity earlier [25, 27]. In the

Table 3 Voltammetric features of Ni in TEA.3HF containing
various concentrations of MeCN and H,O in the first anodic peak
region at 160 mV s '

Conc. of MeCN
or H,O (% v/v)

Epa (V) Iy mA cm™) Q (mC cm?)

0 -0.03 1.72 2.00
Conc. of MeCN
1 -0.32 2.21 3.10
2 -0.32 4.50 4.30
3 -0.32 7.14 6.24
4 -0.34 9.35 8.08
10 -0.39 11.30 12.22
Conc. of H,O
1 -0.03 2.98 4.79
2 -0.02 3.83 9.32
3 -0.02 4.26 15.24
4 —-0.00 5.96 25.20
10 +0.05 11.46 56.60
10% MeCN+10% H,O -0.18 22.10 62.01
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presence of mixed additives, the dissolution peaks due to
individual additives merge and larger dissolution and
passivation peaks are noticed (Fig. 6, Table 3).

Overall, during the anodic polarization of Ni in
TEA.3HF, the monolayer NiF, film formation region
and bulk NiF, film growth regions are distinctly sepa-
rated in the potential scale. Both the anodic processes,
however, are substantially influenced by solvents such as
MeCN and water.

The anodic behaviour of Cu

Typical cyclic voltammograms of Cu in TEA.3HF
between —1.2 V to +1.2 V at 160 mV s ' are shown in
Fig. 7. Three distinct anodic peaks (a;, a,, a3) are no-
ticed in the forward sweep. The potential reversal be-
yond peaks aj, a, (Fig. 7a) and a3 (Fig. 7b) in individual
voltammetric measurements show that the oxidized
species formed in all these anodic peak potential regions
are reduced in the same cathodic peak potential region
corresponding to c. The comparison of Q./Q, values for
these three anodic limit regions indicate that, in the first
anodic potential region, the Q./Q, value is indeed
around 0.8 V, suggesting substantially higher cathodic
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Fig. 4 CVs of Ni TEA.3HF containing MeCN of concentration a
2%, b 3%, ¢ 4% in the first anodic potential region at 160 mV s
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Fig. 5 CVs of Ni TEA.3HF containing 10% of water in the first
anodic potential region at different sweep rates (mV s'): a 80, b
160, ¢ 320

charge when compared to the anodic charge involved in
the process. The Q. value of 390 pC cm 2 at 160 mV s
indeed corresponds to the monolayer coverage value
(274 pC cm 2 for CuF, monolayer). However, the Q,
value (1.50 mC cm ) is substantially higher. It appears
that a very thin (4-5 monolayers thick) CuF, film is
indeed formed in this potential region. If the roughness
factor is assumed to be greater than 1, the number of
CuF, monolayers would be correspondingly lower. Q,
contributes to the anodic formation of CuF,. In addi-
tion, the small residual copper oxide layer likely to be
present on the cleaned Cu surface may also be chemi-
cally converted into CuF, by the following reaction:

CuO+2TEAH" H,F; 2 CuF,+H,0

+2TEAH" .HF; (1)
Hence the effective concentration of CuF, for reduction
at the potential region c, is substantially higher.

The other two anodic peaks correspond to bulk film
formation. The effect of sweep rate and multi-sweep
cycling on these voltammetric peaks are presented in
Fig. 8 and Table 4. The multisweep cyclic voltammo-
grams at sweep rates of 80 and 160 mV s ' indicate that
the surface redox processes, namely oxidative formation
of CuF, and reduction of CuF, film, can be repeated
many times (Fig. 8). The Q./Q, total values obtained at
different sweep rates also show that the charge recovery
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Fig. 6 CVs of Ni in TEA.3HF containing 10% MeCN and water
at different sweep rates (mV s '): a 160, b 320
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Fig. 8 Multi-sweep CVs of Cu in TEA.3HF at different sweep
rates (mV s '): a 80, b 160

ratio is greater than 85% (Table 4). AAS measurements
also indicate about 12% dissolution of Cu in TEA.3HF
after polarization, covering the entire potential region
during first cycle (Table 2). These observations suggest
that the bulk CuF, formed on Cu in TEA.3HF remains
intact on the electrode surface and is also stable on
potential cycling. Hence this electrode is an ideal one as
a reference electrode in TEA.3HF.

The above explanations tacitly made an assumption
that the CuF, bulk phase is formed in the a, as well as aj

Table 4 Voltammetric features of Cu in TEA.3HF containing various concentrations of MeCN and H,O at 160 mV s~
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potential region. What would cause the formation of the
CuF, bulk phase at such widely different potential
regions? The effect of sweep rate on the two anodic
peaks provides some clues to this issue. The anodic peak
a, increases with v'/%. The E, value shifts only slightly
with sweep rate. The anodic peak current of a3, however,
does not increase significantly with sweep rate. However,
the peak potential a; shifts substantially to more positive
potentials with increasing sweep rate.

The anodic process at a, is thus diffusion controlled.
This probably occurs through the dissolution and pre-
cipitation of Cu to Cu®* and subsequently to CuF, film.
Taking note of the fact that TEA.3HF in solution is
present as TEAH ".H,F; and also considering the
possibility of HF incorporation in the CuF, bulk film
during formation, one may write the anodic reaction at
a, as follows:

Cu 2 Cu’" 4 2e 2)

Cu*"+ mH,F; = CuF,.nHF+(m — n)HF + (m — 2)F~
(3)

Once this CuF, film, formed at potential region a,,
reaches a critical thickness, further growth through this
dissolution-precipitation mechanism is impossible.
However, at the more positive as potential region, Cu at
the Cu/CuF, interface may undergo further oxidation
for which F ions would come from the occluded HF
molecules in the CuF, film itself:

Cu + CuF,.nHF 2 2CuF,.(n — 2)HF +2H" +2¢  (4)

Such a slow kinetically controlled oxidation may be the
cause of anodic peak as. The CuF; film essentially is the
anodic oxidation product at a, as well as as; this film
becomes reduced at the same cathodic potential region c.

SEM micrographs after anodic polarization of Cu in
TEA.3HF by potential cycling are shown in Fig. 9. The
Cu oxidation appears to proceed in distinct patches on
the Cu surface (Fig. 9a). These patches are also porous
on close observation (Fig. 9b). The rough surface mor-
phology does not show significant change during
reductive cycles (Fig. 9c, d).

Additives once again exert significant influence on the
anodic behaviour of Cu. For example, 4% (v/v) MeCN

1

Conc. of MeCN EpaZ (V) Epa} (V) Epc (V) ipaZ ipa} ipc Qa Qc Qc/Qa
or H,O (% v/v) mMAcm?) mMAcm?) (@@Acm? (mCcm?) (mCcm?)
0 —0.08 0.58 0.80 32.40 23.86 55.38 60.10 40.00 0.66
Conc. of MeCN
1 —0.06 0.52 —0.80 55.38 31.52 59.60 69.33 58.90 0.84
2 0.10 0.52 0.78 59.64 33.90 61.23 112.0 69.00 0.62
4 0.20 0.52 0.76 85.20 36.64 63.05 169.5 78.17 0.46
Conc. of H,O
1 —0.04 0.50 0.72 28.96 25.96 50.38 65.61 59.53 0.90
6 0.01 0.38 0.68 25.12 25.56 30.67 81.90 48.99 0.59
8 0.10 0.30 0.62 23.56 17.04 27.26 90.00 41.48 0.46
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Fig. 9 SEM images of Cu in TEA.3HF after an anodic sweep at
1 mV s between 0.7 and 1.2 V: a X687, b %x3750; SEM images of
Cu after one anodic/cathodic sweep in the same potential range:
¢ x175, d x1000

in TEA.3HF leads to significant enhancement of the
anodic dissolution peak, especially in the a, potential
region (Fig. 10a). The voltammogram shows only slight
variation even when twice the amount of water was used
under identical conditions (Fig. 10b). In the presence of
water, the anodic peak a; becomes much broader,
probably owing to the formation of an oxide layer along
with the fluoride. The Q./Q, values decrease substan-
tially with increasing additive content and even go below
50% (Table 4). All these data suggest substantial solu-
bility of CuF, in the presence of the additive.

The anodic behaviour of Ag

The anodic behaviour of Ag in TEA.3HF medium is
quite similar to that reported earlier by Gatner and
Zicha [35]. However, a brief discussion of the results for
comparative purposes is made here. The additive effects
and microscopic analysis of the results are also reported
for the first time.

Typical multi-sweep cyclic voltammograms of Ag in
TEA.3HF at 40 and 80 mV s ' are presented in
Fig. 11a and b, respectively. In the first sweep, a small
anodic peak around 0.5 V followed by a wave with
constant current is noticed. The anodic film growth in

this case seems to proceed through AgF film formation
(peak region) by direct adsorption, followed by a
potential independent-phase growth rate. The AgF
phase growth pattern, for example, is similar to the
oxide phase growth on Pt group metals through a place
exchange mechanism [43]. The anodic oxidation and
cathodic reduction peak currents are significantly
higher than required for monolayer coverage. The peak
currents increase with sweep rate (Table 5). The peak
potentials, however, do not vary significantly with
sweep rate.

One distinct feature of the anodic behaviour of Ag
(which was not discussed in the earlier work) in
TEA.3HF medium is the substantially higher Q. value
when compared to Q, values in the entire potential range
investigated. The Q./Q, value is substantially greater
than 1, especially during the first voltammetric cycle
(Table 5). Chemical conversion of Ag,O to AgF (similar
to that noticed for Cu in the first anodic peak region, see
Eq. 1) in the TEA.3HF medium may contribute to a
higher concentration of AgF during reduction:

Ag,0 + 2TEAF* H,F; < 2AgF

+ H,0 + 2TEAH" HF, (5)

At the slow sweep rate of 40 mV s, the dissolution
charges exceed 100 mC cm 2. Hence the AgF film
formed is also quite thick. The yellow colour of the film
could be clearly seen after anodic polarization. The
fairly thick fluoride film was also examined through
SEM micrographs (Fig. 12a, b); however, the uniform
AgF layer contains some pores. After reduction, the Ag

1
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Fig. 10 CVs of Cu in TEA.3HF containing a 4% MeCN, b 8%
water at 160 mV 5!

surface turns black, obviously due to the roughened
surface with a higher surface area with finely divided Ag
particles. The reduced Ag surface contained large
pealed-off surface regions (Fig. 12¢) and a higher density
of porous regions (Fig. 12d). The rough Ag surface
formed during the first anodic and cathodic cycles un-
dergoes much more facile oxidation during the second
anodic sweep (Fig. 11a, b). The anodic peak current

Table 5 Voltammetric features of Ag in TEA.3HF containing various concentrations of MeCN and H,O at 40 mV s~

427

CURRENT DENSITY (mA /cm?)

1 1
05 09 03 07 1T T
POTENTIAL(V vs P1)

Fig. 11 Multi-sweep CVs of Ag in TEA.3HF at different sweep
rates (mV s '): a 40, b 80

around 0.5 V increases substantially while the limiting
current at higher anodic potential drops substantially.
Thus the AgF film growth mechanism itself changes
during the anodic sweep.

The Ag/AgF couple is not quite stable to multi-sweep
cycling even in the absence of additives. In the presence
of additives, further enhancement of anodic dissolution
is noticed (Fig. 13). The solubility of AgF in MeCN is
significantly higher (Fig. 13a) than that in water

1

Conc. of MeCN Epal (V) Epa2 (V) Epc (V) ipal 5 ipaZ ipc Qa Qc Qc/Qa
or H,O (% v/v) MAcm? (mAcm?) @mAcm?) mMCcm?) (mCcm?)
0 0.56 - 0.25 16.32 - 79.56 121.8 271.5 2.28
Conc. of MeCN
1 0.13 - —-0.10 18.36 - 80.58 147.3 260.1 1.77
2 0.26 - 0.18 23.46 - 91.80 235.6 370.3 1.57
4 0.36 0.60 0.18 37.74 12.24 94.86 335.0 472.8 1.41
Conc. of H,O
1 0.66 - 0.43 20.20 - 88.74 62.7 248.4 3.96
2 0.68 - 0.33 27.54 - 89.76 112.7 270.8 2.40
4 0.68 0.72 0.20 34.68 15.3 90.78 235.5 546.7 2.34
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Fig. 12 SEM images of Ag in TEA.3HF after an anodic sweep at
1 mV s! between 0.0 and 0.7 V: a x250, b x3500; SEM images of
Ag after one anodic/cathodic sweep in the same potential range:
¢ %400, d x6000

(Fig. 13b). At such high anodic dissolution levels the
substrate becomes very rough during each experiment
and establishing reproducible conditions after each
experiment becomes a difficult task (Table 5).

Anodic behaviour of Pt and GC electrodes

As pointed out in the Introduction, Pt and GC elec-
trodes have been used as inert electrodes in a variety of
fluoride media [4, 12, 31, 32, 33, 34]. In TEA.3HF itself,
Pt has been employed as an inert electrode for studying
redox reactions [34, 44] as well as organic reactions [37].
A comparative evaluation of Pt, GC and graphite elec-
trodes for fast as well as slow electron-transfer reactions
has also been carried out recently [44].

A typical CV of Pt in TEA.3HF at 160 mV s
(Fig. 14a) shows a small anodic wave around 2 V fol-
lowed by a significant rise in anodic current around
2.8 V. Similar behaviour was also noticed earlier in lig-
uid HF containing NaF [4]. The higher anodic current
around 2.8 V is related to fluorine evolution. Addition
of MeCN in small concentrations does not influence the
anodic polarization significantly (Fig. 14b). Water also
had very little effect. On GC electrodes, significant an-
odic current was noticed only beyond 2.4 V (Fig. 14c).
Fluorine evolution on this electrode occurs only beyond
3.5 V. Addition of MeCN (Fig. 14d) or water once

a2

al

Current Density (mA/cm?)

1 1 1 1

1
-05 01 03 07 11 15 -01 03 07 11 15
Potential (V vs Pt)

Fig. 13 CVs of Ag in TEA.3HF containing a 2% MeCN, b 2%
H,O at different sweep rates (mV s '): al, bl 40, a2, b2 80

again had very little effect. All these results suggest that
these two electrodes can serve as inert electrodes for
studying the oxidation of other compounds, even in the
presence of trace quantities of water. In contrast to Ni
electrodes, Pt and GC electrodes were indeed found to
give reproducible voltammetric responses for com-
pounds such as ferrocene, hydroquinone and methyl
phenyl sulfide [44].



Current density (mAlcm?)
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Fig. 14 CVs of a GC electrode, ¢ Pt electrode in TEA.3HF and b
GC electrode, d Pt electrode in TEA.3HF containing 1% MeCN at
160 mV s '

Cathodic behaviour of Ni, Cu, Ag, Pt
and GCE electrodes

Some experiments were also carried out to evaluate the
cathodic behaviour of these electrodes. As long as these
electrodes were not polarized in the cathodic potential
region corresponding to hydrogen evolution, all these
electrodes gave very low cathodic currents until the
hydrogen evolution region was reached. A significant
hydrogen evolution current was noticed on Pt around
—0.5 V. Cu, Ag, Ni and GC clectrodes had increasingly
higher cathodic limits of —0.55 V, —0.65 V, —0.70 V and
—1.0 V, respectively:

2TEAH" + 2¢ — 2TEA + H, (6)

Outside this potential range, all the electrodes can be
used for studying other solution-phase electro-reduction
or metal deposition processes.

Typical CV curves obtained for electro-reduction of
10 mM nitrobenzene in TEA.3HF on all the five elec-
trodes are shown in Fig. 15. No distinct cathodic peak
could be observed on Pt electrodes, owing to the hy-
drogen evolution reaction occurring at lower potentials.
Well-defined diffusion-controlled reduction peaks (as
evidenced by the measured sweep rate and concentration
effects) were observed on the other electrodes. The re-
duction peak appears like a wave at a slightly more
negative potential on the GC electrode. This may be at-
tributed to the general trend of slower electron transfer on
carbon electrodes when compared to metal electrodes.

Summary and conclusions

The NiF, monolayer formation region (<0.5 V) and
bulk NiF; nucleative growth region (>4.0 V) are widely
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Fig. 15 CVs for the reduction of 10 mM PhNO, in TEA.3HF on a
Ni, b Cu, ¢ Ag, d Pt, e GC electrodes at 80 mV s !

separated for Ni in TEA.3HF medium. In the absence of
additives, NiF, is highly insoluble and the bulk NiF,
formed is highly crystalline in nature. Additives, how-
ever, induce Ni dissolution in the monolayer formation
region as well as in the bulk film growth region. While
acetonitrile enhances dissolution of Ni, water induces Ni
dissolution as well as hydrolysis of NiF,, leading to the
formation of oxides and oxyfluorides. The NiF, film
formed is not reducible during cathodic polarization.

During anodic polarization of Cu, CuF, monolayer
formation occurs very close to the bulk phase growth
region, which is controlled by a dissolution-precipitation
mechanism. At more positive potentials, another direct
film-growth process involving trapped HF molecules is
noticed. The CuF, formed in all the three anodic po-
tential regions is reduced at the same cathodic peak
potential region. The Cu/CuF, redox couple can be cy-
cled many times without significant loss of the film. Cu is
thus a suitable reference electrode material for this me-
dium. The Ag/AgF couple, however, is not quite stable
in this medium. The AgF growth mechanism itself
changes with potential cycling. During anodic/cathodic
cycling, the roughness of silver electrode changes
significantly. For both Cu and Ag electrodes, MeCN
enhances the anodic dissolution more effectively than
water. Water also enhances the hydrolysis of salts and
passivation to some extent.



430

In TEA.3HF medium, Pt and GC electrodes function
as ideal polarizable electrodes in the anodic potential
region. The background currents on these electrodes are
quite high. The electrode process responsible for high
background currents on Pt and GC electrodes deserve
further investigation. Pt and GC electrodes show good
anodic voltammetric responses for all organic species. In
the cathodic potential region, however, all five electrodes
can be used as inert electrodes, limited only by their
corresponding hydrogen evolution overvoltages. Elec-
troreduction of nitrobenzene, for example, could be
observed on all the electrodes except Pt owing to its low
hydrogen overvoltage.
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