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Cathodic Reactivity of Platinum and Palladium

in Electrolytes in Superdry Conditions
THE NATURE OF THICK LAYERS ELECTROCHEMICALLY FORMED

AT THE METAL/ELEGTROLYTE INTERFACE

By Charles Cougnon and Jacques Simonet®

Laboratoire d’Electrochimie Moléculaire et Macromoléculaire, UMR 6510, Campus de Beaulieu, Université de Rennes,
35042 Rennes Cedex, France, *E-mail: jacques.simonet@univ-rennesi.fr

Platinum and palladium behave in an unexpected manner when cathodically polarised in
the presence of electrolytes dissolved in carefully dried polar organic solvents, such as
N, N-dimethylformamide. A reductive layer is formed on the metal, the thickness of which
depends on the amount of electricity consumed during the course of the electrolyses. Although
this reaction seems to be of a general character with most of the common electrolytes, in
this paper we will focus on results obtained with a large palette of tetraalkylammonium

salts and alkali metal iodides.

The reaction of the electropositive alkali metals
with a large number of more electronegative main
group ‘meta-metals’ (such as Pb, S8i or Ge) to form
the so-called Zintl phases (1-3) was discovered by
Eduard Zintl at the beginning of the twentieth cen-
tury. Zintl phases ate electronically positioned
between intermetallics and insulating compounds
and are semiconductors. They form compounds
where the heavier metal forms clusters in polyan-
ionic units, surrounded by the lighter alkali metal
cations — and have a large range of structures. Such
materials may possess covalent, metallic and ionic
bonding (4, 5).

The synthesis of Zintl phases (6, 7) generally
involves heating up a mixture of the elements in
closed tantalum or niobium containers. Another
method is the reduction of post-transition metals
(ot more commonly of a salt of these metals) in the
presence of sodium (Na) in liquid ammonia. Thus,
Zintl was able to follow the reduction by potentio-
metric titration of Na ions (8). These experiments
allowed the composition of the generated phase to
be specified. On the other hand, by an electro-
chemical technique, cathodically-polarised post-
transition metals, such as lead, could be used as
working electrodes, into which the non-electroac-
tve cations, such as potassium (K), could be
inserted, as shown next (9, 10):
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4K* + 4¢” + 9Pb (cathode) «> [4K", Pby*]

Untl now, platinum (Pt) and palladium (Pd)
were considered to be totally inactive towards the
alkali metals and also electrochemically inert. The
latter property has allowed Pt and Pd to be widely
used as cathode materials. However, their weak
hydrogen overvoltage obviously reduces the usable
cathodic range (in non-aqueous solvents without
careful prior-drying treatment, the usable cathodic
range is limited to about —2.0 V vs. a saturated
calomel electrode (SCE)). If the residual moisture
in the polar aprotic solvent is drasteally reduced
(for example by an i s solid non-electroactive
drier, such as neutral alumina) down to 50 ppm,
hydrogen evolution almost vanishes. What ate the
electrode reactions then? This field seems to be
totally unexplored and the aim of the present
work, devoted only to Pt and Pd, is to demonstrate
that it is of importance.

Eatlier observations of the cathodic behaviour
of Pt in an electrolyte of dry IN,N-dimethylfor-
mamide (DMF) in the presence of tetraalkyl-
ammonium tetrafluoroborate, R{NBF,, were the
first to show the electrochemical construction of a
thick layer on the Pt surface comprising both R.N"
cations and the salt itself (11). The slow degrada-
tion of these layers by air led to the restoration of
the Pt metal surface. However, the surface had
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undergone tremendous structural changes (such as
formation of dendrites, channels and/or gtain
boundaries) together with the visible emergence of
the absotbed salt from the Pt bulk.

This paper describes results obtained for Pd
and Pt cathodes in the presence of a wide range of
tetraalkylammonium salts, R\NX, as well as alkali
halides (iodides because of their greater solubility)
(12, 13). Experiments allowed us to determine the
nature of the layers formed. Methods such as
coulometry, the electrochemical quartz crystal
microbalance technique, chronopotentiometry,
SEM analysis and impedance spectroscopy were
used. Until now the rather poor chemical stability
of the layers did not allow X-ray characterisation
of their structure.

Experimental Procedure
Salts and Solvent

In most of the expetiments, electrolyte concen-
tration was 0.1 M. Potassium, lithium (Ii), Na and
caesium iodides were used and the tetraalkylam-
monium salts were of > 99.7% purty (puriss
grade). All salts were used without further purifi-
cation after being thoroughly dried under vacuum
at 100°C for 48 hours. The DMF was checked (by
the Karl Fischer method) to ascertain it contained
less than 50 ppm of water, having been stored
over neutral alumina, previously activated under
vacuum at 300°C for 4 hours. All expetiments
were performed in a carefully dried argon atmos-
phete. Electrolyte solutions were maintained in the
electrochemical cell over activated alumina.

Electrochemical Instrumentation and
Procedures

Cyclic voltammetric investigations were cartied
out in a standard three-electrode cell using a
uAUTOLAB potentiostat connected to a comput-
er equipped with standard electrochemical system
software. For analytical purposes the working elec-
trode was a disk of Pt or Pd (area 8 X 10~ cm?) and
the counter electrode was a glassy carbon rod. All
potentials given here refer to the aqueous SCE.
However, the SCE was not used as the reference
electrode in the cell (due to possible water diffu-
sion). As reference electrode, the Ag/Agi/0.1 M
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INBu, system (in DMF) was used, and potentials
wete corrected afterwards.

Prior to the experiments the Pt and Pd working
electrodes were carefully polished with silicon cat-
bide paper of successively smaller particle size (18
to 5 um), then by diamond powder (6 and 3 um).
Finally, the wortking electrode was rinsed with
ethanol and acetone and dried. Between each scan
the electrode sutface was repolished with diamond
powder (3 pm).

For macroelectrolysis investigations, Pt sheets
(99.99% purity, area 1 cm?, thickness 0.05 mm)
and Pd sheets (99.95% purity, atea 1 cm?, thick-
ness 0.1 mm) were used. They were used once only
for SEM analysis without further treatment.

Chronocoulometric Investigations on a
Thin Metallic Layer

Coulometric experiments were carried out on
Pt and Pd film electrodes prepared, respectively,
by depositing the metals from solutions of 10 g I”'
H.PtCl; in 0.1 M HCl and 10 gI"' PdCL in 0.1 M
HCl onto polished gold disks (2 X 10 cm?). The
plating was cartied out in a galvanostatic mode
(current 107 A cm™). All the expetiments were
performed with gold substrates but with different
thicknesses of deposited metal. The gold substrate
could be a gold microelectrode, polished before
each deposition, or (for EQCM experiments) a
larger electrode of gold-coated quartz crystals.

Electrochemical Quartz Crystal
Mictobalance (EQCM) Instrumentation

Simultaneous voltammetric and mass balance
experiments were carried out with an oscillator
module quartz crystal analyser connected to a
potentiostat. This device was computer controlled.
In the experiments, 9 MHz AT-cut gold-coated
quartz crystals were plated electrochemically with
a thin film of Pt or Pd. Plating was achieved by the
chronocoulometric procedure. The deposited
mass was checked by the EQCM. The EQCM
measurements were performed in a Teflon cell
equipped with a glassy carbon counter electrode, a
refetence electrode and the Pt- or Pd-plated quartz
crystal working electrode. The apparent area of the
quartz crystal was about 0.2 cm’.
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Table |

Tetra-n-butylammonium Salt Solutions in Dry DMF

Potentials (Fyc & Epa) and Peak Currents (/e & /a) Obtained by Cyclic Voltammetry
at a Palladium Cathode Relative to 0.1 M Alkali Halide Salts and to

Electrolyte, Eae, Ie, log/le/logv @ Epa, Ia, Joal Ine Epc— Epa,
01 M Vv pA v HA v

Lit -3.07 28 0.54 -2.20 19.0 0.68 0.87
Nal -2.07 16.8 0.39 -1.13 14.0 0.83 0.94
K -2.12 15 0.45 -0.82 8.0 0.53 1.30
Csl -2.22 8.2 0.42 -0.78 8.2 1.00 1.44
Bu.NI -2.84 13 0.52 -0.77 2.3 0.18 1.51
BusNBF, -2.87 17 0.45 -0.72 3.0 017 215
BuNCI0, -2.82 28 0.56 -0.70 45 0.16 2.2

Voltammetric data are relative to a stationary palladium electrode of area 8 x 10 Fom?

2

Potentials are referred to the SCE. The sweep rate, v = dV/dt is 200 mV s !

W The slope for sweep rates from 0.02to S Vs~

Microgravimettic data, reported in terms of
mass change, were calculated using the Sauerbrey
equation, which links the resonant frequency and
mass change. For most cases it was found that the
mass discharge of the Pt (or Pd) film at 0 V was
not completely reversible and thus, a small excess
of mass remained at the start of each experiment.
However, the amount of extra mass gained during
the charge process remained the same. These
experiments suggested that the EQCM technique
was an accurate method for quantifying the
charge/discharge process as there was no notice-
able loss of mass (for example, occurring by
mechanical degradation of the layer in the course
of the charge process).

Scanning Electron Microscopy Experiments

Surfaces treated electrochemically (samples
were rinsed using an alcohol/acetone mixture in an
ultrasound bath for 2 h) were analysed by a scan-
ning electron microscope.

Results
Voltammetric Data

All the monovalent cations (Li*, Na', K', Cs" as
well as RIN" — regardless of the n-alkyl chain
length) when associated to anions (halides, tetra-
fluoroborate ot petchlorate) displayed, at the Pt
and Pd microelectrodes, an irreversible cathodic
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peak (or wave in the case of ammonium ions) of
current, I, which is always associated with an
anodic step peak of current, ;. The anodic step
peak cotresponds to the oxidation of the materi-
al(s) formed while held at the level of the cathodic
step (Tables I and II).

A Pd microcathode, with only CsI (0.1 M) in
dry DMF (carefully maintained over neutral alurmni-
na #n sitW) displayed an irreversible step, I, at —2.22
V. Holding the potential at this level (-2.22 V)
allowed the sharp anodic peak to increase, at Fp, =
—0.78V (Figure 1). In all cases, whatever the cath-
ode material and electrolyte, the cathodic currents

E,volts -2 -1

_10 -

LyA

Fig. 1 Typical voltammetric behaviour of a 0.1 M
Csl/DMF solution in contact with a stationary palladium
microcathode (sweep rate: 200 mV s7')
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Table Il

Potentials (Epc and Epa) and Peak Currents (/pc ) Obtained from Cyclic Voltammetry
at a Platinum Cathode Relative to 0.1 M Salt Alkali Halide Salts and to

Tetra-n-butylammenium Salt Solutions in Dry DMF

Electrolyte, Ep(;, Ip(; (a), Epa, Epc - Epa,
0.1 M v HA v v

Lil —-2.84 -5 -2.42 0.42
Nal —2.07 -10 -1.72 0.35
Kl =217 -6.4 -1.62 0.55
Csl —2.18 5.4 -1.77 041
BuaNI -2.89 -1 -1.27 1.62
BusNBF, -2.91 -12.5 -1.09 1.82
BuaNCIQ, -2.84 -25 -0.99 1.85
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Voltammetric data are relative to a stationary platinum cathode ?f area 8 x 107 cm’.

Potentials are referred to the SCE. The sweep rate, v, is 02 Vs .
@ The relationship I, vs. v/

were found to vary linearly with the square root of
the scan rate up to 5 V s~ indicating a diffusion-
controlled current. The small currents observed
for these cathodic steps suggest that the limiting
diffusion cortesponds to ion insertion into the
metallic bulk. It is also important to stress that
such cathodic peaks do not diminish when alumi-
na is progressively added to the voltammetric cell,
and cannot be due to moisture reduction. Their
limit current was found to depend on both the
concentration of the salt and on the nature of the
caton, Thus, in the presence of alkali iodides, the
currents follow the order:

Cs' <K' <Na" <<Li'

Surprisingly, tetraalkylammonium cations dis-
played quite large peak currents (fc values in
Tables I and IT).

To find out what tole any residual water played,
the system was dosed with water in amounts over
200-500 ppm. The specific redox system disap-
peared and was replaced by a cathodic wall
(strong cathodic current) cotresponding to water
reduction.

SEM Analysis and Microelectrolyses
Potentiostatic macroelectrolyses were per-

formed on as-received polycrystalline Pt and Pd

sheets (see Figure 2(a) for as-reccived Pd sheet).
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was found to be linear in all cases in the range 0.02 10 5 vs! (correlation coefficient is always > 0.99)

Fixed potentials were set very close to the corre-
sponding peak potentials or at the beginning of
the plateau region for ‘wave-shaped’ steps. The
amount of electticity involved was somewhat larg-
er than 20 C cm™ In all cases a chemical
transformation of the metal surfaces was observed
after the sheets had been removed from the elec-
trolysis cells and carefully rinsed in DMF. The
samples were exposed to air to see the change of
structure caused by oxidation.

Using SEM analysis, particularly with tetra-
alkylammonium salts, black zones were observed
to decrease progressively, while white (or light
grey) areas became progressively more dominant,
with time (see Figure 2(b)). The latter areas cor-
respond to pure metal. The black zones were
shown (by a suitable probe) to contain elements
such as carbon and iodine (when BuNI was the
electrolyte, Figute 2(c)). Additionally, ctystals of
electrolyte were found to emerge from the disap-
pearing black zones. This process has been
explained by air oxidation of the cathodic layer at
the metal surface.

After a long time in air (sometimes longer than
one day) the metal structure would change dramat-
ically, see Figure 3(a), which shows very regular
fractals for Pd with angles very close to 45° and 90°,
This Pd surface corresponds to pure metal after the
total oxidation of the electrochemically-built layer.

97

Find authenticated court documents without watermarks at docketalarm.com.



https://www.docketalarm.com/

Fig. 2 SEMSs of palladium sheet at
nvo magnifications:

cps .
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3 {¢) Probe of image (b) (treated
4004 palladium). The white zones (top
3 scan) shows only palladium metal
while the dark grev zones (lower
2007 scan) also exhibit the presence
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Alkali metal iodides may also cause specific and
dramatic changes to the Pd and Pt cathode sur-
faces, see Figures 4 and 5, respectively.

Coulometric Data

The voltammetric results and the instability of
the electrochemically-formed layer strongly sug-
gest that a charge/discharge process is taking
place. This assumption can be checked by coulom-
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etry since a large part of the electricity stored dur-
ing the cathodic processes should be able to be
anodically restored. However, the charge/dis-
charge phenomenon was not found to be totally
reversible since the solvent could not be made
totally anhydrous and free of acidic impurities —
some hydrogen evolution occurred (in yields of 65
to 75% depending on the salt used).

It has been suggested that the electric charge
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