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KINETICS OF THE HYDROGEN-EVOLUTION
REACTION ON PALLADIUM ELECTRODES
IN MOLTEN POTASSIUM BISULPHATE*

A. J. Arvia, A. J. CALANDRA and H. A. VIDELA
Instituto Superior de Investigaciones, Facultad de Quimica y Farmacia,
and Universidad Nacional de La Plata, La Plata, Argentina

Abstract—The kinetics of the electrochemical formation of hydrogen on differently prepared palia—
dium electrodes in the electrolysis of molten potassium bisulphate has been studied in the temperature
range 240 to 330°C. Current/voltage curves fit two limiting Tafel lines having slopes of 2-3(RT/2F)
and 2-3(2RT/F) respectively. :

Semilogarithmic plots of decay curves exhibit a limiting region of slope 2:3(RT/2F). At high
temperature an interference due to permeation of hydrogen in the metal during the decay process is
observed, particularly noticeable when bright palladium electrodes are used. -

The kinetics of the electrochemical process is interpreted, on the basis that the «-Pd-H system
predominates, the rate-determining step being the combination of hydrogen atoms on the electrode
surface, at least at low overvoltages. At higher ones the ion-plus-atom reaction can account for the
experimental results.

Résumé—On a étudié la cinétique delaformation électrochimique de 'hydrogene sur des électrodes de
palladium preparées de diverses maniéres pendant I’électrolyse du sulfate acide de potassium & des
températures entre 240 et 330°C. Les courbes de polarisation suivent deux lignes limites de Tafel
avec des pentes de 2,3(RT/2F) et 2,3(2RT/F) respectivement.

La représentation surtension/log(temp) montrent une région limite avec une pente de 2,3(R7/2F).
A des températures élevées on a observé P'interférence de la perméabilité de I’hydrogéne dans le métal
au cours du procéssus de décroissance du potentiel, particuliérement apparente quand des électrodes
de palladium poli furent employées. v

La cinétique du processus électrochimique a été interpretée en supposant que le systéme «-Pd-H
predomine et la réaction régulatrice est la recombination des atomes d’hydrogéne sur la surface de
Pélectrode au moins pour de basses surtensions. A des surtensions élevées la réaction de l'ion plus
Patome permet d’expliquer les résultats experimentaux. » ‘

Zusgmmenfassung—Die Kinetik der Wasserstoffabscheidung an verschiedenartig préparierten
Palladiumelektroden bei der Elektrolyse von geschmolzenem Kaliumbisulfat wurde bei Temperaturen
zwischen 240 und 330°C untersucht. Die Strom/Spannungskurven stimmen mit zwei Grenz-Tafel
geraden der Steigung 2,3(RT/2F) bzw. 2,3(2RT/F) tiberein. .

Semilogarithmische Darstellungen des zeitlichen Potentialverlaufs weisen ein Grenzgebiet mit
einer Steigung von 2,3(RT/2F) auf. Bei hohen Temperaturen kann Interferenz beobachtet werden,
welche durch das Eindringen von Wasserstoff in das Metall wihrend der Potentialabnahme verursacht
wird. Dieser Effekt ist besonders ausgeprigt wenn man glinzende Palladiumelektroden vewendet.
Die Kinetik des elektrochemischen Vorganges wird in der Weise gedeutet, dass bei vorherrschendem
a—Pd-H System die Rekombination der Wasserstoffatome an der Oberfliche zumindest bei kleinen
Uberspannungen den geschwindigkeitsbestimmenden Schritt darstelit. Bei hdheren Uberspannungen
haben die Reaktionen der Ionen und der Atome einen Einfluss auf die experimentelien Ergebnisse.

INTRODUCTION

AFTER studying the electrochemical formation of hydrogen during the electrolysis of
molten bisulphates on platinum'? and gold electrodes,?® it was interesting to continue
the investigation on palladium electrodes. These electrodes are of special interest
because their behaviour is determined by the properties of adsorbed atomic hydrogen
as well as dissolved hydfogen. '

The absorption of gaseous hydrogen from aqueous electrolytic solutions led to the

* Manuscript received 1 January 1968,
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establishment of the Pd-H-H,, system which has been extensively studied.*”
Reference electrodes related to the Pd-H system in aqueous solutions were employed
by several workers®® and the literature about this was reviewed some years ago.l

Hydrogen dissolves in palladium according to the p* law at high temperatures and
low pressures.’t~13 Deviations from this law occur both for hydrogen and deuterium
lower than 600°C, or pressures higher than 1atm. At 295°C and pressure about
20 atm, a critical point exists below which the pressure isotherms show that two solid
phases are present. The phase diagram for the palladium-hydrogen system exhibits
three regions of solid solutions: the «-Pd—H system related to low hydrogen content
in the metal and high temperature, in which there are positive holes in the palladium
d-bands; the §-Pd-H system, in which the palladium d-bands are completely filled
with electrons from hydrogen atoms (H/Pd ~ 0-6), and the interval of inmiscibility
or (« + p) region. At the critical temperature the « and g systems, which are both
fce and differ only in the magnitudes of their lattice constants, coalesce.!4-15

The literature about the electrochemical behaviour of the Pd-H systems in aqueous
solutions has been reviewed recently,'® particularly in connexion with the phase
transition and adsorption phenomena. At room temperature the thermodynamic and
kinetic studies refer preferentially to the §-Pd-H system.}*-2 The «-Pd-H system
has not been so extensively considered, although the electrochemical kinetics of the
electrode has been studied at room temperature by means of a palladium bi-electrode.?

A qualitative study of the oxidation of hydrogen on a palladium electrode at 500°C
in chloride melts has been performed, particularly directed to obtain a hydrogen-
diffusion electrode for fuel cells,* and anodic polarization curves were also
obtained for diffusion palladium-hydrogen electrodes in eutectic mixtures of alkali
molten carbonates,? but these electrodes have not yet been studied from the view
point of fundamental electrode kinetics and in the presence of hydrogen-ion-containing
melts such as potassium bisulphate.

The present investigation is a continuation of the previous series of studies on the
electrochemistry of molten bisulphates. Here, the palladium electrodes are used at
temperatures above the melting point of the melt and under 1 atm pressure hydrogen
gas, so that according to the phase diagram of the Pd-H system!4-2 only the a-phase
is present and the transition region is not included. This being the case, the behaviour
of the palladium electrodes should be comparable to the corresponding «-Pd-H
electrodes in aqueous solutions and to electrodes such as platinum and gold where
hydrogen permeation is low. Nevertheless the high rate of diffusion of hydrogen
within palladium, particularly at high temperature, will reflect on the electrode
potentials both at open circuit and during non-steady measurements.

EXPERIMENTAL TECHNIQUE

The electrolysis cell was similar to that described in previous publications.'2 A
hydrogen reversible electrode was used as reference; it was formed with a platinized
platinum sheet dipped into the melt and saturated with hydrogen gas, at atmospheric
pressure, in a conventional Luggin-Haber capillary arrangement. Three different
types of cathodes were employed as working electrodes (i) bright palladium electrodes
(ii) palladized palladium electrodes obtained by electrolysing a palladizing solution??
on a palladium base, at room temperature and at a cd of 0-030 A/cm? (jii) palladized
platinum electrodes prepared similarly as in (ii) but on a platinum base. Wire or sheet
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electrodes were used indifferently, with an apparent area between 1 and 3cm? A
platinum sheet properly separated in an anodic section was used as counter-electrode.

Purified and carefully desiccated Mallinckrodt potassium bisulphate was used as
electrolyte, saturated either with nitrogen or hydrogen by bubbling the gas through it.
Thus, a controlled atmosphere was maintained inside the cell, and at the same time
the electrolyte was continuously stirred. The experiments covered the temperature
range from 240 to 330°C.

Before recording any experimental data, the working electrodes were used as
cathodes until a reproducible and stable rest potential was achieved. Steady current/
voltage curves were determined either galvanostatically or potentiostatically, covering
a range of apparent current density from 10 uA to 100 mA/cm?, the current being
changed upwards and downwards.

These curves were properly corrected for the pseudo-ohmic drop, the latter being
determined by non-steady measurements, comprising the evolution of the overvoltage
either when the current was switched on at constant cd or at current interruption.

RESULTS

When potassium bisulphate is electrolysed on palladium cathodes hydrogen is
evolved, with a current efficiency close to 1009, particularly at cds lower than 10 mA/
cm?, as is the case for platinum and gold electrodes. At larger cds minor amounts
of sulphur formation were observed.

The experimental results depend principally on the type of electrode used and on
temperature.

Palladized-palladium electrodes

A set of current/voltage curves obtained either galvanostatically or potentiostati-
cally at low temperature is shown in Fig. 1 in a semilogarithmic plot. The overvoltage
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FiG. 1. Tafel plots for palladized-palladium electrodes, 254°C,
Results from different runs; O, potentiostatic run.
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n is defined as the difference between the electrode potential E when a current I flows
through the cell, and the rest potential of the working electrode E,, both measured
against the hydrogen reference electrode, and considering the pseudo-ohmic drop
correction. The current density i is referred to the apparent electrode area.

The experimental data at low temperature can be well approximated by two straight
lines. The first covers an overvoltage range from about 0-04 to 0-20 V, and has a slope
near to 2-:3(RT/2F). The second line extends up from about 0-25 to 0-50 V, and its
slope is about 2-5 times that of the former. At the highest cds the overvoltage increases
rather more rapidly. This effect, already observed on platinum and gold electrodes, may
be largely related to the higher rate of bubble formation and the decrease of the actual
reaction surface.

As temperature increases, there is an appreciable overvoltage decrease, as shown in
Figs. 2 and 3. At 272°C the two slopes still exist. At 323°C, the overvoltage is much
lower and a Tafel slope close to 2:3(RT/F) is exhibited, at high overvoltages.
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" FiG. 2. Tafel plots for palladized-palladium electrodes, 272°C.
Results from different runs.
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Results from different runs.
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 Data obtained from the Tafel plots are assembled in Table 1. (bz); and (bp), are
the Tafel slopes (7/9(log i)); (An), and (An), are the overvoltage ranges of the Tafel
lines and log (ip), ahd log (i), are obtained by extrapolating the Tafel lines to n = 0.
The #,'s are the apparent exchange cds.

TaBLE 1, KINETIC DATA FROM TAFEL PLOTS. PALLADIZED-PALLADIUM CATHODES

Temp {(brh (Anx (Br)ut (Anu log (ip x 10%  log (is X 10%u 2:3RTIF
°C mvy mV my my (# in Ajcm?) (i, in Afcm?) mV
254(P) M0 4+£5 40200 186 4.5 200-500 0-65 2-55 104-6
254(G) 75 40-200 186 200-500 0-95 2-60 104-6
255(G) 58 +2 40-100 1704+ 5 160400 1-35 277 104-8
255(P) 58 40-90 178 120-400 1:80 300 104-8
272(G) S56+4 3050 25245 120-350 2-45 3-80 1082
272(G) 60 30-90 250 120-350 2-60 378 1082
323 5145 20-80 1005 80-160 2-58 335 118-3
123(Q3) — — 113 80-230 —- 322 1183
P, potentiostatic run.

G, galvanostatic run.

From the initial portion of the current/voltage curve, the stoichiometric number
can be estimated as usual. Its value, in spite of a large error, is about 1, as for the

same electrochemical process on gold electrodes.®

Decay curves cover from 10-% up to 105, as shown in Fig. 4 by plotting the over-
voltage against log (time). At times comprised between 10~5 and 10~%s, there is a
region where the departure of the potential from the initial value is rather small. At
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FiG, 4, Semilogarithmic plot of decay curves, 323°C. Palladized-palladium electrodes.
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times over 101 s a linear portion is observed, particularly at the highest cds, covering
about 0-1 V on the potential scale. The slope of this straight line b, = |8n/o(log t)|
depends on the initial potential and approaches a value close to 2:3(RT/2F).

From intersection of the decay slope and the horizontal line corresponding to the
initial potential at current interruption, a log t’ value was evaluated, related to the
apparent electrode capacitance C by the expression C = 2:3 i X t'[bq, Where b, is the

decay slope. Values of ¢’, b; and C, for palladized-palladium electrodes, are shown
in Table 2.

TABLE 2. DATA FROM DECAY CURVES. PALLADIZED-PALLADIUM
CATHODES, 323°C

i ba t c 2-3RT|F

mA/cm? mV s Flem? mV
14-8 45 1+ 4 0-126 0095 £ 0-02 1183
370 53 0-063 0-10 1183
555 59 0-050 011 1183
740 68 0-045 011 118-3

The experiments with palladized-palladium electrodes do not yield a clear depend-
ence of the apparent electrode capacitance on overvoltage, as deduced from Table 2.
However, its large value indicates an appreciable roughness of this type of electrode.

Palladized-platinum electrodes

Palladized-platinum electrodes were examined to avoid any interference in the
kinetic measurements due to hydrogen dissolution in the base metal, as probably
occurred with the palladized-palladium electrodes.

The current/voltage curves obtained with palladized platinum electrodes resemble
very much those already described for palladized-palladium electrodes, as shown in
Fig. 5 for experiments performed at 270°C. At low overvoltages the best straight line
has a slope close to 2:3(RT/2F) whereas at high overvoltages a straight line with a
slope approaching 2-:3(RT/F) is observed.

At a higher temperature, there is an appreciable overvoltage decrease. In the best
case, only one straight line portion can be drawn, as shown in Fig. 6; the slope is
lower than 2-3(RT/F). Data obtained from current/voltage curves are assembled in
Table 3.

Overvoltage decay in a semilogarithmic plot is presented in Fig. 7, for experiments
at 272°C. At shorter times the change of potential is rather small. Thus, from 10~*to
1015, the overvoltage decays only about 0-01 V, for experiments at 0-046 A/cm?.
At higher cds a linear 7/log ¢ region exists, extending from about 1 s upwards, until
the overvoltage reaches about 0-030 V. The slope of the straight line approaches
2-3(RT|2F).

The decay of cathodic overvoltage at higher temperature is similar to that observed
at lower ones, Fig. 8. The straight line portion covers an overvoltage region from
about 0-2 to 0-05 V, depending on cd and the slopes of the best straight lines are close
to 2-3(RT/2F). Data deduced from decay curves is assembled in Table 4.

The electrode roughness is reflected in the large apparent electrode capacitance.
There is a clear decrease of the electrode capacitance with increasing overvoltage.
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FiG. 5. Tafel plots for palladized-platinum electrodes, 270°C. Results from
different runs. @, increasing cd; O, decreasing.
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FiG. 6. Tafel plots for palladized-platinum electrodes, 317-5°C.
Results from different runs. @, increasing cd; O, decreasing.

TABLE 3. KINETIC DATA FROM TAFEL PLOTS. PALLADIZED-PLATINUM CATHODES

Temp  (boh (Anh (b Amu  log (o X 109 log (o X 105 2-3RT/F
°C mV mV mV mV (i, in Af/cm?) (iy in Afcm?) mY
270(G) 4416 20-90 12245 90250 1-84 299 107-8
270(P) 5046 20-90 12245  90-250 2:00 319 107-8
272(G) 5244 30-80 110+ 5 90-150 2-:50 3-26 108-2
276(G) 64+ 5 30-80 105 5 90-150 2:69 321 109-0
317-5(P) 91 +6 40-200 — — 2-53 — 1172
317-5(P) 89+ 6 40-200 — — 2:63 —_ 1172
P, G, as Table 1.
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F1a. 7. Semilogarithmic plot of decay curves, 267°C, Palladized-platinum electrodes.
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TABLE 4, DATA FROM DECAY CURVES. PALLADIZED-PLATINUM CATHODES

i ba 2:3RT|F t C
mA/cm? mV mV s F/cm?
267°C
4-58 40 4+ 2 107-2 0-81 0-21 + 002
181 47 107-2 0-29 0-26
200 54 107-2 017 014
280 54 107-2 0-054 0-060
272°C
79 374+2 108-2 0-37 018 4 002
19-8 46 108-2 013 013
39-5 46 1082 0-030 0-060
51-4 46 108-2 0-013 0-03
324°C
6-45 48 + 2 1185 0-30 0093 4 0-005
139 48 118-5 0-089 0-059
29-0 48 1185 0-020 0-028
39:0 47 1185 0010 0-019

Bright palladium cathodes

When bright palladium cathodes were used, the electrolyte was saturated either
with hydrogen or with nitrogen. Figure 9 presents a Tafel plot under 1 atm pressure
at low temperature. Hydrogen saturation was required to achieve stable open-circuit
potentials particularly at low cds. In this region, although hydrogen saturation existed,
the current/voltage curve exhibited a larger overvoltage when it was retraced with
decreasing current.
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F1a. 9. Tafel plots for bright palladium electrodes, 267°C.
Results from different runs with hydrogen saturation.
@, increasing cd; O, decreasing.

When the melt was continuously saturated with nitrogen, the open-circuit potential
shifted towards more negative values and the shape of the current/voltage curve was
also appreciably modified, as is shown in Fig. 10, as reflected in the apparent exchange-
current-density values. Since nitrogen saturation shifts the electrode potential and



vl

34 A, J. Arvia, A, J, CALANDRA and H. A. VIDELA

08 T T T I

06— -
05 —
04— —]
03} . —

02 = o —

1 | 1 1
o ] z 3 4 5

log/x105 A/cm2

Fi1G. 10. Tafel plots for bright palladium electrodes, 243°C.
Results from different runs with nitrogen saturation.
@, increasing c¢d; O, decreasing.

there is a simultaneous formation of hydrogen at rates depending on cd, those experi-
ments are not easy to interpret. Indeed, a proper definition of the overvoltage at each
cd and nitrogen flow rate is not possible.

The experimental data, in the overvoltage range from about 0-04 to 0-11 V, fit
Tafel lines of slopes between 2-3(RT/2F) and 2-3(RT/F). At higher overvoltages a
second Tafel line can be drawn the slope of which is lower than 2-3(2RTJF).

At higher temperatures, as shown in Fig. 11, the Tafel plot is linear from 0-03 to
0-11 V with a slope of about 2:3(RT[2F). No appreciable hysteresis effect is observed.
The kinetic parameters deduced from the Tafel plots are assembled in Table 5.

Typical decay curves, at low temperatures are presented in Fig. 12 in a semi-
logarithmic plot. Data fit a straight line from 10~ to 1 s or thereabouts; the slope
again approaches a value close to 2-:3(RT/2F) at higher current. At times larger than
1's, deviation from linearity is observed, particularly for experiments at high cds.

At higher temperatures the decay curves differ appreciably from those described
before, as shown in Fig. 13. The semilogarithmic plot indicates an interval between
10-% up to about 10~2 s where the overvoltage decay is rather small. Beyond 102sa
second region is observed where the data fit a straight line, which at the highest cds has
a slope close to 2-:3(RT/2F), as already observed for the other electrodes at different
temperatures.

When the electrode potential approaches the open-circuit value, deviation from
linearity is again observed, which is actually expected, according to the theory of
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Fic. 11. Tafel plots for bright palladium electrodes, 322°C.
Resuits from different runs; O, potentiostatic run.

TABLE 5. KINETIC DATA FROM TAFEL PLOTS, BRIGHT PALLADIUM CATHODES

Temp (bt Anh (bp)ut (Au  log (i, x 10%) log (i, x 109 2:3RT|F

°C mvV - mV mVY mV (i, in A/cm?) ({ in Ajcm?) mV
242(P,N,) 84-+4  50-170 160+ 5 160-500 023 1-03 102-2
243(P,N,) 113 +-4  100-300 184 + 6  320-700 0-00 1-10 102-4
243(P) 100 + 2 40-140 174 140-550 0-07 0-68 102-4
244(P) 11045 80-180 165 200-600 0-01 0-60 102-6
265(P) 80 110 40-160 146 4 10 120-400 117 2:13 106-8
267(P) 50 +4 40-120 142 4+ 6  120-360 1-45 2-33 107-2
273(P) 68 +5 40-120 189 4 10 150-300 — — 108-4
322(G) 68 +3 30-110 — — 2-68 — 1181
322(pP) 67 +3 30-110 — — 275 — 1181

P, G, as Table 1.

electrode potential decay, after the current is switched off. Results obtained from
decay curves with bright palladium electrodes are shown in Table 6.

Build-up curves

Build-up curves at constant current were measured in the us range at different cds,
and from the initial slope the electrode capacitance at rest potential was evaluated
as usual. The palladized-platinum electrodes exhibited an electrode capacitance of
the order of 1000 to 1500 uF/cm? over the whole temperature range.

Results obtained for bright palladium electrodes are assembled in Table 7. The
experimental electrode capacitances at the rest potential at 330°C are larger than at
276°C.

The rest potential

The various kinds of palladium electrodes used exhibit a sufficiently stable and
reproducible open-circuit potential measured against the reference electrode. Typical
rest potentials are assembled in Table 8. At temperatures lower than 292 4+ 4°C, the
palladium electrodes are more negative than the reference electrode, while at larger
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TABLE 6. DECAY FROM DECAY CURVES. BRIGHT PALLADIUM CATHODES

i ba t’ C 2:3RT/F
mA/cm? myV s uFfem®* m,
267°C .
192 3143 2-2 X 10-8 31 109-0
48-0 44 1-5 x 10~ 38 109-0
72:0 42 1-7 x 10-° 67 109-0
96-0 41 23 x 10-° 124 109-0
324°C
143 2243 14-5 x 10 21,700 119-7
357 42 794 x 10-2 15,500 1197
64-3 47 324 x 10 10,020 1197
857 46 2-88 x 102 12,300 119-7

TABLE 7. DATA FROM BUILD-UP CURVES, BRIGHT PALLADIUM CATHODES

i (@tf3m)—0 c
mA/cm? sfV pF/cm?
276°C
20 30 x 10 60 £+ 2
51 : 1-33 x 104 68
75 091 x 10~ 68
330°C
20 189 x 10-¢ 36 + 7
40 96 x 10 33
80 34 x 10 28

TABLE 8. REST POTENTIALS OF PALLADIUM CATHODES
(AGAINST HYDROGEN REFERENCE ELECTRODE).

Temp Er
°C mV
Palladized-palladium
255 —1296
255 —110-0
264 —68-0
272 —65:0
323 80-0
Bright paliadium
267 —775
267 —=77'5
322 1164
324 1220

temperatures they become positive. Therefore at 292 4- 4°C the palladium-hydrogen
electrode behaves as the platinum-hydrogen electrode in molten potassium bisulphate.
The potential displayed by the palladium-hydrogen system with respect to the
reference electrode shows no definite response to the type of palladium surface used.

. DISCUSSION

The hydrogen-evolution reaction on the different palladium electrodes at lower
temperatures is in principle characterized by at least three distinct regions in the steady
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nflog i plot, similar to the behaviour of the a-Pd-hydrogen electrode in acid aqueous
solutions at room temperature.? Initially there are two Tafel regions, the first having
a slope of about 2-3(RT/2F) and the second a slope between 2:3(RT/F)and 2-3(2RT/F).

At higher temperatures the lower Tafel slope apparently predominates, although
the overvoltage diminishes appreciably, so that the high-slope region may occur at
overvoltages higher than those investigated.

In a general fashion these kinetic parameters resemble those already obtained for
gold electrodes® in bisulphate melts. As already discussed in that case, when adsorp-
tion of intermediates occurs during the electrode process, the elucidation of its
kinetics based only on the kinetic data deduced from steady Tafel plots is not feasible.
Thus, simple kinetic analysis of the electrode processes shows that the slopes 2:3
(RT[2F)and 2-3(2RT/F) could represent definite mechanisms. The former corresponds
to an electrochemical mechanism of consecutive step where the combination of atoms
is rate control, whereas the latter is related either to the initial hydrogen-ion discharge
reaction or to the ion-plus-atom reactions as rate-determining steps, assuming the
same type of mechanism under extreme adsorption isotherm conditions.?® Taking
into account the Tafel slopes, the stable rest potential achieved after a rather long
time from current interruption, the fact that at a certain temperature the electrode
shows the same potential as the platinum-hydrogen electrode in the acid melt, the
estimated stoichiometric number, and the previous results on the kinetics of the
hydrogen-electrode reaction on platinum and gold in bisulphate melts, a mechanism
based exclusively on the discharge step as rate-determining must in principle be
discarded.

The non-steady measurements are all characterized by at least a linear region of
the n/log ¢ plot, which approaches, at the highest cds, 2-3(RT/2F). The lower the cd
(lower initial overvoltage), the lower the decay slope.

Two distinct cases must be distinguished. First, the experiments with palladized
electrodes, at low and high temperatures, present a relatively large ¢’ value and
consequently a large apparent electrode capacitance, which may involve a significant
contribution due to the electrode roughness, as occurred with platinized-platinum
and gilded-gold electrodes. However, assuming a constant roughness at a fixed
temperature, the decrease of the apparent electrode capacitance with overvoltage may
be explained, in principle, on the basis of an intermediate degree of coverage by hydro-
gen adatoms between 0-5 and 1-0, approaching the latter at high overvoltages, as
deduced from the theory of electrode pseudo-capacitance.2® In this case the decay
slopes should be lower than 2:3(RT/2F), tending to the latter at higher overvoltages.

A second case is observed in the bright palladium electrodes. Although the decay
slopes also approach 2:3(RT/2F), the overvoltage decay reaches the linear #/log ¢
region at very short times, yielding in consequence a low ¢’ value and an apparent
electrode capacitance of a reasonable order of magnitude assuming a rather simple
double layer structure. The experimental electrode differential capacitance shows in
this case a steady increase with overvoltage but it is difficult to draw a definite conclu-
sion from this dependence because of the probable interference of the permeation
process of hydrogen in palladium, which adds a further complication to the structure
of the reaction zone.

At higher temperatures, a remarkably longer time is required for reaching the
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linear #/log ¢ region. Thus ¢’ is larger, and the apparent electrode differential capaci-
tance increases by a factor between 10% to 10° as compared to the lower temperature
experiments at the same cd, and it decreases as overvoltage increases, at least in a
certain overvoltage region.

The fact that the slope 2-:3(RT/2F) is always approached in the #/log ¢ plot suggests
that at least in most of the overvoltage region investigated, the decay process can be
interpreted in terms of a reaction mechanism comprising the combination of hydrogen
adatoms on the palladium surface as the rate-determining step, assuming that the
intermediates obey either a Langmuir adsorption isotherm with negligible degree of
surface coverage, which is unlikely, or a Temkin-type adsorption isotherm with an
intermediate degree of surface coverage and non-activated adsorption of the adatoms
in the electrode process.2® It must be admitted that on the basis of the physico-chemical
properties of the Pd—H systems, a degree of coverage of the metal by hydrogen atoms
approaching zero is most improbable.

If the electrode surface becomes completely covered by hydrogen atoms at a
certain overvoltage, it is reasonable to expect that the reaction kinetics will be control-
led by the ion-plus-atom discharge reaction,

(*H)PA(H) + (H)gmso, + ¢ — H, -+ (rH)Pd. )

This reaction at high degree of coverages yields a Tafel slope of 2RT/F. This beha-
viour has been observed in palladium electrodes in aqueous solutions.*

To explain the peculiar behaviour of the decay process in the whole range, let us
assume then that the principal reaction is

(xH)Pd(H) + (xH)Pd(H) — H, + 2(xH)Pd, @

where (xH)Pd(H) is a hydrogen atom bound to the palladium-hydrogen electrode
surface with the Pd/H atomic ratio is 1/x. Let the rate of reaction (2) be indicated
by v,, so the kinetic equation related to hydrogen formation is

v, = k0%, (3)

k. being the specific rate constant and 6 the degree of surface coverage, which is
potential dependent.

After current interruption, the electrode overvoltage can keep a steady value if
no change of the surface concentration of hydrogen adatoms occurs. One manner in
which this can be achieved is by the transfer of hydrogen atoms from the bulk of the
metal towards the electrode interface. This process is very likely to occur in the case
of palladium where hydrogen permeation takes place easily. Therefore, the decay
process at the electrode interface can be represented by the following simple model.
At current interruption, two simultaneous processes occur, hydrogen-adatom con-
sumption through reaction (2) and hydrogen diffusion from the bulk of the electrode
to the reaction interface. Let us call the rate of the latter v,.

The occurrence of both processes implies the discharge of the condenser formed
at the interface, involving the capacitance of the electrical double layer. Therefore
if the rate of discharge is given by vy,

Uy — Vg = — V4. Q)]
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According to the present results, if the electrode process gives an exchange cd i,
and a Tafel slope 2-3(RT/2F), then at high overpotentials (4 > RT/2F)

2F
iy = zFv, = iy exp [R_;] &)

The rate of hydrogen diffusion through palladium can also be expressed in terms of
acd. ltis reasonable to assume simple linear diffusion towards the reaction interface,
particularly for the planar electrodes. Thus

, zFD}2C,
g = Zde = 11_1/2;1/2‘ L (6)
where Dj is the diffusion coefficient of hydrogen through the metal, C; the maximum
concentration reached in the bulk of the metal and ¢ the time elapsed since the inter-
ruption of the electrolysis current.

Since the rate of discharge of the electrical double layer v, = C;,dn/dt, (4), with
(5) and (6), gives
Iy €Xp I:'ﬁ-] - /2172 = - dl?t . ™

Two limiting cases are distinguished in (7), namely, (i) v4 > v,, and (ii) v4 <v,.

If v, > v4, (7) becomes the equation already known for the discharge of the elec-
trode capacitance by a faradaic process. Its integration, in the present circumstances,
assuming that within the overvoltage range the electrode capacitance is constant,
yields a linear #/log ¢ relationship involving a slope RT[2F, corresponding to the
steady n/log i plot.

When v3 > v,, (7) becomes

FD}IZCi dﬂ
Az - Calgy ®)

Assuming that Cy, is also constant within the region of overvoltage change, integration
of (8) yields
2FD}2C 12
W = —n 4 const. )]
The integration constant becomes the overpotential at current interruption, if time ¢
is the time elapsed since then.

When the rate of hydrogen diffusion is large as compared to the rate of the electro-
chemical reaction, (9) predicts a linear relationship between overvoltage and square
root of time. This is actually satisfied by the experimental results obtained from decay
curves at shorter times, as shown in Figs. 14 and 15 for differently prepared electrodes.

From the slopes of the 5/t plots it is possible now to estimate roughly the maxi- -
mum concentration of hydrogen atoms into the palladium, at least for bright palladium
electrodes, where any roughness effect may be neglected. The diffusion coefficient of
hydrogen through «-Pd-H is taken from the literature;* from 200 to 700°C, it is
D; = 4-3 X 10~%exp (—5620/RT)cm?fs. The actual electrode capacitance can be
taken as 10~ F/cm?, taking into account the contribution of a pseudo-capacitance due
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to reaction intermediates. Data deduced from (9) for C; are given in Table 9. The
concentration of hydrogen achieved in the palladium electrodes under the present
circumstances is small as should be expected for the existence of a «-Pd-H phase
under a 1 atm of hydrogen gas.3 The amount of dissolved hydrogen is as small as in
platinum electrodes at lower temperatures, although its diffusion coefficient in the
latter is very much smaller.3®

TABLE 9. MAXIMUM CONCENTRATION OF ATOMIC HYDROGEN IN
BRIGHT PALLADIUM CATHODES AT 330°C

I AnjApr/e G
mA Vst g-atomfcm®
20 0-062 092 x 10-*
50 0-110 163 x 10—
90 0-160 2:37 x 104

The fact that this effect is particularly noticeable on bright palladium at high
temperature may be related to the form of kinetic law for the rate of hydrogen
permeation. It was found that while the reaction order with respect to hydrogen gas
pressure is about 1-2 to 1-3 at a temperature higher than 300°C, at 250°C it is about 0-7.
It has also been observed that the process is strongly sensitive to the purity of the
palladium.34

Therefore, results from the decay process yield a clear support to the combination
of adatoms as rate-determining step. This type of control seems to predominate in
the intermediate overvoltage region of the steady current/voltage curves. The larger
value of the electrode capacitance observed at high temperatures may also be related
to the existence of a charge-distribution region extending into the metallic phase,
assuming that absorbed hydrogen is dissociated into protons and electrons.3

Let us now consider the residual potentials obtained a long time after current
interruption following the procedure described for a Pd-H electrode at room tem-
perature.® The discussion of the hydrogen-electrode process on palladium and its
analogy with the process on platinum, at least in molten bisulphate, indicates that
partial electrode processes occurring in the residual cell involving the palladium
electrode and the reversible hydrogen electrode on platinum can be written

(H"ggso, + (*H)Pd + e = [(x + DH]Pd 10
and

(H)Pt + $H, = (yH)Pt + (H")ggso, + © (1)

where x and y are the respective atomic ratios of H to metal in the palladium and
platinum electrodes. There is good reason to believe that in aqueous media a reaction
such as (10) takes place at the surface of the palladium-hydrogen alloy,3? and reaction
(11) also is reasonable on a hydrogen-saturated platinum electrode.® The sum of the
two half reactions (10) and (11) yields the net reaction

iH, 4+ (xH)Pd = [(x 4 DH]Pd, (12)

and the free energy change, AG, may be written

AG = ppq + (x + Dugpa — $ptm, pe — Hra — Xpuras (13)
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where pigpa, ppa and pm,py are respectively the chemical potentials of hydrogen
atoms in the metal lattice, of palladium atoms and of hydrogen molecules on platinum
atoms. From (13),

AG = pupa — tpu,pr- (14)

pu'pa and pg p, are obtained only under equilibrium conditions. Then, the
metal/hydrogen ratio should correspond to an equilibrium pressure. The
following relationship must be satisfied,

HKrpa = %HH,,g, 15

pug and pg g are respectively the chemical potentials of hydrogen atoms in the
hydrogen gas in equilibrium with the metal/hydrogen alloy and the chemical potential
of hydrogen gas at the equilibrium pressure, p.. Then, since

Hapa = Hag =™ %#H,,ga (16)
using (14), (15) and (16) we have

P RT
Papd = 'MHE’Pd + -5 Inp.n,ra an
and
pu,pe = fm,pe + RT 0P, pr- (18)
From (14), (17) and (18)
AG ~ BT 1 PeBara 19)
Pe,Hz,Pt-.
and the residual emf E; is
RT . pen,pt
E, ~ — In—=2—, 20
2F  Ppewn,pa (20)

Thus, at 292 - 4°C, near the critical point in the palladium/hydrogen system, the
residual emf is zero and the equilibrium pressure of hydrogen atoms is equal on both
palladium and platinum. A straightforward evaluation of the temperature dependence
of the residual emf E,, such as that performed for the Pd-H electrode at room tem-
perature by various authors,338 is not feasible, as the temperature-dependence
equations for the p, for both metals are not available.

However, the fact that the palladium-hydrogen electrode displays a more positive
potential at higher temperatures than the platinum-hydrogen electrode is a good
indication of a more rapid decrease in hydrogen-atom concentration at the interphase
as compared to platinum. This same effect is well known in the palladium-hydrogen
system in aqueous solutions.3-3?

The temperature effect on the kinetics of the reaction is in the present case difficult
to disentangle because not only the reaction rate changes but also the amount of
hydrogen dissolved and the system itself changes with temperature. Taking into
account that the a-phase of the palladium-hydrogen alloy is formed, no appreciable
change of the electrode surface due to distention in the lattice parameter of pure
palladium should occur. The lattice parameter of pure palladium is 3-883 A, while
that of the a-phase is 3836 A.
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The conclusion reached from the present study is that the electrochemical forma-
tion of hydrogen on palladium electrodes previously treated as cathodes in the same
melt occurs similarly to the reaction on active platinum electrodes, particularly at low
overvoltage. A reproducible palladium-hydrogen electrode in molten bisulphate is
also accomplished, as a consequence of the type of kinetics obeyed by the process.
The «-palladium-hydrogen electrode formed in this case actually has a composition
corresponding to that of the «-phase region, different from the a-palladium electrode
at room temperature, which has a composition in the two-phase region. Here the
potential is essentially independent of the H/Pd ratio. As already established by
means of potential/composition data, at room temperature the electrode potential is
dependent upon the composition of the electrode in the pure a-phase.3%-4-4% This
conclusion applies also to the palladium-hydrogen electrode in the molten bisulphates.
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