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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 Qulmica y Farmacia, 

and Universidad National de La Plata, La Plata, Argentina 

Abstract-The kinetics of the electrochemical formation of hydrogen on differently prepared p&a- 
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 23(RT/2F) 
and 2*3(2RTIF) 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 a-Pd-H system 
predominates, the ratsdetermining 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. 

Rkm&-Qn a &udi6 la cinetiquedelaformation electrochimique de l’hydrog&ne sur des electrodes de 
palladium preparees de diverses manieres pendant l’&ctrolyse du sulfate acide de potassium a des 
temperatures entre 240 et 330°C. L.es courbes de polarisation suivent deux lignes limites de Tafel 
avec des pentes de 2,3(RT/2Fj et 2,3(2RTIF) respectivement. 

La representation surtension/log(temp) montrent une region limite avec une pente de 2,3(RT/2FJ. 
A des temperatures elev6es on a observe l’mterf&ence de la permeabilite de l’hydro&ne dans le m&al 
au cours du proCessus de decroissance du potentiel, particulierement apparente quand des electrodes 
de palladium poli furent employ6es. 

La cinetique du processus &ctrochimique a 6th interpret& en supposant que le systime a-Pd-H 
predomine et la reaction regulatrice est la recombination des atomes d’hydrog&ne sur la surface de 
Nlectrode au mains pour de basses surtensions. A des surtensions Blev&zs la reaction de l’ion plus 
I’atome permet d’expliquer les r&mltats experimentaux. 

Z--Die Kinetik der Wasserstoffabscheidung an verschiedenartig prgparierten 
Palladiumelektroden bei der Elektrolyse von geschmolzenem Kaliumbisulfat wurde bei Temperaturen 
zwischen 240 und 330°C untersucht. Die Strom/Spanmmgskurven stimmen mit zwei Grenx-Tafeld 
geraden der Steigung 2,3(RT/2F) bnv. 2,3(2RT/F) iiberein. 

Semilogarithmische Darstelhmgen des z&lichen Potentialverlaufs weisen ein Grenxgebiet mit 
einer Steigung von 2,3(RT/2F) auf. Bei hohen Temperaturen kann Interferenz beobachtet werden, 
welche durch das Eindringen von Wasserstoff in das Metal1 w&rend der Potentialabnahme verursacht 
wird. Dieser Effekt ist besonders au.sgeprQt wenn man gl&nzende Palladiumelektroden vewendet. 
Die Kinetik des elektrochemischen Vorganges wird in der Weise gedeutet, dass bei vorherrschendem 
a-P&H System die Rekombination der Waaserstoff$ome an der OberlXche zumindest bei kleinen 
obersparmungen den geschwindigkeitsbestimmenden Schritt darstellt. Bei h6heren oberspanmmgen 
haben die Reaktionen der Ionen und der Atome einen EixBuss auf die experimentellen Ergebnisse. 

INTRODUCTION 

AFTER studying the electrochemical formation of hydrogen during the electrolysis of 
molten bisulphates on platinun?** 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 hydrogen. 

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 workerssQ and the literature about this was reviewed some years ago.lO 

Hydrogen dissolves in palladium according to the p* law at high temperatures and 
low pressures .11-13 Deviations from this law occur both for hydrogen and deuterium 
lower than 6OO”C, or pressures higher than 1 atm. 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 a-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 /I-Pd-H system, in which the palladium d-bands are completely filled 
with electrons from hydrogen atoms (H/Pd M O-6), and the interval of inmiscibility 
or (a + @) region. At the critical temperature the a and p systems, which are both 
fee and differ only in the magnitudes of their lattice constants, coalesce.14*ls 

The literature about the electrochemical behaviour of the Pd-H systems in aqueous 
solutions has been reviewed recently,l* particularly in connexion with the phase 
transition and adsorption phenomena. At room temperature the thermodynamic and 
kinetic studies refer preferentially to the /I-Pd-H system.1g-22 The a-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.2s 

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,ss 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 system14*as 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 a-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.l*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 solution27 
on a palladium base, at room temperature and at a cd of 0.030 A/cm2 (iii) palladired 
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 3 cma. 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/cm2, 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 100 % 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- 
tally 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; 0, potentiostatic run. 
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11 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 t5rst covers an overvoltage range from about 044 to O-20 V, and has a slope 
near to 2*3(RT/2F). The second line extends up from about O-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 over-voltages. 
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FIG. 2. Tafei plots for palla&-palladium electrodes, 272°C. 
Results from diierent runs. 
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FIG. 3. Tafel plots for palladized-palladimn electrodes, 323°C. 
Results from different runs. 
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Data obtained from the Tafel plots are assembled in Table 1. (bT)l and (b~.)tt are 
the Tafel slopes (a~/~(log i)); (A~7), and (A~7), are the overvoltage ranges of the Tafel 
lines and log (/o)t afad log (/o)it are obtained by extrapolating the Tafel lines to ~/---- 0. 
The io'S are the apparent exchange cds. 

TAbLe 1. I ~ c  DATA FROM TAFEL PLOTS. PALLAI)TZED-PALLADIUM CATHODES 

Temp (b~)x (A~)i (br)~t (A~)ii log Ore x 10e)t log (i, x l(P)tt 2"3RT/F 
°C mV mV mV mV (io in A/era =) (io in A/cm =) mV 

254(P) 70 -4- 5 40-200 186 4- 5 200-500 0"65 2"55 104.6 
254((3) 75 40-200 186 200--500 0"95 2.60 104"6 
255(G) 58 -4- 2 40-100 170 -4- 5 160--400 1"35 2"77 104"8 
255(P) 58 40-90 178 120--400 1"80 3.00 104"8 
272(G) 56 -4- 4 30-90 252 -4- 5 120-350 2"45 3"80 108"2 
272((3) 60 30-90 250 120-350 2-60 3.78 108.2 
323(P) 51 4- 5 20-80 I00 -4- 5 80-160 2"58 3"35 118-3 
323 ((3) - -  - -  113 80-230 - -  3"22 118"3 

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. 3 

Decay curves cover from 10 --~ up to 10 s, as shown in Fig. 4 by plotting the over- 
voltage against log (time). At times comprised between 10 -5 and 10 -2 s, there is a 
region where the departure of  the potential from the initial value is rather Small. At 
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times over 10-l 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 bd = laq/a(log t)l 
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’/bd, where bd is the 
decay slope. Values of t’, bd and C, for palladized-palladium electrodes, are shown 
in Table 2. 

TABLE 2. DATA FROM DECAY CURVES. PALLADIZED+ALL&JM 
CATHODES, 323°C 

i 
mA/cm’ 

bd 
mV 

t’ c 2.3RT/F 
S F/Cd mV 

14.8 45 f 4 0.126 oa95 & 0.02 118-3 
37.0 53 O-063 0.10 118.3 
55.5 59 o-050 O-11 118.3 
74.0 68 0.045 0.11 lf8.3 

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/R). 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 lo4 to 
10-l s, the overvoltage decays only about O-01 V, for experiments at O+M6 A/cm2. 
At higher cds a linear q/log t region exists, extending from about 1 s upwards, until 
the overvoltage reaches about O-03OV. 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. 0, increasing cd; 0, decreasing. 
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FIG. 6. Tafel plots for palladized-platinum electrodes, 317*5”C. 
Results from different runs. 0, increasing cd; 0, decreasing. 

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

Temp 
“C (bh mV mV mV 

(Wi (b&i (Ah 
mV 

log (io x lOE)i log (iO x 10”)~ 2*3RT/F 
(& in A/cm3 (i, in A/cm%) mV 

270(G) 44f6 20-90 122 f 5 90-250 l-84 2.99 107.8 
270(P) 50 i 6 20-90 122 f 5 90-250 2.00 3.19 107.8 
272(G) 52 f 4 30-80 110 f 5 9w150 2.50 3.26 108.2 
276(G) 64*5 30-80 105 f 5 90-I 50 2.69 3.21 109.0 
317.5(P) 91 f 6 40-200 - - 2.53 - 117.2 
317.5(P) 89 z!z 6 40-200 - - 2.63 - 117.2 

P, G, as Table 1. 
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TABLE 4. DATA PROM DECAY CUR-. PALLADIZZD-PLA-ITNUM CATHODES 

mAicma 
bd 2*3RTIF t’ C 

mV mV S F/cm’ 

267°C 
4.58 

18.1 
20.0 
28.0 

272°C 
7.9 

19.8 
39.5 
51.4 

324°C 
645 

13.9 
29.0 
39.0 

40*2 107.2 0.81 0.21 f 0.02 
47 107.2 0.29 0.26 
54 107.2 Cl7 0.14 
54 107.2 0.054 0*060 

37 f 2 

z 
46 

48 f 2 
48 

:; 

108.2 O-37 0.18 f 0.02 
108.2 0.13 0.13 
108.2 0.030 0.060 
108.2 0.013 0.03 

118.5 0.30 0.093 f oGO5 
118.5 0.089 0.059 
118.5 0.020 0.028 
118.5 O*OlO 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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FIO. 9. Tafel plots for bright palladium electrodes, 267°C. 
Results from different runs with hydrogen saturation. 

0, increasing cd; 0, 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 



34 A. J. ARVL~, A. J. CALANDRA and H. A. VIDELA 

0:s I I I I I 

1 

07- 

o?? - 

@5- 

> 
0.4 - 

F= 

032 

Oi- 

0.1 - 

0 

0 

0 

0 

0 

0 

0 
. 

0 

I I 1 I I I 
0 2 3 4 5 6 

log ix 106, A/Cm2 

FIG. 10. Tafel plots for bright palladium electrodes, 243°C. 
Results from different runs with nitrogen saturation. 

0, increasing cd; 0, 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(&“/F). At higher overvoltages a 
second Tafel line can be drawn the slope of which is lower than 2*3(2RT/F). 

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 10m4 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 
lO-‘j up to about 1O-2 s where the overvoltage decay is rather small. Beyond 1O-2 s a 
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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FIG. 11. Tafel plots for bright palladium electrodes, 322°C. 
Results from different runs; 0, potentiostatic run. 

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

Temp (Mi 
“C mV 

242(P, Na) 84 & 4 50-l 70 
243(P, Na) 113 f 4 100-300 
243(P) loo&2 4O-l40 
244(P) 110 f 5 80-180 
265(P) 80 f 10 40-160 
267(P) 50 f 4 40-120 
273(P) 68 f 5 40-120 
322(G) 68 f 3 30-110 
322(P) 67 f 3 30-110 

(Wii (Wii log (i. X 103 log (iO x 10% 2.3RTIF 
mV mV (i,, in A/cma) (i in A/cm3 mV 

16Ok5 MO-500 
184rt6 320-700 
174 140-550 
165 2oO-600 
146 f 10 120-400 
142 f 6 120-360 
189 f 10 150-300 

023 1.03 
0.00 1.10 
0.07 0.68 
0.01 060 
1.17 2.13 
1.45 2.33 
- 

2.68 
2.75 

- 

102.2 
102.4 
102.4 
102.6 
106.8 
107.2 
108.4 
118.1 
118.1 - 

- 
- 

- 
- 

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 pF/cm2 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°C the 
palladium electrodes are more negative than the reference electrode, while at larger 
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i ba 
mA/cm* mV 

t’ c 23RT/F 
S pF/em’ m, 

267°C 
19.2 
48.0 
72.0 
96.0 

324°C 
14.3 
35.7 
64.3 
85.7 

31 f 3 2.2 x IO-6 

z 
1.5 x 10-b 
1.7 x 10-S 

41 23 x 10-b 

22 f 3 14.5 x IO-’ 

:; 
7.94 x 10-a 
324 x IO-’ 

46 2.88 x lo-’ 

31 
38 

1; 

21,700 
15,500 
10,020 
12,300 

1wo 
109-O 
109-O 
109-O 

119.7 
119.7 
1197 
1197 

TABLE 7. DATA PROM BUILD-UP cows. BRIGHT PALLADIUM CATHODES 

i c 
mA/cm* pF/cm* 

276°C 
20 3.0 x lo-’ 6.0 & 2 
51 . 1.33 x lo-’ 68 
75 0.91 x lo-’ 6.8 

330°C 
20 18.9 x 1O-6 36 f 7 
40 9.6 x lo-’ 33 
80 3.4 x 10-a 28 

TABLE 8. Rssr POTBNTIALS OF PALLADNM CATHODES 

(AGAINST ~y~~oom REPERENCE ELECCRODE). 

Temp 
“C 

Er 
mV 

Palladized-palladium 
255 - 129.6 
255 -llO*O 
264 -68.0 
272 -65.0 
323 80.0 

Bright palladium 
267 -77.5 
267 -77.5 
322 116.4 
324 122.0 

temperatures they become positive. Therefore at 292 f 4°C the palladium-hydrogen 
electrode behaves as the platinum-hydrogen electrode in molten potassikm 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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v/log i plot, similar to the behaviour of the a-Pd-hydrogen electrode in acid aqueous 
solutions at room temperature. as 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 electrode9 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 q/log t 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 t’ 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.28 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 q/log t 
region at very short times, yielding in consequence a low t’ 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 q/log t region. Thus t’ is larger, and the apparent electrode differential capaci- 
tance increases by a factor between 102 to 109 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/ZF) is always approached in the q/log t 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. 28 It must be admitted that on the basis of the physico-chemical 
properties of the Pd-H systems, 29 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, 

(xH)Pd(H) + (H+),nsol + e - H2 + (xH)Pd. (1) 

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

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, + Z(xH)Pd, (2) 

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

v, = k,82, (3) 

k, being the specific rate constant and 0 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 vd. 

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 vdl, 

v, - Vd = _Vd,. (4) 
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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/2R), then at high overpotentials (q > RT/2F) 

2F71 i, = zFv, = &exp - . c 1 RT 

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

ia = zFvd = 
zFD:“C 
#plsL ’ (6) 

where D, is the diffusion coefficient of hydrogen through the metal, C, the maximum 
concentration reached in the bulk of the metal and t the time elapsed since the inter- 
ruption of the electrolysis current. 

Since the rate of discharge of the electrical double layer vai = C,,dq/dt, (4), with 
(5) and (6), gives 

2w 
ko=p ~~ 1 1 FD;12C i --= 

,l/z$llB 

Two limiting cases are distinguished in (7), namely, (i) vd > v,, and (ii) l)d < v,. 
If v, > z)d, (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 q/log t relationship involving a slope RT/2F, corresponding to the 
steady q/log i plot. 

When l)d > o,, (7) becomes 

(8) 

Assuming that Cd, is also constant within the region of overvoltage change, integration 
of (8) yields 

2FD1”C,t1f2 

&+2 
= -_17 + const. (9) 

The integration constant becomes the overpotential at current interruption, if time t 
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 q/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 a-Pd-H is taken from the literature;” from 200 to 7OO”C, it is 
Di = 4.3 x 1Ogexp (-5620/RT) cme/s. The actual electrode capacitance can be 
taken as 1W F/cm2, taking into account the contribution of a pseudo-capacitance due 
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to reaction intermediates. Data deduced from (9) for Ci 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 a-Pd-H phase 
under a 1 atm of hydrogen gas .sa 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.ss 

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

Z 
mA 

20 
50 
90 

ArjjAW= 
vp= 

0.062 
0.110 
0.160 

ci 
g-atom/cm8 

0.92 x lo-” 
1.63 x 1O-4 
2.37 x 1O-4 

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 l-2 to 1.3 at a temperature higher than 3OO”C, at 250°C it is about O-7. 
It has also been observed that the process is strongly sensitive to the purity of the 
palladium.= 

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.35 

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. s6 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 

and 
(H+)xnso, + (xH)Pd + e = Kx + OHlPd (10) 

OPt + 4H2 = (yH)Pt + (H+)xEso, + e, (11) 

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,37 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 

&H, + (xH)Pd = [(x + l)H]Pd, (12) 

and the free energy change, AG, may be written 

AG = ,+a + (X + lh,Pa - ~H,,R - ,+a - XpH,Pa, (13) 
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where Pn,r&, ,upd and ~u,,~ 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 = PJS,RI - &c~H,,w (14) 

P&I and Pn,,pt are obtained only under equilibrium conditions. Then, the 
metal/hydrogen ratio should correspond to an equilibrium pressure. The 
following relationship must be satisfied, 

PH,Pd = 4PEa,B, (15) 

rutx,cc and PH,~ 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, pe. Then, since 

pH,Pd = pH,g = bHs,~’ (16) 

using (14), (15) and (16) we have 

and 

~Hp,F’t = &,,~t + RTnPe,us,Pt. (18) 

From (14), (17) and (18) 

AG M CT ln PGW'd 
2 Pe,H,,Pt 

and the residual emf Er is 

RT pea pt E,w-ln&. 
2F Pe,H,,Pd 

(19)’ 

Thus, at 292 f 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,s6*ss is not feasible, as the temperature-dependence 
equations for the pe 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.36,3Q 

The temperature effect on the kinetics of the reaction is in the present case dil%cult 
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 3.886 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 a-palladium-hydrogen electrode formed in this case actually has a composition 
corresponding to that of the a-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.N*1Dm41 This 
conclusion applies also to the palladium-hydrogen electrode in the molten bisulphates. 
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