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Experimental investigations of the kinetics of hydrogen saturation and outgassing from palladium have been carried out 
in conditions of interaction with molecular and electrolytic hydrogen at near room temperature and the pressure range 
of 1—2 at. Using the gravimetric method, it was established that the rate of hydrogen saturation during electrolysis is 
more than two orders higher than in the molecular driven regime. With help of mass-spectrometric method it has been 
shown that in the course of hydrogen absorption by Pd cathode during electrolysis and subsequent heating process in 
high vacuum, the ultra-pure hydrogen (higher than 99.999 vol. %) is generated.

Based on the measured temperature dependence of hydrogen evolution, the activation energy of hydrogen outgassing 
from the Pd-cathode after one-hour exposure to electrolysis ion current ≈8 A was calculated to be E ≈ 23 kJ/mol or 
≈12 kJ/mol, in dependence on the temperature range (20—100 °C or 300—650 °C). The average value of activation 
energy for the whole temperature range of the performed measurements was estimated as ≈22.4 kJ/mol. Therefore, 
hydrogen outgassing from PdHx system could be multi-stage process with ever-changing activation energy on time. 
The physical-chemical mechanisms and the influence of β ↔ α transition in the PdHx system are further discussed and 
analyzed to explain such hydrogen behavior during the outgassing process. 
Keywords: hydrogen, palladium, electrolysis, activation energy, absorption, outgassing.

1. Introduction. The kinetics of hydrogen behavior on palladium has been thoroughly studied 
previously [1]. It has been established that hydrogen penetration from gas phase into metal lattice 
(absorption) occurs through several main stages: (i) dissociation of chemisorbed molecules, (ii) 
transition of hydrogen atoms through the gas-metal boundary into near surface bulk of metal, (iii) 
diffusion of hydrogen atoms (ions) into metal bulk. At the hydrogen release from metal lattice, all 
these stages occur in the reverse order. If the rate of process is limited by dissociation↔recombina
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tion processes, then saturation rate is proportional to hydrogen pressure P and the outgassing rate 
is proportional to hydrogen concentration as c2. When the second/third stages limit the process 
rate, absorption became proportional to P1/2, and outgassing rate proportional to concentration c. 
It should be noted that the rate of absorption-desorption processes strongly depends on the state 
of metal surface (mainly on the poison impurities presence, especially carbon and their concen-
tration), temperature, pressure, rates of surface reactions of dissociation↔recombination, sample 
dimensions, diffusion coefficient, state of hydrogen (molecules or atoms and ions), etc. In the Pd 
bulk the latter can drive changes from α to β phase (from solution to metal hydride state).

In previous works [2—4], the dynamics of hydrogen interaction with Pd-cathodes under 
electrolysis conditions were investigated in comparіson with hydrogen in the molecular state. In 
particular, it was shown that hydrogen saturation rate of Pd during electrolysis process essentially 
higher than that in molecular hydrogen driven regime. It was also noted that only a part of hydro-
gen (≈14 % in [2] and ≈40 % in [4]), produced during electrolysis, can be used for cathode satura-
tion and ultra-pure hydrogen production. The main quantity of produced electrolytic hydrogen 
(explosive gas, Brown’s gas) can be used in others technological processes, e.g., for fuel or explo-
sive production. It may provide low prime cost of produced ultra-pure hydrogen, which is widely 
used in chemical and electronic industries, gas chromatography, fuel cells, as well as in different 
researches, which carried out in many laboratories, etc.

This work has been performed with the aim to examine in greater detail the kinetics of pal-
ladium saturation with hydrogen molecular and electrolytic gas. Particular attention was paid to 
the possible influence of α↔β  transition in Pd [1, 5] on the Pd-cathode characteristics, such as 
hydrogen sorption and outgassing rate. This is important, in particular, for optimization technol-
ogy processes of ultra-pure hydrogen production during electrolysis, achievement of maximum 
hydrogen capacity of Pd-cathodes, increasing their life time and overall efficiency, substantial re-
duction of saturation time and produced gas depreciation. 

2. Experimental setup and methods.
2.1. Experimental setup and equipment. A schematic view of the GAS (Gassing and Sorp-

tion) experimental installation is shown in Fig. 1. This experimental stand has been designed to 
measure mass-spectra and characterize degassing and sorption processes. It includes a vacuum 
chamber 1 made of stainless steel 12Cr18Ni10Ti. Chamber 1 is connected via valves 3 and 7 to a 
pumping and gases inflow systems. Pumping system consists of cryogenic pump 4, M-500 diffu-
sion pump 5, and 3NVR-1D fore vacuum pumps 6. 

The vacuum system is equipped with PMT-4M thermocouple gauges 9, PMI-10 (10), PMI-2 
ionization gauges 11, and MX-7304 (Sumy, Ukraine) mass spectrometer 8. Instrument readings 
recorded using the WAD-AIK-BUS analog module (Kyiv, Ukraine) and a computer. Before ex-
periments, the chamber and sample were heated to ≈100 °C during one hour, that allows achieve-
ment of ultrahigh vacuum 1—5·10–7  Torr to carry out sorption, thermal degassing, and mass 
spectrometric measurements with sufficient accuracy.

Gases puffing system includes an electrolyzer 17, E-4 model (Fig. 2), hydrogen saturation 
chamber 18, and balloons 14, 15, 16 with pure (99.99 vol. % purity) Ar, H2, and He. The high-
pressure valves 12, 13, fine inlet valve 7 and pressure gauge 19 provide inputting and pressure 
measuring of any type of gases. 

Samples for our studies were the 99.98 wt. % pure palladium tubes, which served as cathodes 
in the electrolyzer 17, and five Pd-disks (numbers N1—N5) of 25 mm diameter and 0.3 mm thick-
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ness. The similar Pd-disks N6 and N7, but with 1mm thickness and coated by W films of 2 μm 
and 4 μm thickness manufactured by vacuum plasma deposition method [6—9] were tested too.

A schematic view of the electrolyzer 17 (E-4) is shown in Fig. 2. It consists of chamber 1 made 
of stainless steel 12Cr18Ni10Ti and filled with electrolyte. In chamber 1, three Pd-cathodes 3 in 
form of tubes with diameter of 3 × 1 mm and length of 200 mm, are placed. One end of the tubes 
was hermetically sealed by brazed with silver welding alloy. Cathodes 3 are electrically connected 
to flange 5 through flange fittings. The chamber 1 through fluoroplastic isolator 4 was mechani-
cally connected to the flange 5. The body of chamber 1 served as anode. 

Chamber 1 (see Fig. 2) provides the technical ability to place various samples for studying 
cathode hydrogen saturation. To measure the electrolyte temperature a thermocouple could be 
installed through fluoroplastic seal-insulators 6. The pressure value in the electrolysis chamber 1 
is measured by pressure manometer 9. Water seal 7 ensures the safe venting of excess hydrogen 
into the atmosphere.

Part of the electric potential could be applied to the anode and cathodes from a power supply 
consisting of a rectifier on two V200 diodes, connected through current transformer to autotrans-
former. The solution H2O + 1 wt. % NaHCO3 or Na2CO3 (soda ash), was used as an electrolyte. 
Hydrogen is produced by electrolysis in the chamber 1 similar as in works [3, 4]. In Fig. 3 the 
current-voltage characteristics of the electrolysis process are shown. It is seen that number of 
cathodes, either one or three, has no essential influence on electrical characteristics.

Hydrogen saturation chamber 18 (see Fig. 1) provided the technical ability to saturate various 
Pd samples in hydrogen atmosphere at different pressures. Before being placed in the chamber, 
the samples were cleaned with following procedures: wiping with special fabric wetted in clean 
branded gasoline (benzene), drying, wiping with special fabric wetted in 96—99 vol. % ethanol, 
drying. Similar procedure was used before placing the samples in the vacuum chamber of GAS. 
Each sample was weighted on the VLR-200 balance and placed in the chamber. Chamber volume 
was pumped to the pressure of ≈10−4—10−3 Torr. After that, hydrogen from the balloon 15 (see 
Fig. 1) inlet to chamber for the required pressure. The samples were exposed to hydrogen during 
0.5—312 hours, then, were demounted and weighted, to determine absorbed hydrogen quantity.
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helium balloons; 17 — E-4 model electrolyzer; 18 — 
chamber for hydrogen saturation of samples; 19 — 
pressure gauge



49ISSN 1025-6415. Допов. Нац. акад. наук Укр. 2026. № 2

Kinetics of hydrogen outgassing and absorption by palladium in molecular driven and electrolysis regimes

2.2. Experimental methods and results. During the experiments, the following characteristics 
have been measured: Q (Normal cm3 H2, Ncm3) or v (Ncm3/g Pd) — volumetric quantity of hydro-
gen absorbed by palladium in dependence on the time t of saturation in the molecular/electrolytic 
hydrogen, PdHx — number x of hydrogen atoms per palladium atom; S (Ncm3/(g ∙ h)) — saturation 
rate; q (Ncm3/s) — hydrogen outgassing rate. Hydrogen quantity Q was calculated as the difference 
between the sample mass before and after hydrogen saturation (weighting method). Estimates were 
also made by integrating the gas quantity, pumped during sample heating in vacuum.

After Pd-sample placing in the high vacuum chamber of the GAS stand and subsequent 
pumping to the pressure of ~10−7 Torr, careful measurements of mass-spectra (Fig. 4), and the 
dependences of the hydrogen outgassing rate on the temperature were carried out using the meth-
ods, similar to those described in [2—4]. The samples (cathodes) were heated by direct current up 
to temperatures of 20—650 ºC and, simultaneously, the pressure time dependence and mass-spec-
tra of desorbed gases was measured (Fig. 4, 5). Apparatus curves were processed to obtain data 
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for estimating the hydrogen amount desorbed from the sample by the equation: Q = (P − P0)st,  
where Q is hydrogen quantity, Torr∙l or Ncm3; P — maximum pressure, Torr; P0 — initial pressure, 
s — pumping speed, l/s; t — time, s. It necessary to take into account that the sensitivity of the 
mass spectrometer for hydrogen is approximately two times lower than for air. For the pressure 
measurement with a gauge PMI-10, this coefficient is four. Also an important factor during the 
outgassing rate measurements is the change of pumping speed caused by strong pressure increase 
from ~10−7 Torr up to 1 Torr, when diffusion pump did not work (s ≈ 100 l/s) and only fore-vacu-
um pumping (~1 l/s) occurred. Thus, reliable data on the temperature outgassing rate dependence 
applied to the ranges of 20—120 °C and 300—650 °C. The analyzed gas was released into vacuum 
chamber to a pressure of 10—0.5 · 10−5 Torr. Instrument readings were recorded using the WAD-
AIK-BUS analog module and PC. 

Processing of the instrumental spectra showed that at the electrolyte temperature of ≈ 50—
60 °C and the pressure in the electrolyze chamber of 1 at, the generated gas consists of hydrogen 
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of 92—94 vol. % purity [4]. The gas desorbed upon heating in a vacuum from Pd-cathode (see 
Fig. 4, b), is found to be ultra-pure (better than 99.999 vol. %) hydrogen. Small marks of the water 
presence, CO, CO2 caused by gases desorption from chamber walls. The main impurity was H2O 
(≈5 mV mass-spectrometer signal of 18 mass units in Fig. 4, a).

Fig. 6 presents hydrogen saturation data for N1—N5 samples (Pd disks with a diameter of 
25 mm, a thickness of 0.3 mm) and N6, N7 samples (one-sided W-coated Pd-disks with the same 
diameter and 1mm thickness) in dependence on the saturation time at pressure of 1—2 atm and 
at room temperature. 

In Fig. 7 the data on hydrogen saturation of annealed in a vacuum Pd-cathode in the case of 
molecular and electrolytic hydrogen are shown. The results of measurements of the temperature 
dependence of hydrogen outgassing rate q for the Pd cathode N2 are presented in Fig. 8. Using 
these data, the value of activation energy E of outgassing process could be calculated from the 
slope of ln(q) = –b – E/RT straight lines similarly to described in [6—9]. It was assumed that the 
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process of gas evolution obeys Fick’s diffusion laws, and the temperature dependence obeys the 
Arrhenius equation: q(T) ~ b ∙ e–E/RT. The activation energy for outgassing would be E = Ed + Edes, 
where Ed is the activation energy of diffusion and Edes is the activation energy of desorption. 

3. Discussion.
3.1. Molecular hydrogen absorption by Pd. The activation energy of the hydrogen saturation 

Esat = Eabs + Ed consists of the absorption (solution) activation energy Eabs and the diffusion activa-
tion energy Ed. In our case, for hydrogen flow to/from metal volume one can write the next equation:

d abs/des––1 –1 –1 ( )( ), /E Eq a l t F c T P e RT+= ∆ ,

where a — constant, l — sample thickness, F — sample surface area, t — time, ∆c — gradient of 
concentration. Pressure P and temperature T are, in turn, functions of time. 

As shown in Fig. 6, within the saturation time range 12—160 hours the hydrogen quantity v 
in different samples N1—N5 is nearly 70 Ncm3/g (Q ≈ 90 Ncm3 H2, H/Pd = 0.6—0.7). Saturation 
rate S = Q/mt ≈6 (Ncm3/(g∙h)), where m is sample mass, grams, and t is saturation time, hours. 
According to published data [1, 5], a Pd-sample with the mass of 1.3 g could absorb approximate-
ly 132 Ncm3 H2. This difference may be attributed to different sorption properties of the sample 
surface and the presence of poison impurities in the saturation chamber. The key point is that as 
the saturatoin time increases from 12 to 160 hours, there is a slight decrease (approximately 5 %) 
in the amount of absorbed hydrogen. Incidentally, if the chamber during long time saturation 
is pumped several times and filled by “fresh” hydrogen from balloon, the v value for sample N4 
coincides with the data for sample N1 (≈74 Ncm3 H2/g). 

Hydrogen saturation process of samples N1—N5 occurs on both their sides. It is known that 
hydrogen in Pd has a low binding energy (≈0.23 eV [10]) and high mobility at moderate and even 
at low temperatures. At room temperature, the hydrogen diffusion coefficient in α-phase equals 
3.8 ∙ 10−7 cm2/s and in β-phase 2 ∙ 10−7 cm2/s [1, 5]. Therefore, saturation of such samples to maxi-
mum hydrogen concentration H/Pd ≈ 0.5—0.7 occurs rather quickly (10—12 hours).

For samples N6 and N7 with single-sided W coating, the quantity of absorbed hydrogen is much 
lower (Q = 35 and 46 Ncm3, accordingly) even if very long time of saturation (112 h). When the satu-
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ration time was increased to 312 hours (sample N7), the volumetric quantity of absorbed hydrogen 
growed up to ≈86 Ncm3 H2 (≈14 Ncm3 H2/g or 1.5 ∙ 10−4 Ncm3/(g ∙ h)), i.e., very slow saturation of 
Pd takes place. It seems that W-Pd interface is the efficient barrier for the hydrogen diffusion flow 
from the open side of the sample. From the diagram Fig. 9, reproduced from the work [7], it is evi-
dent that the activation energy of hydrogen solution Es for W indeed is much higher than for Pd. 

Hydrogen in W lattice is strongly bound up with host atoms (the bond energy is approxi-
mately 1.04 eV [13]). All of this indicates tungsten is one of the most hydrogen resistible materi-
als. Therefore, it is likely that the amount of hydrogen dissolved in the tungsten film from the side 
facing to molecular gas cab be neglected. 

The other side (W-Pd system interface) interacts more effectively with hydrogen atoms or ions 
incoming from Pd-lattice. Moreover, the hydrogen gas in the Pd lattice can be ionized, and the 
state similar to the plasma [11] or strong non-ideal plasma [12, 13] state might appear. In [7], it 
was shown that Pd-substrate plays in this case the role of the original “compressor”, which provides 
significant increase of hydrogen pressure (both H-atoms and ions) in near subsurface interface 
bulk of W-film (20 and 40 at. instead of 1—2 at.). As it is seen in Fig. 10 [7], penetration through 
W-Pd interface was the limiting stage of hydrogen permeation in the bimetallic system W-Pd. 
Activation energy of this process was very low, ≈12 kJ/mole, which is significantly lower than for 
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bulky bare tungsten or palladium. Thus, this near interface bulk of W-film quickly saturates up to 
high concentration and serves as barrier against hydrogen diffusion through Pd-substrate (due to 
first Fick’s law diffusion flow is proportional to concentration gradient [1]). This process could be 
the reason of very slow hydrogen saturation of W one-side coated Pd in compare with bare Pd. 

3.2. Electrolytic hydrogen absorption by Pd. The hydrogen saturation process of Pd-tube 
cathodes was analyzed in detail in our previous work [4]. It was estimated that at an electrolytic 
current of 8 A, the actual flow of hydrogen ions to the cathode is 1.1 ∙ 1023 H+. This corresponds 
to about 2 liters of electrolytic hydrogen gas at normal conditions. In our case, one Pd-cathode 
with mass of 14.5 g (volume 1.25 cm3) absorbs during 1 h electrolysis process in above mentioned 
regime 840 Ncm3 ≈0.8 liter of H2 (58 Ncm3/g). In other words, ≈40 % of produced electrolytic 
hydrogen could be converted into ultra-pure hydrogen. 

The volumetric amount of hydrogen v (Ncm3H2/g) absorbed by Pd-tube cathode N2 during 1 
hour electrolysis (see Fig. 7, 1) is ≈80. For molecular driven regime, this value is only ≈50 after 94 
hours exposure at 2 at pressure. This corresponds to the saturation rates 80  and 0.53 Ncm3/(g ∙ h), 
accordingly. Such large difference can be caused by different state of hydrogen (more active atoms 
and ions instead of molecules) during saturation process in the electrolyzer. 

3.3. Hydrogen outgassing from Pd-cathode. As can be seen in Fig. 8, a, the experimental data 
allow conclusion that essential deviation from the Arrhenius law actually observed in the tempera-
ture dependence of Pd-cathode outgassing. We think that β↔α  transition in Pd might influence 
on the process which could be composed of several consecutive stages (see Fig. 8, b). At the begin-
ning of Pd sample heating (first stage, temperature range is 20—100 ºC), hydrogen in metal bulk 
remains mainly in β-phase (according to [1] only 0.008—0.03 H/Pd is in α-phase), diffusion coef-
ficient is rather low and the activation energy calculated to be ≈23 kJ/mol (see Fig. 8, b, curve 2). 

As the temperature rises (100—300 ºC), the second stage transition occurs (curve 3 in Fig. 8, 
b). Hydrogen transitions from hydride state to solution state (from β- to α-phase), and both phases 
coexist. Concentration of α-phase increases up to ≈20 % (H/Pd = 0.21 [1]). As noted above, the 
pumping speed in this stage strongly decreased (from 100 to 1 l/s). Unfortunately, we did not have 
the technical possibility to measure this change precisely; therefore, the data in this temperature 
range (curve 3 in Fig. 8, b) are not sufficiently reliable. With a further temperature increase (third 
stage, 300—650 ºC), hydrogen concentration in Pd decreases as the result of high outgassing rate, 
and mainly α-phase state is realized in Pd sample. Activation energy of outgassing for this tem-
perature region is calculated to be E ≈ 12 kJ/mol, i.e., approximately half as much. Note that a 
similar interpretation to explain hydrogen electro-sorption process by the α↔β  transition in the 
thin Pd-Ni films was given in [14]. If to calculate an average value of activation energy for whole 
temperature range the measurements carried out in (see Fig. 8, a), it has to be E ≈ 22.4 kJ/mol. 
Thus, hydrogen evolution from PdHx system in this case is complete, multi-stage process with 
ever-changing activation energy on time.

Conclusions. The current-voltage characteristics of the electrolysis process have been mea-
sured for the developed E-4 electrolyzer model. It was observed that the change of number of 
cathodes from one to three has no essential influence on electric characteristics of the electrolyzer.

After hydrogen absorption by Pd cathode during electrolysis, and with subsequent heating it 
in high vacuum, ultra-pure (purity greater than 99.999 vol. %) hydrogen is produced.

Hydrogen saturation rate for electrolytic hydrogen and for molecular state was measured at 
near room temperature and 1—2 at pressure. It was shown that the hydrogen saturation rate un-
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der electrolysis process (≈80 Ncm3 H2/(g ∙ h)), is more than two orders of magnitude higher than 
in molecular driven regime (≈0.53 Ncm3 H2/(g ∙ h)). The total volumetric quantity of hydrogen, 
saturated by the Pd-cathode, has been measured as ≈840 Ncm3 per hour. According to estimates, 
this corresponds to about 40% of the total production of electrolytic hydrogen.

The outgassing rate of hydrogen from palladium cathodes after exposure to ion current, dur-
ing electrolysis process in the H2O + 1 wt. % NaHCO3 electrolyte, has been measured in depen-
dence on temperature and the time of exposure. The activation energy of the hydrogen outgassing 
from the Pd-cathode after one-hour exposure to an electrolytic current ≈8 A was found to be ≈23 
or 12 kJ/mol, depending on the temperature range (20—100 and 300—650 ºC, accordingly). An 
average value of activation energy across whole temperature range is E ≈ 22.4 kJ/mol. 

The physical mechanism of possible influence of β↔α  transition in Pd on hydrogen out-
gassing has been suggested and discussed. In our case, hydrogen outgassing from PdHx system 
is a fully-fledged multistage process with ever-changing activation energy on time. Neverthe-
less, to draw a well-founded conclusion, further studies are needed involving repeated hydrogen 
saturation of Pd-cathodes and thermal multi-cycling exposure. It would also be very important 
also to further analyze in details the impact of morphology and structural changes in Pd-cath-
odes after long time interaction with electrolytic hydrogen on their absorption and outgassing 
characteristics. 
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КІНЕТИКА ДЕГАЗАЦІЇ I ПОГЛИНАННЯ ВОДНЮ ПАЛАДІЄМ  
У МОЛЕКУЛЯРНОМУ ТА ЕЛЕКТРОЛІЗНОМУ РЕЖИМАХ

Експериментально досліджено кінетику насичення та виділення водню з паладію в умовах взаємодії з мо-
лекулярним та електролітичним воднем за температури, близької до кімнатної, і тиску 1—2 атм. Ваговим 
методом визначено, що швидкість насичення воднем у процесі електролізу більш ніж на два порядки була 
вища, ніж за умов молекулярного режиму. За допомогою масспектрометричного методу встановлено, що 
після поглинання водню Pd-катодом під час електролізу та подальшого нагрівання його у високому вакуу-
мі утворюється надчистий (понад 99,999 об. %) водень. За результатами вимірювання температурної за-
лежності виділення водню було розраховано енергію активації цього процесу для Pd-катода після годинної 
дії іонного струму електролізу ≈8 А — E ≈ 23 кДж/моль або ≈12 кДж/моль, залежно від діапазону темпера-
тур (20—100 або 300—650 °C). Середнє значення енергії активації для всього температурного діапазону 
вимірювань становило ≈22,4 кДж/моль. Отже, показано, що виділення водню із системи PdHx може бути 
багатостадійним процесом з постійно змінюваною енергією активації з часом. Для пояснення такої пове-
дінки водню під час процесу газовиділення також розглянуто і проаналізовано фізико-хімічні механізми 
та вплив переходу β ↔ α у системі PdHx.
Ключові слова: водень, паладій, електроліз, енергія активації, абсорбція, газовиділення. 


