Journal of Solid State Electrochemistry (2024) 28:1159-1169
https://doi.org/10.1007/510008-024-05799-5

ORIGINAL PAPER

=

Check for
updates

Pd-H as an irreplaceable model system for the study of hydrogen
electrosorption in aqueous and non-aqueous electrolytes

K. Hubkowska'

- M. Pajak’ - D. Monikowska' - A. Czerwinski'

Received: 28 September 2023 / Revised: 31 December 2023 / Accepted: 2 January 2024 / Published online: 19 January 2024

©The Author(s) 2024

Abstract

Even though Pd-H system has been known since the nineteenth century, it is still of interest to scientists. Pd thin film electrode
(called as a Limited Volume Electrode — LVE) is able to electrosorb hydrogen form aqueous (acid, base) and non-aqueous
electrolytes (e.g. ionic liquids). Therefore Pd-H is an irreplaceable model system for the study of hydrogen electrosorption
in different media. The paper presents: (1) short overview of the study of hydrogen sorption in Pd, (2) the detailed descrip-
tion of the electrochemical measurement methods and (3) the equations for the determination of hydrogen electrosorption
charges needed to hydrogen electrosorption isotherms creation. The presented approach can be applied for laboratory work.
The results show that Pd-LVE can be effectively used as a model system before the studies of multicomponent hydrogen

storage alloys (e.g. AB; alloys).
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A brief view of the study of hydrogen
sorption in Pd

Interest in Pd-H system began in the 1930 when Sieverts
proposed Pd-H phase diagram [1]. In the second half of the
nineteenth century the results of research on palladium and
its alloys were published by Graham [2]. Initially, the experi-
ments, conducted by Schuldiner and Hoare [3], Frumkin and
co-workers [4] as well as Lewis and Flanagan [5—13], mostly
referred to the gas phase. The relative electrical resistance
R/R, has been very often used to measure the amount of
absorbed hydrogen. Studies conducted by Lewis and Flana-
gan [5] show a very good agreement between the indepen-
dently conducted measurements of electrical resistance and
the atomic ratio of hydrogen to palladium: H/Pd. The rela-
tive electrical resistance increases linearly with the increase
in the amount of hydrogen to the H/Pd value of about 0.55
(Fig. 1a) [8]. The Pd-H system (hydrogen absorbed from
the gas phase) is presented in the literature in the form of
isotherms characterizing the dependence of the absorbed
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hydrogen concentration on pressure (expressed as the hydro-
gen to palladium atomic ratio — H/Pd; Fig. 1b).

In Fig. 1b violet area delimits the two-phase region of the
coexistence of the o and f phases of the absorbed hydrogen.
In the presented case, the temperature of about 300 °C corre-
sponds to the critical point, beyond which the two-phase area
disappears. The pressure-composition (p—c) isotherms have
a characteristic ‘S’ shape, in which three areas can be distin-
guished, corresponding to the existence of various forms of
absorbed hydrogen. Flesh-color area (Fig. 1b) corresponds
to a solid solution ( phase) of hydrogen in palladium, violet
area can be attributed to the coexistence of a and f phases
(absorption = phase transition o — p; desorption =phase
transition  — o), blue area is the formation of pure § phase
(non-stoichiometric palladium hydride).

The process of phase segregation of the absorbed hydro-
gen in Pd wire (solid) proposed by Flanagan and Lewis [6]
is shown schematically in Fig. 2. When the atomic ratio of
hydrogen to metal in the sample is close to 0.05, the maximum
concentration of hydrogen in the a phase dominates. Starting
from the surface phase, the concentration begins to increase
and reaches only the minimum concentration at the surface of
the sample in the p phase (Fig. 2a). The concentration profile
"shifts" towards the depth of the sample until, at H/M=0.5,
almost the entire sample is saturated with hydrogen with a
concentration higher than the minimum concentration of

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10008-024-05799-5&domain=pdf
http://orcid.org/0000-0001-9759-4818

1160

Journal of Solid State Electrochemistry (2024) 28:1159-1169
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hydrogen in the f phase (Fig. 2b). Partial hydrogen oxidation
causes the increase of the electrode potential which results
from the decrease in the amount of absorbed hydrogen back
to a concentration close to f3;, (Fig. 2c).

Palladium easily absorbs hydrogen not only from the gas
phase, but also electrochemically. Figure 3 shows curves
characteristic for electrochemical measurements of the
dependence of the amount of hydrogen absorbed on the
sorption potential. On the presented curves, three charac-
teristic areas, associated with the presence of various forms
of absorbed hydrogen, can be distinguished. The first plateau
at the higher potential values corresponds to the hydrogen
adsorbed, trapped in the voids and the hydrogen absorbed
in the a-phase (solid solution of hydrogen in palladium). In
this region, the logarithm of H/M is directly proportional
to the electrode potential, which is consistent with Sievert's
equation relating to the gas phase [12]. In the electrochemi-
cal absorption the potential (above the hydrogen evolution
potential) corresponds to the equilibrium hydrogen pressure
in gas-phase experiments (higher pressure — lower potential)
[5, 6]. Then, there is a significant jump in the amount of
absorbed hydrogen in a narrow range of potential values,
which is attributed to the o« — P phase transition (absorp-
tion). The existence of another plateau is attributed to the
formation of the  phase, i.e. non-stoichiometric hydride.

Fig.2 Phase segregation dia-
gram; a initial formation of the
B-phase, surface concentration
& Ppins b almost complete con-
version to the p phase; surface
concentration>f . - ¢ conver-
sion of the 3 phase after partial
anodic oxidation of hydrogen;
surface concentration = f,;.;
based on [6]

g |
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In the case of electrochemical measurements of Pd
thin-film electrodes, the maximum H/Pd value that was
obtained (for potentials close to the potentials of hydro-
gen evolution) is approx. 0.74. Under normal conditions,
when Pd is in equilibrium with gaseous hydrogen, the
H/Pd ratio is 0.69 [15]. In the case of electrodes with a
thickness below 0.8 um, a tendency to increased H/M was
observed, even to a value of approx. 20% higher [16] than
for electrodes with a thickness of approx. 1 pm. This is
due to the presence of the hydrogen absorbed in the sub-
surface layer. In the case of thin samples subsurface layer
contributes significantly to the total amount of hydrogen
absorbed in Pd [16].

Tverdovskii and Vert et al. [17] were the first to use thin
Pd layer for electrochemical research. In 1970s and 1980s
hydrogen electrosorption phenomenon in Pd thin films was
extensively studied by many researchers i.a. Bucur et al.
[18-21], Chevillot et al. [22], Frazier et al. [23], Horkans
[24], Nicolas et al. [25], Gossner et al. [26], Harris et al.
[27]. The idea was continued in 1990s [28-35] and 2000s
[36—46]. In 1999 Czerwinski introduced the concept of Pd
limited volume electrode (Pd-LVE) for Pd electrodepos-
ited on the gold substrate [16, 35, 47]. However, the term
LVE can be extended to different kinds of electrodes ful-
filling following requirements:

[H]/[Pd]~0.5 [H]/[Pd]~0.4
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Fig.3 The dependence of the amount of absorbed hydrogen (H/Pd)
on the electrode potential; blue line — absorption curve determined
from chronoamperometry (CA) experiment, violet line — absorption
curve determined from cyclic voltammetry (CV) experiment

(a) metal/alloy obtained by electrodeposition on substrate;
it can also be a metal/alloy in the form of foil of a spe-
cific thickness or metal/alloy pressed in a net (net/sub-
strate should be inert to hydrogen);

(b) H absorption and adsorption currents of the same
order enable studying simultaneously both bulk and
surface reactions;

(c) the process of diffusion of electroactive species (hydro-
gen) occurs inside a solid;

(d) for hydrogen sorption measurements all hydrogen absorb-
ing material should be immersed in the electrolyte.

Despite the passage of time the concept to use thin Pd
layer or nanoparticles of Pd in hydrogen electrosorption
experiment is still timely [48-53].

Fig.4 A scheme of 3-electrode
cell used for a Pd electrodeposi-
tion b hydrogen electrosorption
experiment; R — reference elec-
trode, W — working electrode,
A — auxiliary electrode

The electrochemical methods

of hydrogen absorption and desorption
measurements in Pd. What can be calculated
from electrochemical data for Pd-H system?

Pd-LVE can be obtained by the electrodeposition of Pd
on Au substate (Au wire) from aqueous galvanic bath
containing Pd ions. Au is often utilized since it is important
to use the substrate incapable to absorb hydrogen. Different
potentiostatic or galvanostatic techniques can be utilized to
electrodeposit Pd-LVE. In selection of electrodeposition
conditions general principles should be taken into account:
(a) 100% current efficiency can be obtained in potential
range far from hydrogen and oxygen reduction (b) the
geometry of deposition cell should support homogeneous
distribution of deposit along the wire. As an example,
the conditions of potentiostatic electrodeposition will be
discussed below. In the electrodeposition experiment,
chronoamperometry technique can be used to deposit the
Pd at constant potential (e.g. ca. 0.39 V vs RHE) from
chlorides-containing galvanic bath (e.g. 0.11 M PdCl, in 1 M
HCl) with the use of 3-electrode cell (see Fig. 4a): calomel
or silver chloride electrode can be used as a reference
electrode, Au wire as a working electrode and Pd spiral as
an auxiliary electrode. Before the Pd electrodeposition Au
substrate should be cleaned: (1) degreased with acetone (2)
etched overnight in concentrated nitric acid (3) cycled in
e.g. 0.5 M aqueous sulfuric acid solution (potential range of
Au oxidation/reduction) to obtain repeatable CV behavior.
Since the current efficiency of Pd electrodeposition (in
the conditions described above) is close to 100% [54, 55],
the mass (mpy) and the thickness (#) of the deposit can be
calculated from Faraday’s law of electrolysis as follows:

Pd M
Mo = red” |
P oF
where:
d Ar Ar b
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mpy — mass of electrodeposited Pd;
Qfedd — the charge consumed for the Pd ions reduction;
calculated from the integration of CA curve;
M — molar mass of the Pd (106.42 g mol™');
F — Faraday’s constant (96485.342 C mol™).
QPdM

red” |

T 2FdS’

where:

t — thickness of the Pd electrodeposit;

d — density of Pd (11.99 g cm™);

S — geometric area of the Pd deposit, according to Fig. 5
and the following equation:

S =xr* +2xrh

(assumptions done for ease of t estimation — as t com-
pared to r is negligible it was omitted in above formula,
for the same reason upper surface of deposit was omitted).

where:

r — the radius of Au wire (e.g. 0.25 mm).

h — the length of the Pd electrodeposit (in this study ca.
2 mm or 5 mm).

To obtain a layer of a certain thickness and length the
charge of Pd ions reduction can be estimated as follows:

pd __dV2F
Qred(EST) Y

where V is the volume of the Pd electrodeposit:
V==_Snh

and S, is described as follows:

S, =n(r+ t)2 -z

For example, to obtain 1 pm thick deposit (length
5 mm), the charge of ca. 0.17 C should be consumed for

Fig.5 A scheme of Pd-LVE
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Pd ions reduction. Figure 6 presents SEM images of the
electrodeposited Pd layer. Figure 6d shows good agree-
ment between estimated and measured layer thickness.

After successful electrodeposition of Pd and before the
main experiment of hydrogen sorption, Pd-LVE should
be subjected to so called hydrogen pretreatment proce-
dure (HPP) [55-57]. It is a series of cyclic voltammetry
(CV) and chronoamperometry (CA) scans in the poten-
tial range involving alternating hydrogen absorption and
desorption in Pd. HPP initial sorption/desorption cycles
induce microstructural and lattice relaxation. HPP should
be conducted until steady state of CA and CV is obtained.
Hydrogen electrosorption experiment is conducted in
3-electrode cell presented in Fig. 4b. In the case of acidic,
aqueous electrolyte containing sulfate anions mercury/
mercurous sulfate electrode (HglHg,S0,10.5 M H,SO,)
is used as a reference electrode, Pd electrodeposit as a
working electrode and Pt gauze as an auxiliary electrode.
In alkaline electrolyte mercury/mercurous oxide elec-
trode HglHgOIl0.5 M KOH is used as a reference elec-
trode, whereas in ionic liquid-based electrolyte Ag wire
is used as a pseudo-reference electrode. Figure 7 presents
cyclic voltammetry behavior of Pd-LVE before and after
HPP in three different electrolytes, two aqueous solutions:
0.5 M H,S0,, 0.5 M KOH and non-aqueous: the mix-
ture of superacid with aprotic ionic liquid: 0.5 M HMS
in EMIM-MS (0.5 M methanesulfonic acid in 1-ethyl-3-
methylimidazolium methanesulfonate). Depending on the
type of electrolyte, there is different proton donors avail-
able for the process of electrochemical sorption, accord-
ing to the reaction equations below:

acid in water: H® +¢e® - H,y, — Hy,
HZO + e® - OHe + Hads - Habs

RH +¢° — R® + H,y, — Hy,

hydroxide in water:

acid in ionic liquid:

It is well visible that HPP is crucial for continuing the
experiment of electrochemical hydrogen sorption. HPP
allows to increase the electrochemical reversibility of
hydrogen sorption and enable to obtain such state of Pd-H
system that does not change during further experiments.
This procedure ensures the repeatability of the results. It
is noteworthy that the process of hydrogen electrosorp-
tion is less reversible in IL-based media than in aque-
ous electrolytes even after application of HPP. Figure 7c
and Fig. 7d indicate that proper selection of the scan rate
is crucial in the studies of hydrogen electrosorption. In
Fig. 7d it is visible that scan rate of 10 mVs~! is too fast
to obtain required stage of electrode preparation in IL-
based electrolyte. HPP procedure applied with scan rate
of 1 mVs~! gives better results. This behavior is connected
with relatively high viscosity and low ionic conductivity
(see Table 1) of electrolytes based on the IL media. It is
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Fig.6 SEM images of Pd-LVE electrodeposited on Au wire a, b Au/Pd boundary ¢ morphology of Pd deposit d cross-section; charge of the
electrodeposition ca. 0.18 C, length of the layer: 5.5 mm, ¢ (estimated) =0.94 pum, ¢ (average, measured) =0.92 pm

noteworthy that the value of appropriate scan rate should
be also adjusted to the thickness of the studied electrode.
The hydrogen saturation time increases with increasing
Pd layer thickness, what entails the necessity of the scan
rate reduction to obtain proper cyclic voltammetry char-
acteristics [16, 35].

After HPP Pd electrode can be subjected to the main
hydrogen electrosorption experiment. It involves three pro-
cedures: (1) hydrogen desorption measured by the means
of chronoamperometry (CA), (2) hydrogen absorption
measured by the means of CA, (3) hydrogen absorption
measured by the means of cyclic voltammetry (CV). The
latter two procedures should give similar results, how-
ever they both should be applied since CV gives ability to
obtain hydrogen absorption isotherm (HAI) in wide range
of potentials (also at the potential values of gaseous hydro-
gen generation).

In the case of hydrogen desorption measured chrono-
amperometrically (Fig. 8a), first of all the hydrogen is
sorbed in Pd at—0.7 V vs MSE (mercury/mercurous sul-
fate electrode) in acidic media (ca.—0.02 V vs RHE) and
then oxidized in different potential values (in the potential
range ca.—0.2/—0.68 V vs MSE (0.5/—0.003 V vs RHE);
increment 5 mV near the phase transition). The amount of
hydrogen expressed as hydrogen to palladium atomic ratio
(H/Pd) can be calculated as follows:

H
H 2(Qox,max - Qon)

- Pd
pd red
where:
Qg{ max — the maximum charge consumed for the hydro-
gen oxidation (at potential value of ca. 0.5 V vs. RHE);
calculated from the integration of CA desorption curve;
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Fig.7 Cyclic voltammetry behavior of Pd-H system before and after HPP in a 0.5 M H,SO, b 0.5 M KOH ¢ 0.5 M HMS in EMIM-MS; scan
rate: 1 mVs~' d 0.5 M HMS in EMIM-MS; scan rate: 10 mVs™'; electrode thickness: ca. 0.5 pm, electrode length: ca. 2 mm

Qg( — the charge consumed for the hydrogen oxidation
at selected potential value; calculated from the integration
of CA desorption curve;

In the case of hydrogen absorption measured chrono-
amperometrically (Fig. 8b), hydrogen is electrosorbed at
different potential values (in the potential range of — 0.6 V

the phase transition occurs. Then the time of absorption
decreases. The experiment should be led until the back-
ground current is obtained. It ensures that all the hydrogen
is removed from the Pd. The amount of hydrogen (H/Pd)
can be calculated as follows:

t0—0.7 V vs MSE (0.08 V to—0.02 V vs RHE). The ~H _ 20,
attention should be paid on the time of absorption, since ~ Pd P%
. . rel
the phase transition is the slowest process, there can be
observed the prolongation of the absorption time until ~ where:
Table 1 . Physicochemical Electrolyte n/ p/ o/ Water content/ Electrochemical
properties of electrolytes cP gem™3 mScm™! wt. %, KF window / V
0.5M H,SO, 1.32+0.07" 1.03+0.01 220.2+0.4 water solution 1.23%
0.5M KOH 1.58+0.08" 1.02+0.01 94.0+0.2 water solution 1.23%
0.5 M HMS/EMIM-MS 164.2+3.0' 1.26+0.01 2.3+0.1 0.072+0.002 39

*Electrochemical window of water; rotational speed: "100 rpm, '50 rpm (other measurements conditions/
devices described in detail in [49]

@ Springer



Journal of Solid State Electrochemistry (2024) 28:1159-1169

1165

Fig.8 Schematic illustration
of electrochemical response of
Pd-H system a chronoamper-
ometry hydrogen desorption
curve b chronoamperometry
hydrogen absorption curve ¢
cyclic voltammetry hydrogen QH
oxidation signal

H
Qred

Qg o — the charge consumed for the hydrogen reduction at
selected potential value; calculated from the integration of CA
desorption curve;

In the third procedure hydrogen absorption is measured with
the use of cyclic voltammetry (Fig. 8c). In this procedure the
amount of absorbed hydrogen is calculated from signal of hydro-
gen oxidation. Hydrogen absorption occurs at constant potential
value (between—0.45 V and—0.8 V vs MSE (0.2 V/-0.12 V
vs RHE)) and is oxidized by means of CV in the potential
range from the absorption potential to the higher potential value
(e.g.—0.2 V vs MSE (0.5 V vs RHE)) where hydrogen is fully
oxidized and the current drops to the background current. The
amount of hydrogen (H/Pd) can be calculated as follows:

H 200
ﬁ - QPd

red

If the amount of hydrogen is calculated from electro-
chemical measurements, there are some additional (apart
from absorbed hydrogen) contributions that should be con-
sidered in calculation of the total charge:

(A) H, evolution (H, gas below 0 V vs RHE, dissolved H,
molecules above 0 V vs RHE) is the most important,
especially at low cathodic limits.

(B) Hydrogen adsorption. This contribution typically cannot be
separated easily, as desorption of hydrogen from a-phase
and from the surface occurs in the same potential interval.

H
QDX

(C) Oxygen reduction in high potential limits. Concentra-
tion of oxygen under usual deaeration conditions (pure
Ar, sufficiently long deaeration) can be decreased for
an order of magnitude as compared to aerated solution.

Contributions (A) and (C) always increase cathodic charge
and decrease anodic charge. However, Czerwinski and co-
workers found that for Pd-LVE [35] contribution (A) do not
affect the hydrogen oxidation charge. In the presented results
only contribution (B) can affect slightly the overall charge, but
the contribution of adsorbed hydrogen constitutes ca. 1% of the
total charge. A significant effect from adsorbed hydrogen could
be expected only for very rough and thin electrode (for detailed
explanation see [58]). Quantitatively all these contributions
remain minor only if the amount of Pd is high enough, and scan
rate is not very slow. Each new experiment with lower amount
of Pd requires special tests to check by-side contributions.

Electrochemical hydrogen absorption
isotherm (HAI)

After the calculation of the amount of hydrogen H/Pd from
the electrochemical signals registered in different potential
values the dependence of H/Pd vs E can be plotted. Figure 9
presents the results obtained from the third (cyclic voltam-
metry) procedure described at the previous paragraph. The
course of the isotherms corresponds to the process of «— f3
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Fig.9 Electrochemical hydrogen absorption isotherms (HAIs) of Pd-
LVE in different electrolytes: red points/line — 0.5 M H,SO,; green
points/line — 0.5 M KOH; blue points/line 0.5 M HMS in EMIM-MS

phase transition. In the case of aqueous solutions the shape
of the isotherms resembles the one presented in Fig. 3.
Moreover, hydrogen absorption isotherms for acidic and
alkaline solutions overlap, showing the same value of the
a— B phase transition potential (ca. 0.05 V vs RHE, the
same as obtained from the gas phase measurement). For
the IL-based media the course of isotherm in the two-phase
region is different without abrupt change of the hydrogen
capacity. It is worth noting that maximum hydrogen capacity
is comparable regardless of the type of the electrolyte. This
behavior can be ascribed mostly to the strong differences
in viscosity and ionic conductivity in studied electrolytes
(Table 1). The ionic conductivity of acidic aqueous solution
is ca. 95 times higher than ionic conductivity of electrolyte
based on ionic liquid. Whereas viscosity of studied ionic
liquid is ca. 124 times higher than viscosity of acidic aque-
ous solution.

It should be underlined that equilibrium issue have to be
discussed for the potential values below 0 V vs RHE and
in the case of using cyclic voltammetry in determination
of HAI. Every point created HAI was collected through
preliminary saturation of Pd-LVE in sufficiently long time
allowing for full saturation with hydrogen and then the
hydrogen was oxidized by means of cyclic voltammetry
with appropriately selected scan rate (for ILs-based elec-
trolytes it was ImVs~!). Moreover, very good consistency
of the results has been observed in HAIs obtained by CA
and CV measurements (second and third procedure). It
should be also added that non-equilibrium behavior can be
also a result of the slow phase transition process. The pro-
cess of the phase transition in ILs-based media should be
studied further since a — § phase transition potential should

@ Springer

not be dependent on the proton donor — as it can be noticed
form Fig. 9 the slope of the HAI differs for aqueous solu-
tions and ILs-based media.

Why Pd-LVE is an irreplaceable model
system to study hydrogen electrosorption
in various electrolytes?

The use of Pd-LVE and application of the three described,
electrochemical procedures successfully enables to obtain
hydrogen electrosorption parameters in different electro-
lytes, even those with relatively high viscosity and low ionic
conductivity. In the case of preliminary measurements of
hydrogen electrosorption experiment in previously untested
electrolyte it is advisable firstly to apply Pd-LVE before
the use of a standard, multicomponent hydrogen absorb-
ing material (eg. ABj alloy). Due to its limited thickness
(mostly up to 1 pm) electrochemical response of the system,
regardless of the type of the electrolyte is really fast. Another
advantage of the Pd-LVE compared to standard hydrogen
absorbing material is similar values of hydrogen absorption
and desorption potentials. Obtaining satisfactory parameters
of hydrogen electrosorption experiment with Pd-LVE in
some selected electrolytes pave the way to further experi-
ments with more complicated, multicomponent standard
hydrogen absorbing alloys.
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