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Atomistic understanding of hydrogen loading phenomenon
into palladium cathode: A simple nanocluster approach
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Abstract. The inherent potency of palladium to sorb hydrogen atoms was examined empirically and theoretically through various electrochemical methods and high-level quantum chemical calculations (HSE06) based
on cluster model (CM) and density functional theory (DFT). The CM-DFT approach using QZVP/cc-PV6Z
basis sets revealed a strong attraction between Pd nanoclusters and H atoms that generates some charged entities. This atomistically justifies why the electrochemical impedance of the system becomes less by the loading
phenomenon. It is concluded that hydrogen atoms enter the palladium subsurface through hollow and bridge
sites by diffusing as proton-like species and get loaded predominantly in the octahedral voids.
Keywords. Palladium electrode; H-loading/unloading; Pd nanoclusters; Pd/H interaction; electrochemical
impedance spectroscopy.

1. Introduction
Hydrogen is the simplest, lightest and the most abundant element discovered in the universe. It is utilized
continuously as a fuel of celestial power-generating
nuclear-reactors in the sun and other stars.1 The solar
energy shining upon the earth every day can be
transformed to electricity using a photon-to-electron
convertor or stored chemically as hydrogen fuel in a
photo-electrolyzing system.2 This chemical energy can
be released whenever required, effectively using a cold
combustion reactor, so-called fuel cell.3 Besides this
method of releasing energy, there are also some controversial reports on excess-heat generation through
nuclear reactions with elemental transmutation as the
result of Pd/H interaction under ambient conditions,
referred popularly as cold fusion.4,5
Concerning hydrogen storage and energy-related
materials, it is worthy to note that palladium metal
has a well-known potency to absorb hydrogen atoms.6
The metal is also used widely in different industries, including pollutant controlling systems, hydrogen sensors, catalysts, etc.7 Therefore, its interactional
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studies will be important from technological as well
as scientific view points. In the present work, we have
focused on this issue (Pd/H interaction8 ) from atomistic perspective. Here, the loading of hydrogen atoms
is simply achieved through proton reduction process in
a palladium electrode.9,10 The experimental investigations were carried out through various electrochemical
methods11 and the H-unloading process12 was also
accomplished via atom oxidation (reconversion to proton) by applying a constant anodic voltage. For a better
understanding of the phenomenon, the empirical observations are compared with those of Pt electrode. In the
theoretical part, we adopt a sophisticated and simplified
strategy; namely, the Pd/H interactions are considered
locally and the calculations are restricted to particular
zones of the system in the vicinity of H atom. Therefore,
the interactions becomes crutinized through a straightforward route which utilizes high level quantum chemical calculations by means of molecular orbital theory
and cluster model.13,14 This strategy is totally different
from that of periodic or slab approach that uses plane
waves, rather than local basis sets. The aim of this
complementary (theoretical) study is to arrive at some
qualitative concluding remarks to rationalize the empirical evidence of H-loading phenomenon into palladium
lattice.
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2. Experimental
2.1 Electrochemical tests and setup
Water electrolysis, cyclic voltammetry (CV), chronoamperometry (CA) and electrochemical impedance
spectroscopy (EIS;
√ the impedance of system (Z =
Zre − j Zim ; j = −1) measured in a frequency range
of applied AC signal3,15 ), were all carried out in a
3-electrode home-made 12 cm3 cell, in which the working electrode was fixed in the bottom and the reference
(SCE) and counter (Pt foil, 2 cm2 ) were both hanged
on the top of the cell. The working electrode was a Pd
wire (SIGMA-ALDRICH ; diameter: 0.5 mm, assay:
99.9%), fixed in a glassy tube with a rubber cork.
The tube then filled partially with epoxy resin. The
palladium wire exposed to the electrolyte had 1.5 cm
length. The electrolyte was 0.1 M NaOH solution
prepared from triply distilled water. In each experiment, a fresh solution was applied. The electrochemical experiments were carried out through a Zahner/
Zennium Potentio/Galvanostat Impedance workstation
operating with the Thales Z1.15 software. The scan
rate and frequency range were set at 100 mVs−116
and 100 kHz to 10 mHz, respectively. The impedance
spectra were analyzed using an EC-Lab software
(V10.22).
Gas volumetric measurement of hydrogen bubbles
was performed using an inverted burette filled by the
electrolyte, hung over the cathode. All experiments
were triplicated and the mean value was reported as
final datum.

2.2 Cluster approach and computational strategy
In cluster approach, the metal-species interactions are
considered locally;13,17 so, the interactions are limited to the portion of metal (substrate atoms) which
is in the vicinity of sorbed-species. The system is
treated as a supermolecule and its electronic structure
is often determined through DFT quantum chemical
calculations.17 Similar to our previous work on aluminum surface,18 four adsorbing sites were recognized
on palladium <111> surface (figure 1). The nanoclusters applied here were Pd10 (7,3), Pd7 (4,3), Pd7 (6,1) and
Pd10 (6,3,1), standing for on-top (O), bridge (B), and
hollow (H1, H2) sites, respectively. In order to give bulk
properties to these artificial nanoclusters and reduce the
computational cost,19 the distance of each two adjacent atoms (d) and layers(l) were fixed at the values
of bulk,20 i.e., 2.7506 and 2.2459 Å, respectively
(d = √a2 , l = √a3 ; a is the lattice constant).

Figure 1. Four different adsorbing sites available on palladium <111> surface.

In the present density functional calculations, a relatively new high-level screened-hybrid-functional of
Heyd-Scuseria-Enzerhof and Perdew-Burke-Ernzerhof,
i.e., HSEh1PBE was applied (this functional is also
referred to as HSE06 in the literature).21–23 We applied
HSEhPBE (HSE06), because it is able to produce
good accuracy for solid, especially transition metals compounds, which typically are not well reproduced by conventional DFT functional,24 at a reasonable computational cost. For geometry optimization, the
palladium and hydrogen atoms were described using
Stuttgart Dresden (SDD) and quadruple-zeta Dunning’s
correlation consistent (cc-pVQZ) localized basis sets,
respectively.25,26 In single point calculations, the basis
sets were replaced by greater ones, i.e., by quadruplezeta valance quality of Weigend and Ahlrichs (QZVP)
and augmented cc-pV6Z, respectively.27,28 Using these
basis sets, we also determined the interaction of H
atoms trapped in different interstices with tetrahedral
(Td ) and octahedral (Oh ) symmetries available in the
palladium lattice (figure 2). Moreover, a cubic structure of interlocked Td .Pd4 and Td .H4 clusters was considered. By placing an additional H atom at the centre of
the cube, a cubic-full nanocluster was also constructed.
All present quantum chemical calculations were carried out at the lowest spin multiplicity29–31 through
Gaussian 09 suite of computer codes32 on a quad-core
processor at 4 × 2.13 GHz clock speed.
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Figure 3. The volume of hydrogen gas evolving during
water electrolysis process on palladium and platinum cathodes (surface area: 2.356 mm2 ; current: 50 mA).

palladium lattice) and (3) desorption (unloading process) as diatomic gas;
Figure 2. Schematic representation of the face centered
cubic (fcc) palladium unit cell with its imaginable atomic
voids (tetrahedral, Td and octahedral, Oh) occupied with
hydrogen atoms (light spheres). The cubic is a hypothetical
cell, consisting of two interlocked Td·Pd4 and Td·H4
nanoclusters.

3. Results and Discussion
Figure 3 shows the volume of hydrogen gas evolved
upon the Pd cathode. For comparison and better understanding the phenomenon (approval or disapproval of
the results), we also carried out some complementary
similar measurements upon another conventional electrode from the same group in the periodic table, i.e.,
platinum cathode (wire with the same dimension). From
these gasometric investigations, the following results
were deduced:
• By switching the electrolysis process on, the gas evolution starts immediately on Pt cathode but delayed
by about 2 min on Pd one. After that, the gas evolution proceeds normally by appearing as tiny bubbles
on the electrode surface.
• By cutting the electricity off, the gas evolution stops
immediately on Pt wire whereas it lasts approximately one hour for Pd cathode.
• Under the same conditions, the volume of hydrogen
gas that is evolved on Pt wire is greater than that on
Pd wire.
The observations indicate three main processes: (1) proton reduction, (2) hydrogen adsorption (loading into

H+ + e− ⇄ Hads

(1)

Hads ⇄ Habs

(2)

2Hads ⇄ H2 ↑

(3)

Although Pd and Pt belong to the same group, the distinct behaviour of the electrodes seems to be the result
of their different electronic configurations;33 [Xe] 4f14
5d9 6s1 and [Kr] 4d10 , standing for Pt and Pd atoms,
respectively.
The electrochemical impedance spectra of palladium
electrode were plotted in figure 4. The figure shows
that the loading of hydrogen atoms into palladium
lattice causes the diameter of semicircle being conspicuously decreased. The physical meaning of this
observation is that the charge transfer resistance (Rct )
becomes correspondingly reduced.3,15 Such behaviour
was not observed for Pt electrode and the impedance
of system remained unchanged (figure 5). However, the
impedance of Pt electrode decreases significantly during the electrolysis process (figure 6). This is simply
justifiable through the H atoms being transiently generated during the cathodic process (eq. 1) but not under
open circuit condition (zero current).
The impedance spectra plotted in figures 4 and 6 can
be divided into two parts: a depressed semicircle section
followed by a horizontal/tangential tail at low frequencies. The first portion (depressed semicircle) is normally analyzed via a Randle-like equivalent circuit;15
figure 7. Using this equivalent circuit, the values of Rct
along with other parameters were calculated and listed
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Figure 4. The influence of hydrogen absorption on
impedance spectrum of Pd electrode, obtained at open circuit
potential (OCP), before and after 30 min electrolysis; OCP’s
were −0.230 and −0.808 VSCE , respectively.

in tables 1 and 2. The tables confirm the previous
findings and indicate that the value of Rct is noticeably
decreased by loading the hydrogen atoms into the palladium lattice, or generating the transient H-atoms during
the electrolysis process on the platinum cathode. Moreover, in the presence of H-loaded atoms, table 1 shows
that the value of CPE increases. This observation is justifiable through the charge creation phenomenon [notice
the capacitance is defined as C = q/V ], being atomistically witnessed through the Pd/H interactions (refer
the next section). For the case of Pt, however, CPE does
not increase by increasing the cathodic current (table 2).
This is also because of charge consumption/diminishing
phenomenon being occurred at metal | solution interface, during the gas evolution process (see equations 1–3
and compare the values of CPE under electrolysis and
OCP conditions).
The latter portion of the impedance plots, i.e., the
tangential/horizontal tail, is rather complicated to be
modelled by a conventional/standard equivalent circuit.
To interpret this interesting part of the diagram, one
should notice that the tail appears at low frequencies,
where enough time is available for hydrogen atoms
to reach together, recombine and evolve as hydrogen
gas. By desorption of hydrogen molecules, the number of charged particles decreases (refer equations 1–3)
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Figure 6. Impedance spectra of Pt electrode at different
cathodic currents in 0.1 M NaOH solution.

and hence the impedance of system will increase. Concerning the tangential line, it is worthy to note that at
lower frequencies, the impedance of the constituting
capacitor
of the equivalent
 circuit approaches infinity
 
Zc = (2πνC)−1 → ∞ , so that the total equivalent
circuit becomes simplified and acts as a pseudo-resistor;
namely, its value depends on the hydrogen content in
metal and varies with time (being gradually increased).
An atomic interpretation of the impedance decreasing due to the H-loading phenomenon, will be also
presented in the next section (interactional studies), by
means of charged particles, being created as the result
of strong Pd/H interactions.
The potentio-dynamic response of both electrodes
is illustrated in figures 8 and 9. The peaks in the
extremes of these voltammograms (at potentials −1.2
and 1.1 VSCE for Pt; −1.45 and 1.15VSCE for Pd) correspond with the water electro-splitting reactions:
2H2 O + 2e− → H2 ↑ +2OH−

(4)

2H2 O → 4H+ + O2 ↑ +4e−

(5)

The middle peaks seeing in the voltammograms are
related to the anodic oxidation of hydrogen atoms (Hads ;
produced through eq. 1) and the cathodic reduction
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Figure 5. Impedance spectrum of Pt electrode obtained
at OCP, −0.068 VSCE (no difference was observed for the
impedance of electrode before and after the electrolysis
process).

Figure 7. Randle-like equivalent circuit: R denotes
ohmic or solution resistance, Rct charge transfer resistance,
and CPE a double-layer pseudo-capacitance, so-called constant phase element.
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Table 1. Electrochemical impedance parameters of palladium and platinum cathodes at OCP, determined before and
after electrolysis processes, through Randle-like equivalent
circuit.

1
I (mA)

Cathode

1.5

R ( cm2 ) Rct (k cm2 ) CPE (μF/cm2 )

Pd (before)
5.4
Pd (after)
4.9
Pt (before/after) 3.3

8.9
1.5
36.6

0
cycle 2
cycle 25
cycle 50
cycle 75

-0.5
-1

16.1
42.9
192.7

(I < 0) of oxygen molecules dissolved in the electrolyte. Both peaks disappear by deoxygenating the
electrolyte solution and starting the potential scan from
more positive values (above −1.1 VSCE , no hydrogen
is produced and hence the corresponding peak disappears). Moreover, the peak intensity of hydrogen oxidation reaction observed for Pd is about five times
greater than that of Pt electrode (figures 8 and 9).
This is obviously because of H-sorption phenomenon
witnessed formerly for Pd cathodes. By accepting
this argument, we should also observe some peak
enhancement/attenuation as the result of hydrogen
loading (electrolysis)/unloading (Hads → H+ + e− )
process. Figure 10 confirms this expectation. To determine the extent of hydrogen atoms diffused into palladium lattice, the atoms were oxidized at a constant
anodic voltage.34 By recording the current versus time
(figure 11), the charge needing for oxidation/unloading
process was computed (Q = 25.8965C, area under the
curve). Figure 11 indicates that at the initial stages of
the process, the current decreases sharply. In addition,
most hydrogen atoms become oxidized during the first
3 h chronoamperometry. After 6 h, the current reaches
100 μA and the process proceeds very slowly [the completion of the process takes about one day]. The other
interesting result deducing from figure 11 is the transient halt detected at the initial stages of the unloading
process. It is related to an isobar phase transition
(β → α 35,36 ) phenomenon taken place for PdHx matrix,
during the unloading process.37 The halt recognized

0.5

-1.5
-1.5

R ( cm2 )

Rct ( cm2 )

CPE (μF/cm2 )

0.10
0.25
0.50
1.00

6.1
6.2
6.1
6.0

330.8
196.0
86.9
42.5

53.1
51.4
48.4
47.5

0
0.5
E (VSCE)

1

1.5

here is indeed similar to that witnessed elsewhere, by
means of cooling-curve diagrams.38
The molar ratio of hydrogen to palladium atoms, x
was calculated using this formula:
x=

Q/F
nH
=
= 9.1747×10−5 Q/VPd (6)
nPd
ρPd · VPd /MPd

where VPd is the volume of electrode (in cm3 ), Q the
anodic charge (Coulomb), F faraday constant, ρPd density, and MPd the atomic mass. The ratio obtained was
0.7883 (PdH0.7883 ).
3.1 Interactional studies

The results of hydrogen interaction with different
adsorbing sites on the palladium surface are given
in table 3. The table indicates that the interactions
are extremely high (1 Hartree=627.5095 kcal/mol) and
interprets atomistically the inherent potency of palladium metal to attract the hydrogen atoms. Because
of these strong forces, the hydrogen atoms are pulled
closely and sank through the hollow or bridge voids
(see figure 1 and notice the negative sign of dH , presented in table 3). The tiny distance suggested by the

10
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I (mA)

6

Current (mA)

-0.5

Figure 8. Cyclic voltammogram of Pt electrode in 0.1 M
NaOH solution.

8

Table 2. Electrochemical impedance parameters of platinum electrode during the electrolysis process, determined
at different cathodic currents via Randle-like equivalent
circuit.
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Figure 9. Cyclic voltammogram of Pd electrode in 0.1 M
NaOH solution.
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Table 3. Hydrogen interaction (in atomic units) with different adsorbing sites upon the palladium surface (see also
figure 1).

10 min
25 min
130 min

2.5

site

Eint. a

dH b (Å)

qH c

0

O
B
H1
H2

−330.52220
−15.52350
−8.29571
−8.88984

0.27
−0.07
−0.13
−0.16

(−0.18896, −0.10519)
(0.84855, 0.34317)
(0.52627, 0.22420)
(0.48629, 0.12752)

-2.5
-5
-1.6

-1.2

-0.8

-0.4
0
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E (VSCE)

0.8

1.2

Figure 10. Cyclic voltammogram of Pd electrode (cycle
25) in 0.1 M NaOH solution after 30 min of electrolysis
(50 mA), 4 hours rest, and oxidation of Hads /Hads
(+200 mVSCE ) at different time intervals.

theory (0.27 Å) is also in accord with experiment.39
Table 3 indicates that some negative (pseudo-hydride)
species are produced by direct H interactions with palladium atoms (on-top sites), whereas the positive (protonlike) entities are created through the interactions with
the remaining (bridge and hollow) sites. Because of
the proton size (femtometer), they easily enter the interior of the metal lattice through the hollow and bridge
voids. The driving force for this entrance (loading
phenomenon; diffusion) is the gradient concentration
(entropy increase) accompanied with the attractive
forces exerted by the metal atoms in the bulk (table 4;
the energies are comparable with those of hollows and
bridge sites listed in table 3). The generation of charged
particles also causes the impedance of the system being
decreased as witnessed formerly via EIS measurements.
The charges listed in tables 3 and 4 were calculated
through two different popular/standard procedures, i.e.,
Mülliken population and Merz-Singh-Kollman (MK)
electrostatic analyses.17,40,41 These charges are quite
different from those formal oxidation states of hydrogen atom being conventionally reported in literature.42
Although the values computed by these procedures are

a

defined as Eint = EPd+H cluster − (EPd cluster + EH ).17
distance from surface; the negative sign means that the
hydrogen atom is beneath the surface (penetrated the lattice).
c
induced charge on hydrogen atom obtained by two popular
methods, i.e., Mülliken population analysis and Merz-SinghKollman (MK) electrostatic procedure, respectively.17
b

Table 4. Some interactional data (in atomic units) of
hydrogen atom(s) trapped in the palladium nanovoids
(figure 2).
void
symmetry

Eint. a

dH−M (Å)

qH b

Td
Oh
Cubic
Cubic-full

−7.26498
−8.62550
−14.68176
−26.01310

1.68442
1.94500
1.94500
1.94500

(0.27568, 0.38755)
(0.23072, 0.47354)
(0.04953, −0.50286)
(0.13924, 0.39462)c
(0.26803, −012713)d

a

defined as Eint = EPd + H cluster − (EPd cluster + EH cluster ).17
induced charge on hydrogen atom obtained from Mülliken population analysis and Merz-Singh-Kollman (MK)
electrostatic procedures, respectively.17
c,d
charges of hydrogen atoms occupied the center and the
corner of the cubic cell, respectively.
b

not similar, they both lead to the same trend with fair
self-consistency (R2 ≈0.97).7
Between octahedral (Oh ) and tetrahedral (Td ) voids
existing inside the palladium lattice, table 4 shows that
the former interacts more strongly and the energy is
comparable with that of H upon hollow sites. In addition, at the initial stages of the loading phenomenon,
hydrogen atoms fill the lattice voids mostly in the
cationic form and extra energy is released by occupying
additional voids.

4. Conclusion

Figure 11. Chronoamperometry of Pd electrode in 0.1 M
NaOH solution (+200 mVSCE ), after 30 min of electrolysis
(50 mA) and 4 h rest.

In the present study, we propose that hydrogen atoms
enter the palladium lattice through the voids in the surface (hollows and bridge sites) as protons. The protons are generated by super-strong attractive forces
and the generation of charged species (protons) causes

Atomistic understanding of palladium H-loading phenomenon

the impedance of system to be atomistically decreased
during the H-loading phenomenon.
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