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Abstract Kelvin probe-based contact potential measure-
ments were conducted with in situ electrochemical hydrogen
loading of a Pd membrane with a thickness of 100 μm. The
theoretical basis of diffusion coefficient calculation based on
measured response time of potential drop, arising from hydro-
gen arriving at the detection side of the Pd membrane, was
discussed. In situ hydrogen loading was also utilized for in-
sertion of different amounts of hydrogen into the Pd sample
while monitoring the resulting contact potential difference
changes. Measurement of contact potential difference at dif-
ferent final values of hydrogen concentration in the Pd mem-
brane was performed at various atmospheric conditions, fo-
cusing in this work on increasing relative humidity (4 to 85%
rH). Moreover, the effect of humidity changes on hydrogen
effusion kinetics at room temperature and low oxygen content
(<1%) was studied.
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Introduction

Research on hydrogen is gaining more and more importance
within the last decades. Especially in surface science and ma-
terial science, much progress concerning hydrogen uptake and
diffusion in metals has been achieved [1]. In addition, devel-
opment of new techniques for hydrogen sensing as well as
precise calibration procedures for hydrogen analysers is an
ongoing process still relevant for scientific investigation of
hydrogen-related topics [2].

Hydrogen is known to be a promising energy carrier for the
future. Therefore, production, storage, release and transport
are crucial topics to improve the transformation of chemical
energy Bin^ hydrogen to mechanical energy to be used for
mobile transport [3]. One main topic of course is hydrogen
storage, which can be carried out either in gaseous or in liquid
state or solid by physisorption of hydrogen onmaterials with a
high specific surface area, as well as hydrogen intercalation in
hydrides and metals. [4]. Hydrogen intercalation as hydride in
host materials is a promising field; recently, sodium borohy-
dride has been proposed having good reversible capacities for
hydrogen storage [5]. Also, theoretical calculations
concerning the influence of Al, Nb or Ti doping of
magnesium-boron-hydride on the diffusion path of hydrogen
atoms through these materials have been performed. The re-
sults indicate that doping weakens the B–H bond with Nb
showing the best effect [6]. Remarkable improvement of hy-
drogen absorption kinetics and thus absorption speed has been
shown for accumulative roll bonded (ARB) Mg-LaNi5 soot
hybrid materials. Therefore, intimate mixing of the compo-
nents along with a fine microstructure and increased defect
density in the hybrid are found to be key parameters for hy-
drogen absorption properties [7]. Along with this, a variety of
systems has been studied ranging from metals [8] to organic
materials like carbon nanotubes [9, 10].
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From early state of chemical engineering hydrogen embrit-
tlement (HE) is a known problem [11, 12] in metal industry,
which had to be faced already in 1911 during the development
of ammonia synthesis by Haber and Bosch. The first attempt
to overcome problems due to cracking because of reaction of
hydrogen with carbon in the steel at high pressures was per-
formed by coating the inner wall of the reactor with pure iron
and drilling narrow holes in the outer steel wall, so that hy-
drogen could diffuse through the iron and leaf the reactor
without causing damage [13]. Up to now, HE is already wide-
ly investigated [14, 15]; nevertheless, it is still a problem for
the performance of materials in construction causing severe
damages because of delayed fracture [16]. Challenges in char-
acterizing the microstructure because of varying phases and/or
compositional gradients, especially for alloyed steel, still have
to be overcome. Quantification and assessment of trap site
interactions with absorbed hydrogen play an important role
for investigations [17]. According to Akiyama et al. [18], dif-
fusible hydrogen has been found to be the main contribution
to HE. Determination of the amount of hydrogen from atmo-
spheric corrosion contributing to HE is not straightforward
because of changing environmental conditions as well as cor-
rosion behaviour with time.

Hydrogen evolution during cold rolling process in metal
industry has impact on the surface structure of theworking roll.
Potentiodynamic investigation reveals a stationary situation
established between the destruction and repassivation of the
role material. It has been shown that galvanic coupling of the
roll with the product causes pressure-supported atomic hydro-
gen adsorption into the rolls decreasing their lifetime [19].

Technical relevance for hydrogenation and dehydrogena-
tion via catalytic reactions has supported Pd membranes being
permselective for hydrogen. Compact palladium composite
membranes are used in packed bed catalysts for hydrogen
separation in gas-phase dehydrogenation reactions [20].

Various techniques for detection of hydrogen evolution,
uptake and diffusion have been established contributing to
deeper understanding of the topic. Standard methods for hy-
drogen detection inmetals are the Devanathan-Stachurski cell,
which provides information about the diffusion constants of
hydrogen in metals and density of trap sites [21, 22] or
thermodesorption technique [23].

Along with other methods recently, Kelvin probe (KP)
gains more interest for detecting hydrogen in metals. Due to
its sensitivity to changes in surface morphology, oxidation
states and crystal structure of the outer layers of the material,
KP can be employed for qualitative and quantitative hydrogen
detection via measurement of changes in the surface Volta
potential distribution. The first research on Pd surfaces
showed a decreased Volta potential and hence a decreased
work function on the surface (exit side) of hydrogen-loaded
Pd. Interpretation of the results led to the assumption that
formation of electrochemical equilibrium between reduced

residual oxygen and hydrogen oxidation takes place.
Changes in the surface potential were related to an increasing
amount of diffused hydrogen [24]. However, further studies
showed a logarithmic correlation between the amount of hy-
drogen and the measured surface Volta potential. The latter
dependency is only valid in the case that a thin layer of elec-
trolyte (e.g. water) is adsorbed on the surface [25].

Because of the good absorption behaviour and high diffu-
sion rate of hydrogen in palladium, it is commonly used for
model studies on metal hydrogen systems for almost a century
now [26]. In this case, also the production route of the inves-
tigated Pd surface makes a difference in the hydrogen uptake
and diffusion behaviour. Pd thin films can be either electroless
deposited, electrochemically deposited or prepared by physi-
cal vapour deposition, which shows varying performance for
calibration of the hydrogen sensors by impedance spectrosco-
py [27]. The absorption of hydrogen by occupying vacancies
causes several changes in the material. Depending on the way
of absorption, e.g. at interstitial sites or traps, different amount
of energy is needed to liberate the hydrogen and desorb it from
the material. Electronic properties during hydrogen uptake as
well as phase transition from PdH α-phase to β-phase can
both be recorded by KP [28].

Analysis of hydrogen diffusion in steel tends to be more
complex. The procedure of loading steel samples with hydro-
gen is presented elsewhere [29]. Investigating the surface of
iron which is naturally oxidized shows a decrease of surface
Volta potential as soon as hydrogen reaches the surface. This
change leads to a lowering in work function and occurs due to
reduction of Fe3+ to Fe2+ changing the Fermi level position,
which is defined by the ratio of Fe2+/Fe3+ at the oxide surface
[30]. Depending on the atmosphere on the exit side, various
possible situations may be observed. Atmospheric oxygen, for
instance, will reoxidize the Fe2+ to Fe3+ [29] according to the
scheme proposed elsewhere [30, 31]. Due to complex struc-
ture and composition of oxides, reproducibility is not easily
achieved. To overcome this obstacle, samples are coated with
a thin layer of Pd which drains the hydrogen from the steel/
oxide sample. Traps deliver new hydrogen atoms from regions
deeper in the sample.

As mentioned before, hydrogen on the surface of a
material is very active. Previous studies focussing on sil-
ver show that there is a dependency on the surface micro-
structure of Ag2O concerning the ability to reduce hydro-
gen. It was shown that the surface to volume ratio of the
Ag2O crystals as well as the facet-dependent activity of
the morphologies plays a role in the oxide reduction pro-
cess via differences in the contact area size [32].

A detailed study on hydrogen detection in and on the sur-
face of metals by KP can be found in the literature [33]. The
present study focuses on using the interaction of Pd and hy-
drogen for semiquantitative determination of hydrogen con-
centration within the metal.
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Materials and methods

An 80 × 10-mm-sized piece of palladium foil (Goodfellow, as
rolled, 99.5%) with 0.1-mm thickness was used as a sample.
Before usage, the Pd foil was cleaned ultrasonically in acetone,
ethanol and deionized water. For KP measurements with in situ
electrochemical hydrogen loading, the samplewasmounted into
a specially designed 3Dprinted cell (Fig. 1) described elsewhere
[34].As electrolyte, 0.1-MNaOHsolution,whichwasdeaerated
by Ar bubbling for at least 2 h prior to measurement, was used.
During theKPmeasurement, theelectrolyte flowratewasadjust-
ed to 75 cm3 s−1, which was large enough to rapidly entrain
possibly formed gas bubbles at working or counter electrode.

KP measurements were performed with a system from
Wicinski &Wicinski GbRwith a 300-μm-diameter Cr–Ni probe
tip build into an in-housedeveloped chamber and transfer system.
Tip-sample distance was kept constant automatically to 110 μm.
KP sample chamber atmosphere was varied in terms of relative
humidity (rH), whereas oxygen content and temperature
(23 ± 1.0 °C) were kept constant. During the measurements, the
KP chamber was constantly flushed with nitrogen (5.0, Linde,
Austria). The oxygen concentration in theKP chamberwasmon-
itoredwithanoxygensensorwithalowerdetectionlimitof1%.As
thechamber,which isgastight except foragasoutletbackpressure
valve, is constantly flushed with nitrogen, it can be assumed that
the real oxygen concentration is much lower than 1%. In order to
enable comparison to electrochemical potentials, the system was
calibratedbeforemeasurementbyprobinganelectrochemicalsys-
temwithknownpotential,whichwas in thiscase the liquidsurface
of a saturated CuSO4 solution in a Cu crucible [35].

Forelectrochemicalhydrogenloading,anIVIUMCompactStat
potentiostat infloatingmodewasemployed.Hydrogenpermeation
measurementwithKPhydrogen detection at the exit sidewas per-
formed galvanostatically at 1 mA cm−2. For cyclic voltammetric
studyof hydrogen insertionbehaviour, a triangular potentialwave-
formwasappliedfor3cycleswithascanrateof10mVs−1between
−0.9 and 0.6 V versus (standard hydrogen electrode (SHE)). For
hydrogendetectionmeasurements at varyinghumidity conditions,
potentiostaticpulsesat−0.7V(SHE)withdurationsof5,15,30,50,
75, 105, 140 and180 swere applied.All electrochemicalmeasure-
mentswere performed in a three-electrode setup comprising aHg/
HgO/0.1MNaOH-microreferenceelectrodeaswellasagoldcoun-
ter electrode.Betweenhydrogen loading intervals, electrochemical
unloadingwas performedby applying a potential of−0.1V (SHE)
to the entry side of the sample.

Results and discussion

Measurement basics and principles

As the experiments performed in this work are based on hydro-
gen diffusion through a palladium foil, it is essential to know the

hydrogen diffusion kinetics in the studied material. Therefore, a
hydrogen permeation measurement was performed by in situ
hydrogen loading while detecting hydrogen arriving at the exit
side of the sample with KP. Hydrogen loadingwas conducted in
the same way as in electrochemical hydrogen permeation ex-
periments according to Devanathan and Stachurski [21], in-
volving sufficiently cathodic polarization of a metal sample in
order to force hydrogen uptake. In alkaline solution, absorption
of hydrogen can be describedwith two different mechanisms, in
which the hydrogen uptake is proceeding in one (direct
absorption, Eq. 1) or two (indirect absorption, Eq. 2) steps.
The indirect mechanism contains adsorption of hydrogen
followed by absorption into the Pd sample (Eq. 3) [36].

Pdþ H2Oþ e−↔ PdHabs þ OH− ð1Þ
Pdþ H2Oþ e−↔ PdHads þ OH− ð2Þ
PdHads↔ PdHabs ð3Þ

When hydrogen reaches the absorbed state, it will diffuse
driven by concentration gradients by jumping from one inter-
stitial position to the next. In case of Pd, hydrogen occupies
mostly octahedral sites in the metal lattice [37]. Generally, hy-
drogen uptake leads to expansion of the crystal lattice, causing
mechanical stresses, which in turn cause changes inwork func-
tionof themetal [38,39]. IncaseofPd,deformationof themetal
lattice gets even more pronounced when the hydrogen-rich β-
PdHphase is formed [40]. Regarding the diffusional process of
hydrogen in a metal lattice, trapping phenomena have to be
considered, which can be divided into two types according to
their ability to trap hydrogen reversibly, like grain boundaries
and dislocations or, irreversibly, like precipitates [41]. In this
context, thepresenceofβ-PdHin themetal incombinationwith
the less hydrogen-richα-phase can cause reversible trappingof
hydrogen atoms [42, 43].

In case of electrochemical permeation methods, the exit
side of the metal membrane is anodically polarized (see
Eq. 4) and the resulting oxidation current is measured to quan-
tify arriving hydrogen.

PdHads↔Pdþ Hþ þ e− ð4Þ

If no electrochemical oxidation of hydrogen is possible, as it
is the case for permeation experimentsmeasured byKP, hydro-
gen removal fromthePd is solelybasedon the recombinationof
two adsorbed hydrogen atoms and subsequent desorption
(Eq. 5), which is endothermic in case of Pd [37, 44, 45] or the
reaction with oxygen resulting in water formation [46].

2 PdHads↔2 Pdþ H2 ð5Þ

As the hydrogen removal from the sample is much slower
compared to the electrochemical oxidation performed in electro-
chemical permeation experiments, hydrogen concentration at the
hydrogen exit side of the sample deviates from zero. Therefore,
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evaluation of hydrogen diffusion coefficient in case of KP detec-
tion is different from theDevanathan-Stachurski method.

Sensitivity of theKP in terms of hydrogen determinationwas
proven to be comparatively high; a hydrogen loading pulse of
60 s with 1 mA cm−2, as shown in Fig. 2, is sufficient to cause a
sharp drop inmeasured contact potential difference (CPD) in the
moment of hydrogen arrival at the exit side of the sample. From
the onset time of this CPD drop, the hydrogen diffusion coeffi-
cient (D) can be calculated. Figure 2b depicts the CPD transient
measured for a longer hydrogen loading pulse, again with
1 mA cm−2. Hydrogen loading was maintained until a stable
CPD reading was obtained in order to visualize formation of
the β-PdH phase. Reaching of a mixed α-/β-PdH phase can be
also detected in the height information obtained from the auto-
matic height control systemof the usedKP system. The increase
inheight isadirect consequenceof thevolumeexpansionaccom-
panying the β-PdH phase formation. After exceeding the maxi-
mumα-PdH concentration, a stable CPDof 0.006V (SHE)was
measured. This value is limiting the range, in which Pd can be
used for hydrogen quantification. As Evers et al. [25] and Lee
et al. [47] havedemonstrated, correlationbetweenwork function
or electrode potential andhydrogen concentration in thematerial
is only observable in the less hydrogen containingα-PdHphase.

Calculation of the diffusion coefficientD is based on Fick’s
second law describing the non-stationary diffusion [48, 49],
which in one direction (x) reads

∂C
∂t

¼ D
∂2C
∂x2

ð6Þ

C is the concentration of diffusing substance, which dif-
fuses in x-direction. The solution for the diffusion equation for

Fig. 2 a Hydrogen permeation transient measured with Kelvin probe on
Pd foil after galvanostatic hydrogen loading at the H-entry side for 60 s at
1 mA cm−2. b CPD transient measured with KP on Pd during hydrogen
loading of sample entry side with 1 mA cm−2 depicting formation of
binary α-,β-PdH phase

Fig. 1 a Schematic illustration of
the 3D printed cell used for KP
measurement with in situ
electrochemical hydrogen
loading. b Photograph of the
setup in the KP chamber

1788 J Solid State Electrochem (2017) 21:1785–1796



x > 0, where x = 0 is defined as the hydrogen entry side of the
sample and x = L is the corresponding exit side, with the initial
condition Ct = 0,x > 0 = C0 and the boundary condition
Ct > 0,x = 0 = CH,x = 0 gives the following:

Cx;t ¼ CH;x¼0− CH;x¼0−C0

� �
erf

x
ffiffiffiffiffiffiffiffi
4Dt

p
� �

ð7Þ

The concentration distribution (Fig. 2) can be approximat-
ed by the following:

Cx;t≈CH;x¼0−
∂cx;t
∂x

0; tð Þx ¼ CH;x¼0 1−
x
ffiffiffiffiffiffiffiffi
πDt

p
� �

ð8Þ

The penetration depth is therefore defined as follows:

xpen ¼
ffiffiffiffiffiffiffiffi
πDt

p
ð9Þ

In our case, xpen is limited by the thickness (L = 0.01 cm) of
the membrane and the time t corresponds to the onset or re-
sponse time (tonset) of the measured KP potential drop.
Therefore, solution of D gives, for the case of materials with
very low hydrogen trap density,

D ¼ L2

πtonset
¼ 0:012

96π
¼ 3:32 ∙10−7cm2s−1 ð10Þ

This value is in good agreement to previously published
results [21, 34, 42, 50, 51].

After finishing hydrogen loading for determination of dif-
fusion coefficient, point measurement of CPD was continued
until a return of the potential almost to the initial value of
0.575 V (SHE) was observed. Increase in potential, which
describes removal of hydrogen from the Pd sample, is slow
due to conditions inhibiting the reaction of absorbed hydrogen
and consecutive removal from the foil. In contrast to electro-
chemical unloading of hydrogen, where an anodic potential is
applied to the sample, enabling fast reaction kinetics, removal
of hydrogen has to occur by recombination of adsorbed hy-
drogen followed by desorption as molecular hydrogen (Fig. 3)
or by reaction with atmospheric oxygen at the hydrogen exit
side of the sample [29]. Additional to the effusion of hydrogen
into the atmosphere on the exit side of the sample probed by
the KP, hydrogen can diffuse back to the entry side of the
sample, where a loss of hydrogen into the electrolyte is highly
probable. Kirchheim and coworkers showed in several publi-
cations that the loss of hydrogen in molecular state into the
electrolyte is highly dependent on mobility and activity of
hydrogen in the electrolyte [52–54]. In order to decrease the
hydrogen mobility in the electrolyte, a highly viscous electro-
lyte was used, which is, however, not suited for the herein
presented flow cell setup.

An interesting aspect found in results presented in Fig. 2 is
that the potential is not reaching its starting value, even after

very long recovering times. This aspect was already reported
in literature [33] and can be on the one hand due to hydrogen
trapping phenomena as well as irreversible deformations of
the metal lattice.

As preparation for electrochemical hydrogen loading of the
Pd sample, a suitable potential has to be chosen. For this
purpose, a cyclic voltammogram of Pd in 0.1-M NaOH solu-
tion was recorded (Fig. 4) at the same electrolyte flow rate as
for all other experiments described in this work. Maintenance
of flow rate is essential, as convectional changes were reported
to affect hydrogen entry into themetal sample [55] significant-
ly. The shape of the recorded cyclic voltammogram (CV) is
slightly different from other published results [36, 56, 57],
which can be due to electrolyte convection. Nevertheless, a
cathodic peak resulting from hydrogen adsorption, absorption
and hydrogen evolution as indicated in Fig. 3 can be identi-
fied. At less cathodic potentials, reduction of Pd oxide
(−0.09 V (SHE)), previously formed at potentials above
0.1 V (SHE), is visible.

Combined with results from a previous work [34], a poten-
tial of −0.7 V (SHE) was chosen for hydrogen loading of the
Pd sample, which is positioned in the hydrogen adsorption
and absorption region as depicted in Fig. 3. At lower poten-
tials, hydrogen evolution reaction (HER) occurs dominating
the hydrogen ingress with formation of a mixed α-,β-PdH
phase at the entry side of the Pd membrane. Even though the
used flow cell allows for polarizations at lower potentials go-
ing along with hydrogen evolution as shown in [34], those
cathodic potentials are not considered for hydrogen loading
as formation of β-PdH phase has to be avoided [25, 47].

Fig. 3 Schematic depicting Kelvin probe measurement on Pd during
electrochemical hydrogen loading in the flow cell including reaction
mechanisms and hydrogen concentration profiles (cx,t)
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In order to achieve various amounts of hydrogen in the Pd
sample, as mentioned earlier, several loading cycles were con-
ducted by applying a constant potential of −0.7 V (SHE) with
pulse durations between 5 and 180 s. The corresponding cur-
rent transients (j) measured during these potentiostatic H-
loading cycles are presented in Fig. 5. From integration of
the obtained current transients, the amount of inserted hydro-
gen can be calculated as shown representatively in the inset of
Fig. 5 for hydrogen loading pulse of 75-s duration. The cal-
culation is based on Faraday’s laws [58]:

QH ¼ j∙t ¼ nH∙z∙F ð11Þ

QH describes the amount of charge per square centimetre,
which can be correlated to the amount of hydrogen inserted
(nH). Finally, by dividing the obtained nH by the thickness of
the sample (L), one obtains the hydrogen concentration per
volume (cH,coulometric):

cH;coulometric ¼ nH
L

ð12Þ

At −0.7 V (SHE), the hydrogen evolution is assumed to be
negligible, enabling calculation of the inserted amount of hy-
drogen from integration of the measured insertion current dur-
ing cathodic polarization. However, part of the hydrogen,
which was inserted into the Pd membrane, will be lost into
the electrolyte, especially after finishing cathodic polarization.
Therefore, the calculated amount of hydrogen (Eqs. 11 and
12) is an approximation, reflecting the amount of hydrogen
in the Pd membrane without giving the exact value.
Determination of the real hydrogen concentration is, for the
system used, only accessible via numerical simulation, taking
into account loss of hydrogen into the electrolyte and effusion
of hydrogen into the KP chamber atmosphere next to diffusion

rates of hydrogen in Pd. The loss of hydrogen into the KP
chamber atmosphere as well as the loss into the electrolyte is
dependent not only on the hydrogen concentration in the Pd,
but also on the composition of the electrolyte and the atmo-
sphere, respectively.

Hydrogen detection and humidity influence

In order to avoid systematic measurement errors due to chang-
es in the sample material, which is in our case Pd, occurring
during variation of KP measurement atmosphere, CPD was
recorded (Fig. 6) for at least 45 min at each adjusted value of
relative humidity (rH). Variation of potential in a humidity
range between <1 and 60% is less than 30 mV; between
<1% and the maximum of 90%, the potential deviation from
the original value at lowest humidity is 42 mV. This variation
in potential can be attributed to contributions of capacitance
changes between tip and sample, which are affecting the mea-
sured CPD as shown in the inset of Fig. 6. This measurement
was performed by probing the liquid surface of a CuSO4 so-
lution in a Cu crucible, which is also used for correlating the
CPD to electrochemical potentials. In this case, no adsorption
effects on solid surfaces have to be considered, in contrast to
the capacitance changes induced by variation in rH. Therefore,
the CPD changes measured later during hydrogen loading are
fully induced by interaction of the Pd sample with the inserted
hydrogen and not with the measurement atmosphere. It should
be considered that the humidity directly above the liquid sur-
face of the copper sulphate solution is probably higher com-
pared to the overall humidity in the KP chamber.

Figure 7 shows the CPD measurement with in situ hydro-
gen insertion on a freshly prepared Pd sample and indicates
the increasing hydrogen loading pulse durations, starting from

Fig. 5 Electrochemical hydrogen loading transients measured during
potentiostatic H-loading at −0.7 V (SHE) including scheme of
determination of amount of charged hydrogen by integration of current
transient

Fig. 4 Cyclic voltammogram recorded on Pd at a potential scan rate of
10 mV s−1 in 0.1-M NaOH solution for determination of suitable H-
loading potential

1790 J Solid State Electrochem (2017) 21:1785–1796



5 s at −0.7 V (SHE) up to 180 s at the lowest possible oxygen
concentration and humidity level adjustable for long-term
measurements in the KP setup. After hydrogen reaches the
exit side of the membrane, a clear drop in potential is mea-
sured by the KP, in a similar manner as it was shown for the
hydrogen permeation transient in Fig. 2. With increasing load-
ing time corresponding to higher amounts of hydrogen
inserted into the material, lower CPD values are observed.
Shortly after finishing the hydrogen loading process, an in-
crease of CPD is measured. The return of the CPD to its
starting value is due to conditions measured in, very slowly,
which was already discussed related to Fig. 2. Removal of
hydrogen from the Pd sample is therefore only depending on
desorption of molecular hydrogen or reaction with oxygen in
the measurement atmosphere, which was kept as low as pos-
sible in this first measurement. Another possibility to force
hydrogen removal is to apply a sufficiently anodic potential
to the entry side of the Pd membrane to allow oxidation of
hydrogen. This was performed by polarizing the membrane
shortly before the subsequent loading cycle is started to a
potential of −0.1 V (SHE). The resulting oxidation current
was in a range of picoampere per square centimetre.
Polarization at higher anodic potentials than −0.1 V (SHE)
was not possible, as formation of palladium oxide is expected
to occur. Therefore, the low levels of measured oxidation cur-
rent can be interpreted as an electrochemically non-
measurable amount of hydrogen remaining in the sample. In
order to allow CPD measurement with different amounts of
hydrogen loaded into the Pd within a reasonable time frame,
recovery intervals between H-loading of several hours were
not considered as meaningful. Therefore, consecutive loading
cycles were started when CPD reached about 50 to 60% of the
former potential value, tolerating the fact that hydrogen re-
maining inside the material inserted in the previous loading

cycle may still contribute to the drop in CPD. However, due to
the logarithmical dependency of the CPD on the hydrogen
concentration in the material, resulting in relatively large
CPD changes corresponding to a small amount of hydrogen,
residual hydrogen amounts remaining in the sample from the
previous loading can be neglected compared to the amount of
hydrogen, which is inserted in the subsequent cycle. In this
manner, duration (tn) of hydrogen loading pulse duration was
not increased linearly but cubically as follows:

tn ¼ 2:5xþ 2:5x2 ð13Þ

with x being the number of the loading cycle.

Fig. 7 CPD transient during hydrogen loading measured on a freshly
prepared Pd sample including the H-loading impulses at a potential of
−0.7 V (SHE) for atmospheric condition of <1% O2 concentration and
4% relative humidity

Fig. 6 CPD measurement on Pd
with variation of relative humidity
from 1 to 95%. Inset: CPD
measurement on liquid surface of
Cu/CuSO4 solution in varying
relative humidity
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As also previously described in context of Figs. 2b and 4
and shown by the group of Rohwerder [25], calibration of the
KP potential in dependence of the hydrogen concentration in
Pd is limited by the formation of β-PdHx, which occurs above
a concentration of x = 0.02 [37]. Formation of a mixed α,β-
PdHx phase is indicated by a plateau in CPD and measured in
this work giving a value of about 0.006 V (SHE) [25].
Therefore, the measured CPD should not fall below this po-
tential value during hydrogen loading cycles.

In a similar manner as presented in Fig. 7, the hydrogen
loading procedure was repeated for varying humidity condi-
tions, but constant temperature and oxygen content. The re-
sults for 10% rH, 25% rH, 50% rH and 85% rH are depicted in
Fig. 8. Shape of the curves is comparable as well as the po-
tential range fluctuating between 200 and 450 mV according
to alternation of the loading and recovering cycles. The fluc-
tuation in humidity for all cases was about ±1% rH, except for
the measurement with highest humidity content (85% rH)
exhibiting a deviation of ±5% rH from the set value, because
adjustment and stabilization of humidity values above 80% rH
over a long time period are already at the limit of the system.
Comparing the CPD transient presented in Fig. 7 with the
subsequently measured transients, shown in Fig. 8, a steady
decrease of CPD reached during hydrogen unloading pulses
can be observed for the first measured transient. For all sub-
sequently measured transients (Fig. 8), the potential almost
reaches the starting value between the hydrogen loading
pulses. Therefore, the very first hydrogen loading/unloading

experiment is characterized by an irreversible hydrogen ab-
sorption causing persistent changes in the material’s structure.

Potentialminimawereevaluated fromthe recordedCPDtran-
sients, and corresponding hydrogen concentrationswere obtain-
ed from integration of the loading current, allowing the calcula-
tion of linear regression curves for every single humidity setting.

Results are summarized in Fig. 9 in which the obtained CPD
minima are plotted versus the logarithm of the approximated
hydrogen concentration determined from integration of cathodic
current measured on the entry side (cH,coulometric). Themeasured
data valueswere fitted by linear regression, and resulting param-
eters are listed in Table 1. The linear fit for the freshly prepared
sample (4% rH (1)) shows a different behaviour compared to all
other subsequent calibration experiments.Thismanifests not on-
ly in amuch higher slope of the curve, but also in a less cathodic
starting potential of 0.6 V, compared to 0.4–0.5 V (SHE),
resulting in a larger potential range over the entiremeasurement.
Therefore, the measurement at lowest humidity was repeated
subsequently to the other measurements (4% rH (2)).
Interestingly, the slope of this curve matches those of all other
curves revealing an irreversible process happening during the
first loading cycle. This finding corresponds to the work of
Evers et al. [33] mentioning a deviating behaviour of freshly
prepared Pd samples. It has to be emphasized that after the first
loading/unloading procedure, the initial potential was not
reached anymore, leading to a lower starting value in CPD for
the next loading/unloading experiment at increased rH.
Therefore, we can assume that even there was no formation of a

Fig. 8 Measurement results
showing CPD measured by
Kelvin probe during increasing
electrochemical hydrogen loading
pulse durations at different
atmospheric conditions. a 10%
rH. b 25% rH. c 50% rH. d 85%
rH (all at <1% O2)
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mixed α,β-PdHx phase at the surface, which is probed by the
surface-sensitive KP technique, there might be formation of this
phase mixture within the sample. This can be accompanied by
filling of other trap sites like various kinds of dislocations due to
the manufacturing procedure of the foil used. Therefore, the ab-
solute potentials for all the subsequent measurements at higher
humidity are shifted and should not be taken as absolute values.

Another aspect is the loss of hydrogen into the electrolyte
as well as into the chamber atmosphere, which was already
mentioned earlier. This loss will occur in higher rates when the
hydrogen concentration in the Pd is higher. This may lead to a
systematic influence of the determined slopes as it causes a
weaker drop in CPD for the longest hydrogen loading pulses.

In order to enable evaluation of the quality of the linear
regression, it is useful to consider the correlation coefficient
of the linear fit (see Table 1). Especially for humidity values of
25 and 50% rH, linearity of experimental data is poor resulting
in low values of R2. Thus, it seems beneficial to use low
humidity for hydrogen determination. On the other hand,
our experiments show that also for the highest achievable

humidity of 85% rH, a reasonable R2 can be achieved.
Regarding the slope of the curves for samples which were
already hydrogen loaded in a previous experiment, the values
of k (see Table 1) are in the range of −0.061 to −0.076 V per
decade. Theoretically, a value of −0.059 Vis expected because
of Nernstian behaviour:

E ¼ E0 þ RT
zF

ln
a Hþð Þ
a Habð Þ ¼ E0− 0:059 log

c Habð Þ
c Hþð Þ ð14Þ

Electrochemical potential E corresponds to CPD measured
by means of KP, a(H+) is the activity of protons in the water
layer on the exit side of the sample, whereas a(Hab) describes
the activity of hydrogen within the sample. Assuming that
after the first loading cycle, the concentration of H+ in the
nanoscopic water layer remains constant, which was also ob-
served by Evers et al. [25], the CPD only depends on the
concentration of hydrogen dissolved in the Pd (Hab).

The slopes of the linear regressions determined at different
levels of relative humidity seem to scatter around an average
value of approximately 69 mV per decade. There is no clear
influence of the relative humidity observable.

Basedon the assumption that environmental conditions influ-
ence the removal of hydrogen from the sample, additional eval-
uation of the CPD transients during the recovery intervals was
performed. For this purpose, the increase of CPD after finishing
of hydrogen loadingwas approximated by linear regressions for
each loading/unloading cycle. The averaged slopes of these re-
gressions versus the humidity are depicted in Fig. 10.

For humidity values up to 50% rH, the slopes are nearly con-
stant at 0.140 mV s−1 revealing similar unloading speed.
Regarding the highest measured humidity conditions, a deceler-
ation in hydrogen removal kinetics can be observedwith a value
of 0.055 mV s−1. Increasing humidity in the measurement

Fig. 9 Linear fitting curves revealing dependency of measured absolute
CPD values on logarithm of coulometrically determined hydrogen
concentration (cH,coulometric in mol cm−3) in Pd, obtained for different
humidity values. Measurement points marked with squares (4% rH (1))
represent data from freshly prepared Pd specimen, while all other values
were acquired in consecutive measurements on the same Pd sample

Table 1 Linear regression results based on data from Fig. 9 at varied
atmospheric conditions (CPD = A + k*log (cH,coulometric))

Relative
humidity (%)

k (V decade−1) Correlation
coefficient (R2)

4 (1) −0.365 0.9532

4 (2) −0.074 0.9629

10 −0.062 0.9443

25 −0.073 0.7586

50 −0.061 0.8678

85 −0.076 0.9224
Fig. 10 Averaged slopes of the CPD curve during hydrogen unloading
recorded between loading impulses revealing influence of relative
humidity on the kinetics of hydrogen desorption from Pd surface
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atmosphere leads to an increase in water layer thickness on the
sample surface [59–61]. Therefore, for high humidity values,
dilution effects may influence the proton concentration in the
water layer. This influence is negligible for the calibration be-
cause only the maximum hydrogen concentration resulting in a
minimum of CPD is considered neglecting mostly the surface
reaction kinetics. Changes in proton concentration are onlymin-
imal contributing to the value of CPD, governed by the drastic
change inHab.The situation is different for the caseof a naturally
occurring removal of hydrogen from the metal sample. As no
active hydrogen unloading was performed as it is done, for in-
stance, by applying a sufficiently anodic potential to the exit side
or byheating up the sample, the removal of hydrogen is basedon
the recombinationof adsorbedhydrogen followedbydesorption
as molecule or by reaction with oxygen. The kinetics of these
processes is therefore affecting the slope of the recovery curves
measured by KP. As the oxygen content and temperature were
kept constant during the experiment, changes inkinetics are only
related tovariationof rH.AsreportedbyHuetal. [59]andFreund
etal. [62],water surfacecoverageand thicknessof thewater layer
are highly dependent on the rH.These twoparameters are in turn
affected by the hydrophilicity as well as structural qualities like
lattice constants and texture of the surface [60]. In case of
Pd(100), formation of stable water droplets could be verified by
molecular dynamic simulations. Hu et al. [59] defined three dif-
ferent regions for wetting of mica. In a similar manner, stepwise
increase of humidity, as it was performed in this study, will also
influence the coverage and thickness of the water layer on Pd.
According to previous studies by Freund et al. [62] on the water
coverageofnoblemetals suchasgold, above55%rH, thesurface
was covered with a continuous water film. Below this value,
droplets could be observed. For the present investigation, a sim-
ilar behaviour can be assumed for the studied Pd sample.
Therefore, it is explainable why an increase in rH can cause a
change in surface kinetics as it was observed for rise from 50 to
85% rH. However, the observed change in surface kinetics is of
minor importance for KP detection of hydrogen due to the large
KP tip size compared to the size ofwater droplets,which is in the
nanometre range, but might therefore have a strong effect on
SKPFMmeasurements [63].

Further investigations concerning variations in the oxygen
content in measurement atmosphere are expected as oxygen
can act as a direct reaction partner for hydrogen facilitating its
removal from the Pd sample.

Conclusions

Variation of contact potential difference (CPD)measured byKP
depending on the amount of hydrogen absorbed in Pd was per-
formed at distinct rH settings ranging from 4 to 85%. Humidity
changeshaveminoreffectontheslopeof linear fittingcurves,but
quality of the curves was reduced by adjustment of elevated

humidity values (10, 25, 50% rH). However, for the largest set
rH of 85%, quality of linear regression enhanced, going along
withdecelerationofkineticsofnatural removalofhydrogenfrom
Pd, a factwhich complicates semiquantitativemeasurement pro-
cedure. Therefore, experiments at low humidity values (<10%
rH) are recommended for hydrogen detection in Pd.

Consecutivehydrogen loading into thePdmembraneandsub-
sequent effusionofhydrogen into the sample environment lead to
irreversible changes in the structure of the Pd sample. These
changes lead to misleading absolute CPD values and can be due
to filling of trap sites within the Pd metal lattice during the first
hydrogen loading pulses. Moreover, the formation of a mixed
α,β-PdHx phase is limiting the range, in which Pd could be used
ascalibrationmaterial forhydrogenquantificationas thepotential
dependency on the logarithm of hydrogen concentration is lost.
Fromthese findings, the followingconsequencescanbededuced:

& In order to reduce irreversible trapping of hydrogen in the
Pd membrane, the sample should offer a minimum num-
ber of possible trap sites. Trap site density in cold-rolled
Pd should be reduced, e.g. by annealing.

& The limitationdue to the formationof theβ-PdHxphase could
beovercomebyusing a differentmaterial,which should have
similar advantages likePd as being resistant to environmental
influences like oxidation by atmospheric oxygen as Pd or
increase in rH, having a high hydrogen diffusion coefficient
and being able to absorb a large amount of hydrogen, but
whichhasat leastanextendedα-phaseregioncomparedtoPd.
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