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In this work we investigate by in-situ near-ambient pressure photoemission (NAPP) spectroscopy the
phenomenon of Electrochemical Promotion of Catalysis (EPOC). We studied the reduction and diffusion
kinetics of alkaline ions in a solid electrolyte cell formed by a nickel electrode supported on K+-b-alumina
electrolyte. Experiments in ultra-high vacuum and in the presence of steam showed that the amount of
potassium atoms supplied to the surface is probably affected by nickel electronic modifications induced
by adsorbed OH� groups. It was also deduced that part of the segregated potassium would be adsorbed at
inner interfaces where it would be inaccessible to the photoelectron analyzer. A migration mechanism of
the promoter is proposed consisting in: (i) the electrochemical reduction of the alkali ions (potassium) at
the Ni/solid electrolyte/gas interface; (ii) the spillover of potassium atoms onto the Ni gas-exposed sur-
face; and (iii) the diffusion of potassium atoms to Ni inner grain boundary interfaces.

� 2017 Elsevier Inc. All rights reserved.
1. Introduction

The Electrochemical Promotion of Catalysis (EPOC) concept has
opened a newway of improving activity and selectivity of a hetero-
geneous catalytic reaction [1–3]. EPOC is based on the electro-
chemical activation of a catalyst film in contact with a solid
electrolyte material (e.g., H+, Na+, K+, O2� ionic conductors) that
acts as a source of promoter ions. This phenomenon is not limited
to a particular kind of catalyst, solid electrolyte material or chem-
ical reaction and has been proved in a wide variety of systems [1].
To unravel its operating mechanisms, several experimental proce-
dures have been utilized including adsorption-desorption tech-
niques, work function measurements, isotope labeling, cyclic
voltammetry, electronic microscopy, impedance spectroscopy
and other spectroscopic techniques [1,4]. Of particular relevance
for the present investigation are previous works using X-ray pho-
toelectron (XPS) and Auger electron spectroscopies (AES) carried
out by the group of Lambert et al., who analyzed EPOC systems
based on alkaline (Na+ and K+) ionic conductors and Pt [5–7], Rh
[8,9] or Cu [10,11] catalyst films. In these studies, the solid elec-
trolyte cells were initially exposed to EPOC reaction conditions in
the pre-chamber of an electron spectrometer and then transferred
to the ultra-high vacuum analysis chamber to collect the XP spec-
tra. Although these works were not carried out under real ‘‘in oper-
ando” conditions, they showed that upon cathodic polarization the
alkaline ions (M+) of the solid electrolyte migrate to the three-
phase boundary (tpb), i.e., metal electrode/solid electrolyte/gas
interface, where they become reduced to their elemental state
(M) (i.e., reaction (1)), and then spill-over to the gas-exposed metal
surface where they become adsorbed in neutral form.

Mþ þ e� ! Mads ð1Þ
The present work using Near Ambient Pressure Photoemission

Electron Spectroscopy (NAPP) goes a step forward vs. these previ-
ous studies through the application of an experimental approach
enabling the following:

(i) To perform photoemission measurements under polariza-
tion in the same reactor chamber and conditions closer to
those of an ‘‘operando” methodology [12].
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(ii) To work at near ambient pressure, i.e. under reaction condi-
tions similar to those encountered in EPOC electrochemical
cell reactors.

The present study has been carried out in the context of previ-
ous EPOC works carried out by our group on catalytic hydrocarbon
and alcohol reforming reactions [13–15]. Herein, by working under
in-situ NAPP conditions we have gained a better understanding of
the alkaline ion/metal diffusion processes by monitoring the potas-
sium supply/removal under cathodic/anodic polarizations, i.e., in
the course of the electric polarizations. Namely, we have found
new evidences about potassium segregation onto the catalyst sur-
face and back to the electrolyte when applying a negative/positive
potential to the alkaline solid electrochemical cell. In particular, we
have comparatively analyzed the kinetics of potassium surface seg-
regation followed by NAPP as a function of atmosphere with the
time evolution of the cell electrical signals (i.e., intensity and volt-
age) simultaneously measured with a potentiostat-galvanostat.
The differences found between these two time-dependent signals
have been rationalized with a three-step potassium reaction and
migration mechanism during polarization. We propose that this
systematic comparison can be a powerful methodology not only
to understand the EPOC phenomenon, but also for other experi-
ments in fields such as fuel cells, photovoltaic cells, batteries, cor-
rosion and, in general, electrochemical systems where diffusion
processes are key issues for device performance.

2. Experimental

2.1. Preparation of the electrochemical catalyst

The solid electrolyte cell was formed by a Ni film deposited on a
side of a 19-mm-diameter, 1-mm-thick K-bAl2O3 (Ionotec) disc
(7.9 mm diameter, geometric area = 2.01 cm2) acting as electrolyte.
The catalytically inert Au counter/reference (C/R) electrode was
deposited on the other side of the electrolyte by applying a thin
gold paste coat, followed by calcination at high temperature. Then,
the active Ni catalyst film, which also behaves as a working elec-
trode (W), was deposited on the other side of the electrolyte by a
modification of the classical physical vapor deposition (PVD) tech-
nique, called oblique or glancing angle deposition (OAD or GLAD)
[16,17]. By this method, the substrate (K-bAl2O3) is placed in an
oblique angle configuration with respect to the evaporated flux
of deposited material (Ni) to enhance nanostructuration effects
induced by the shadowing effects occurring during film growth
[18]. As a result, a highly porous film, characterized by a high sur-
face area and a controlled microstructure formed by tilted nanocol-
umns, was obtained. This kind of catalyst morphology can be of
special interest in electrochemically assisted catalytic processes
for H2 production and storage [14]. In the present study, the Ni cat-
alyst film was deposited at a zenithal evaporation angle a = 80�. As
determined by Rutherford back scattering spectroscopy (RBS),
these films presented an equivalent mass thickness of 900 nm
(i.e., equivalent thickness if the film were compact). A SEM micro-
graph of the nanostructured Ni film is reported in Fig. 1a. This fig-
ure clearly shows that most nickel agglomerates in the form of
nanocolumnar patches, while a continuous Ni layer also covers
the substrate (see results). Additional characterization and electro-
catalytic behavior of these electrode thin films can be found in pre-
vious works [14,16].

2.2. Near-ambient pressure photoemission spectroscopy
measurements

For the NAPP experiments, the Ni/K-bAl2O3/Au electrocatalytic
cell was incorporated in a special sample holder (see scheme in
Fig. 1b). The sample, a circular pellet of K-bAl2O3 with its top side
coated with the porous Ni film and a gold dense film on the bot-
tom, was silver glued to the sample holder through its back face.
The sample holder consisted of a cylindrical stainless steel piece
fully surrounding the back and lateral sides of the sample. It was
connected with a thin silver thread (0.2 mm) to the active terminal
of a potentiostat/galvanostat (Vertex model, Ivium Technologies).
On the top side, a small drop of silver paste (4 mm2 contact area)
was deposited on the outer edge of the circular Ni electrode and
then electrically contacted through a small spiral silver thread that
was immersed in the silver paste till its drying and curing at room
temperature. This second thread was connected to the second ter-
minal of the potenciostat and grounded. This configuration means
that, whatever the bias voltage applied to the Au counter electrode,
the Ni electrode was always earthed, as required for referencing
the binding energy scale of the photoelectron energy analyzer. A
picture of this sample holder configuration is shown in Fig. 1c.

The NAPP spectrometer was located at the BL-24 CIRCE undula-
tor beamline, in the ALBA synchrotron light source (Sant Cugat del
Vallés, Spain); it is equipped with a Phoibos NAP150 XPS analyzer
(SPECS) and a differential pumping system for operating at a given
pressure in the analysis chamber. The beam spot size at the sample
position was around 100 � 20 lm2. Samples were excited with
photons of two different energies: 460 eV and 1170 eV. The emit-
ted photoelectrons were analyzed with a pass energy of 10 eV. K/
Ni atomic ratios were determined from the K2p and Ni3p spectra
measured with hv = 460 eV, while C/Ni ratios were determined
from the C1s and Ni2p spectra measured with hv = 1170 eV. For
a semiquantitative evaluation of spectra, raw areas under the
peaks were corrected for the photoionization cross sections of each
electronic level [19] and the escape depth of photoelectrons [20].

Generally, spectra were recorded at the final state conditions of
the experiments. In addition, the maximum of the K2p peak signal
was continuously recorded as a function of time together with the
current (I) and/or potential (V) applied and/or monitored with the
potentiostat-galvanosotat. All the experiments were carried out at
the optimal temperature of 280 �C, as determined in previous stud-
ies [14], and two reaction atmospheres: under the presence of
water vapor as an active adsorbate, denoted as ‘‘water conditions”,
(water pressure of 10�2 mbar), and under absence of any active
adsorbate, denoted as ‘‘high vacuum” (residual pressure in the
chamber of 10�7 mbar).
3. Results and discussion

A common feature of reforming reactions (for hydrocarbons or
alcohols) is the use of water vapor as a second reactant. Water is
also of paramount importance for the removal of deposited car-
bonaceous species on catalytic active sites [15,21]. Therefore, a first
experiment was dedicated to condition the electrocatalyst surface
and to monitor the evolution of the carbon residues on the Ni cat-
alyst surface exposed to water vapor at 280 �C in the absence of
any applied voltage, i.e., under open circuit conditions. Carbon resi-
dues were inevitably incorporated to the Ni catalyst surface during
film preparation and afterwards during the manipulation of the
cell in air. The collected NAPP spectra reported in Fig. 2 were
obtained along 50 min and show that the intensity of the C1s signal
of the adsorbed adventitious carbon progressively decreased up to
reaching an almost negligible intensity in the steady state. This
pre-treatment allowed obtaining an almost clean Ni catalyst film.
The Ni2p signal of metallic nickel, characterized by a BE of 852.7
eV [22] did not undergo any significant modification in shape,
although its intensity slightly increased as a result of this water
vapor conditioning treatment. Meanwhile, a small O1s signal due
to OH� or similar functional groups was also recorded after that
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Fig. 1. (a) SEM micrograph of the nanostructured Ni electrode prepared by OAD on the ion conductor support. (b) Scheme of sample holder with the electrochemical cell
attached to it. (c) Actual photograph of the device with indication of the constituent parts.
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Fig. 2. Evolution of NAPP signals recorded for the electrocatalyst exposed to water vapor at 280 �C for increasing periods. Spectra are reported for the Ni2p (a), C1s (b) and O1s
(c) peaks measured with photons of 1170 eV. The evolution of the C1s/Ni2p area ratio is included in (d).
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Fig. 3. (a) Ni3p spectra recorded ‘‘in situ” at 280 �C for the electrocatalyst exposed
to water vapor and vacuum conditions after applying +2 V and �2 V, as indicated.
(b) Evolution of the K2p signals during the same experiments. (c) Idem for the O1s
spectra. Ni3p and K2p spectra were recorded with hv = 460 eV, while O1s was
recorded with hv = 1170 eV.
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treatment. These preliminary results revealed an efficient carbon
removal by reaction with water vapor, a well-established catalytic
reaction on Ni [23,24]. From this preliminary analysis it is also of
relevance that no signals corresponding to Al3+/O2� ions or Ag
atoms could be detected, indicating that the nanostructured nickel
catalyst-electrode covered efficiently the solid electrolyte support
and that silver atoms from the paste (see Fig. 1b) did not migrate
to the NAPP analysis area.

Fig. 3 shows the spectra recorded for this pre-conditioned sam-
ple after applying a positive (+2 V) and then a negative voltage of
(�2 V), either in vacuum (i.e., 10�7 mbar) or in the presence of
10�2 mbar water vapor. This polarization protocol is typical of
EPOC studies with alkaline ionic conductors, where the solid elec-
trolyte cell is first positively polarized to create a clean catalyst
surface free from alkali promoters and then negatively to electro-
chemically supply alkali species. The constant shape of the Ni2p
signals observed for all the recorded spectra indicated that the cat-
alyst exposed surface remained unaltered after the treatments and
that it consisted of metallic nickel (BEs of 852.7 and 66.2 eV and
FWHM of 1.42 and 3.55 eV for the Ni2p3/2 and Ni3p peaks, respec-
tively [22]). Meanwhile, a very intense K2p signal (see Fig. 3b) sud-
denly developed when applying �2 V and disappeared almost
immediately when switching the voltage to +2 V. This behavior
was completely reversible, although the intensity of the K2p signal
was higher when the experiment was carried out in the presence of
water vapor vs. vacuum (K/Ni atomic ratios, determined from the
K2p and Ni3p spectra measured with hv = 460 eV, were 0.4 vs.
0.16, respectively). This can be attributed to an enhanced stabiliza-
tion of potassium onto the Ni catalyst surface due to the adsorbed
OH� groups coming from water. A small decrease in the C1s and
Ni2p/Ni3p signals occurred with both atmospheres under applica-
tion of �2 V, a feature that we attribute to photoelectrons screen-
ing by the segregated potassium. On the other hand, an increase in
the O1s signal (Fig. 3c) was observed upon negative polarization
under water atmosphere. This behavior is in good agreement with
the EPOC theory and can be attributed to modifications in the cat-
alyst chemisorption capability in the presence of the electrochem-
ical promoter [25]. In our experiment, water chemisorption
(electron acceptor) would be enhanced during negative polariza-
tion, i.e., in the presence of potassium, in agreement with previous
studies about alkali promotion of conventional catalysts and EPOC
systems [13,26,27]. It should be noted that the K2p signal had BEs
in the range 294.1–294.6 eV, depending on the composition of the
gas phase and thus the concentration of K. These values are char-
acteristic of elemental potassium adsorbed on metal surfaces
[28,29].

In previous works with similar alkaline solid electrolyte cells
[6–8,10], the application of a negative voltage to the catalyst film
led to the appearance of two alkaline XPS signals. The first one, cor-
responding to the alkali elemental form (K0 or Na0), presented a
constant BE and an increasing intensity when the applied potential
decreased. It was attributed to alkali atoms adsorbed on the cata-
lyst surface. The second one, at higher binding energies, corre-
sponded to the ionic form (K+ or Na+), had a constant intensity
and was attributed to ionic species localized at the solid elec-
trolyte/catalyst/gas phase interface. Their detection was possible
due to cracks and pores in the metal catalyst film which would
not completely cover the electrolyte. In the present study, the
absence of this second alkaline signal, as well as any other signal
coming from the Al2O3 support (e.g., Al3+ ions) confirmed that
the solid electrolyte was fully covered by the nickel catalyst film.

The observed segregation of potassium in this experiment was
practically instantaneous when the voltage was switched from 2
V to �2 V and the evolution of the K2p signal could not be moni-
tored as a function of time. However, the rapid time evolution of
the electric current could be monitored with the potentiostat for
the two applied potentials (see supporting information, Fig. S1).
In this case I(t) followed a sharp exponential decay that reached
zero after (0.5–1) min. These curves reflect the alkali ions reduction
(negative currents) and metallic potassium oxidation (positive cur-
rents) rates at the tbp, obtained at each polarization (negative or
positive) according to Faraday law:

Potassium oxidation=reduction rate=molKþ s�1 ¼ I
nF

ð2Þ
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where I is the varying current value, n is the potassium ion charge

(+1) and F is the Faraday constant (96,485 C mol�1
e� ).

Fig. 4 shows the evolution of both K2p and electric current
intensity signals simultaneously recorded as a function of applied
voltage from +2 to �2 V (scan rate of 5 mV s�1) during cyclic
voltammetry experiments carried out in high vacuum and in the
presence of water vapor. The two kinds of curves obtained under
these conditions presented a cyclic behavior and a clear hysteresis.
In all cases there was total absence of potassium on the catalyst
surface upon the initial polarization at +2 V. During the negative
polarization scan (from +2 to �2 V), the negative current values
observed in Fig. 4b suggests that potassium ions were reduced to
metallic potassium, very likely at the tpb (reaction 1). This metallic
potassium seems to migrate from the tpb to the nickel gas exposed
surface as observed by the increase in the K2p signal in Fig. 4a.
During the cathodic scan, a voltammetry peak at around �1.2 V
coincides with a decrease in the slope of the K2p signal evolution.
At this potential, K2p intensity almost reached its maximum value,
even though rather high negative currents continued to be
recorded up to �2 V. We advance that these different evolutions
might be due to the existence of an additional diffusion mechanism
of metallic potassium that would migrate from the Ni catalyst sur-
face to inter-grain boundaries and interfaces in the bulk of the film
where it would not be detectable by photoemission. On the other
hand, during the anodic scan from �2 V to �1 V, low intensity
(but still negative) currents were continuously obtained. We pre-
sume that potassium ions are still reduced at the tpb (reaction 1)
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Fig. 4. (a) I-V voltammogram curves recorded with the potentiostat for the
electrocatalyst in vacuum or exposed to 10�2 mbar water vapor. (b) Evolution of the
K2p signal intensity ‘‘in-situ” measured by NAPP while changing the voltage in the
same experiments.
and that this second diffusion process further depletes the amount
of potassium directly exposed at the Ni surface. At potentials
higher than �1 V, positive current values were obtained during
the anodic scan (from �1 V to +2 V), indicating that the opposite
processes were taking place, i.e., metallic potassium atoms
migrated from the Ni film to the tpb from where, after oxidation
to cationic form, would return back to the solid electrolyte. In this
potential range (�1 V to +2 V) the K2p signal decreased with a
higher rate than in the previous voltage range (�2 V to �1 V),
denoting a faster removal of potassium from the surface mediated
by a back-reaction (1). As a result, the K2p signal followed a hys-
teresis curve during the cyclic voltammetry with its lower inten-
sity branch occurring during the back anodic scan (from �2 to 2 V).

During these electrochemically driven processes, the similar
shapes of the I-V voltammograms in vacuum and in the presence
of water vapor suggest that the involved electrochemical processes
were not substantially affected by the presence of water vapor. It is
likely that the low partial pressure (10�2 mbar) in our experiment
limits the concentration of H2O/OH� species at the tpb, making
that charge-transfer reaction (1) was little affected by the water
vapor used in the experiment. This behavior is different than that
of previous works in literature [30,31] reporting a clear influence
of the gas-phase composition in the current-voltage voltammetry
curves under higher gas pressures. It also contrasts with the much
higher intensity of the K2p curves recorded in the same experi-
ment in the presence of water (c.f. Fig. 4a), thus suggesting that
even if reaction (1) proceeded in a similar way when there was
some water in the environment, the adsorption of potassium
atoms at the gas-exposed Ni surface was considerably favoured
under these conditions. In other words, the partition of metallic
potassium between external surface and internal interfaces in
the Ni electrodes was extremely sensitive to small amounts of
water in the medium. It is noteworthy in this regard that the BE
of the K2p signal was higher in vacuum (i.e., up to 294.6 eV) than
in the presence of water (294.1 eV), a difference that we relate with
an extra adsorption of hydroxyl groups at the nickel surface (c.f.,
O1s spectrum at 530.9 eV in Fig. 3c) [29]. It is likely that the addi-
tional adsorption of polar groups on nickel provides an extra elec-
tron density that would induce this change in BE and the observed
extra segregation of potassium onto the surface. The interplay
between electron density at the catalyst surface, segregation of
alkaline atoms and the surface state of adsorbed groups was
observed in previous works by XPS. For instance, Lambert et al.
[10] showed that under a NO atmosphere and a decreasing catalyst
potential (i.e., pumping Na to the catalyst surface) the extra elec-
tronic density provided by the alkali atoms strengthens the
metal–N bond, contributing to increase NO coverage, and weakens
the NAO bond, this facilitating NO dissociation. Analogously, in
studies of NO reduction by CO [11] or by C3H6 in the presence of
O2 [9], it was shown that the gas phase composition affected not
only the Na1s binding energy (depending on the promoter-
derived surface compound formed) but also the signal intensity.

Additional evidences about the existence of distinct states of
segregated potassium, at the surface or in the bulk of the nickel
films, are provided by the experiment depicted in Fig. 5. This
experiment was carried out in presence of water and three differ-
ent polarization steps. Initially, a chronopotentiometry was carried
out, by applying to the sample a negative current of �50 lA during
c.a. 13 min up to reach a fairly constant voltage close to �2 V (in
line with the cyclic voltammetry). Then, the systemwas kept under
open circuit conditions during c.a. 10 min, and finally a positive
voltage of +2 V was applied. During the different polarizations
steps, the K2p signal and the voltage evolution curves were simul-
taneously recorded as a function of time. As a reasonable approxi-
mation, the current flowing through the system can be taken as a
measurement of the potassium ions reduction rate via Eq. (2)
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(i.e. 5.2 � 10�10 molK+ s�1 for 50 µA), while the kinetic of potassium
migration to the gas-exposed surface was determined following
the evolution of the K2p signal with time. During the initial gal-
vanostatic application of �50 lA, the K2p signal sharply increased
while the potential decreased up to reach a value c.a. �1.2 V
(region 1). At this stage, a plateau could be observed in the K2p sig-
nal evolution while the potential continued decreasing with a
lower slope rate (region 2). It is noteworthy that the change in both
signals occurred at c.a. �1.2 V, a potential at which a peak
appeared in the cyclic voltammetry curves in Fig. 4b.

To stress these differences we adjusted a time dependent curves
in each case with the simplest function providing a good fitting
(this does not pretend to be a proper kinetic analysis, for which
temperature dependent data should be necessary). The potential
and exponential functions shown in Fig. S2 where those that were
better adjusted to the K2p intensity and potential curves, respec-
tively. The K2p intensity curve in region 1 could be adjusted with
a function of the type tx (0.15 < x < 0.20) (see Supporting informa-
tion, Fig. S2) while in region 2 the fitting function took the form
t0.03. Unlike these potential forms for the K2p signal evolution,
the voltage curves in Fig. 5b adjusted to a double exponential func-
tion with characteristic time constants of 23 s and 195 s (region 1),
and 142 s and 195 s (region 2), as shown on Fig. S2 (note that expo-
nential curves describe the voltage evolution during charging/dis-
charging of capacitors). To account for these completely different
time evolutions and the previous observations in Fig. 4, we propose
that the overall reduction and migration process of ions in EPOC
systems comprises the following three consecutive steps:
Kþ
electrolyte þ e� ! Ktbp ð3Þ

Ktbp ! Ksurf ð4Þ

Ksurf ! Kbulk ð5Þ
Eq. (3) accounts for the potassium ions reduction at the tpb, Eq.

(4) for the potassium spill over to the gas-exposed surface of the
nickel film (traditionally known as backspillover or reverse spil-
lover phenomena on EPOC systems [1]), while Eq. (5) refers the dif-
fusion of potassium to defect sites, grain boundaries dislocations,
etc. in the bulk of the nickel thin film electrode. The activation
energy of Eq. (5) would be slightly higher than that of Eq. (4) and
therefore proceed to a larger extent only after saturation of surface
adsorbed states (i.e. Ksurf in step (3)). In fact, the higher intensity of
the K2p signal and its lower BE in the presence of a low partial
pressure of water vapor (c.f., Figs. 3 and 4) support the additional
stabilization of potassium on the catalyst surface in the presence
of adsorbed OH� groups. It is also noteworthy that equivalent max-
imum K2p intensities were reached during the cyclic voltammetry
(Fig. 4) and the chronopotentiometry (Fig. 5), denoting that the
maximum potassium coverage on a given catalyst surface does
not depend on the polarization mode (galvanostatic or potentio-
static), but on the reaction conditions, i.e. pressure, temperature,
gas composition and final applied electrical potential or current.
The mentioned reduction and diffusion processes are schematized
in Fig. 6.

Further insights into the diffusion kinetic of potassium can be
gained from the analysis of region 3 in Fig. 5 corresponding to open
circuit conditions (OCV) when the cell was evolving spontaneously.
It should be noted that potassium showed to remain in its metallic
state during this OCV step (see Supporting Information, Fig. S3), as
well as in the entire study, with BEs in the range 294.1–294.6 eV,
while the long stability of K2p signal over time for stable operation
conditions disregard its evaporation from its adsorbed state on
nickel. It is apparent that potassium disappeared progressively
from the Ni catalyst surface and the voltage increased from the
final value achieved in region 2 (c.a. �1.8 V) to c.a. �0.5 V in 10
min. In this case, the voltage curve could be adjusted by an expo-
nential function with a characteristic time of 192 s (see supporting
information Fig. S2), while the K2p intensity curve could be
adjusted with a potential function of the type t�0.50 (i.e., that of a
classical surface diffusion kinetics [32]). These observations sug-
gest that potassium atoms are removed from the Ni surface becom-
ing incorporated into Ni inner grain boundary interfaces (i.e.,
beyond the XPS analysis depth) or back migrated to the solid elec-
trolyte. This latter would agree with the observed evolution in cell
potential and would imply a slow direct oxidation of potassium
with the water vapor always present in the medium. In relation
with basic electrocatalysis concepts, the slow potassium diffusion
from the catalyst surface would agree with the preservation of a
‘‘permanent EPOC” function in many catalytic systems based on
alkaline ionic conductors [33,34]. At the end of the experiment in
Fig. 5, the final application of 2 V induced the complete electro-
chemical oxidation and removal of the potassium atoms remaining
at the nickel (i.e. back-reactions (3)–(5)), showing an analogous
current trend to that in Fig. S1. We propose that the fully reversible
behavior of the promoter migration in this process would be
responsible for the reversible catalytic rates typically found under
EPOC working conditions [13,33,34].

4. Conclusions

The novel experimental approach based on ‘‘in situ” photoemis-
sion analysis used in the present work has been used for the mon-
itoring of the phenomenon of electrochemical activation of a



Fig. 6. Schematic representation of the successive potassium reduction/diffusion steps taking place on the solid electrolyte cell upon cathodic polarization: (i) K+ ions
reduction at the Ni/solid electrolyte/gas interface; (ii) spillover of potassium atoms onto the Ni gas-exposed surface; and iii) diffusion of potassium atoms to Ni inner grain
boundary interfaces.
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catalyst with alkaline ionic conductor materials. In particular,
monitoring the kinetics of the reduction and diffusion of alkali ions
under EPOC conditions and different polarization modes has pro-
vided new evidences about the migration mechanism of the pro-
moters. We have shown that the atomic potassium adsorbed
after electrochemical reduction at the tpb may occupy two differ-
ent sites at the nickel catalyst, a first one at the gas-exposed cata-
lyst surface and the other at the inner catalyst interfaces or grain
boundaries. The former is energetically favored, although both
states would be in equilibrium and a migration may occur between
them in forward and backward directions. Moreover, it is con-
firmed the mutual adsorption improvement of water/OH- groups
and metallic potassium atoms on the catalyst surface. Achieving
these conclusions has been possible by the application of a novel
methodology involving the simultaneous use of: (i) different polar-
ization procedures (i.e., chronoamperometry, chronopotentiome-
try and cyclic voltammetry) for the monitoring of the charge-
transfer reactions taking place at the solid electrolyte/catalyst/gas
interface, and (ii) near-ambient pressure photoemission spec-
troscopy for the in-situ monitoring of the gas-exposed catalyst sur-
face and, in particular, the evolution of potassium coverage. The
joint application of these procedures has permitted not only to
control the amount of promoter supplied to the catalyst but also
to get detailed information about the diffusion processes taking
place. This information is deemed of high interest to develop more
efficient electro-promoted catalyst systems based on the EPOC
phenomena. Knowing the stability and kinetic evolution of the pro-
moter element allows determining its effect on the final perfor-
mance of the electrocatalyst and the optimal promoting
operation conditions.
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