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H I G H L I G H T S

Ni-alloy electrodes are analysed for their 
durability in solid oxide electrolysis cells.
Cleanroom prepared NiFe and NiCu (80–20 
and 95–5 wt%) electrodes are studied.
It is found that Ni with 20 wt% Fe offers 
intrinsic self-protecting properties.
Low energy ion scattering reveals the 
protective effect of Fe against Si impu-
rities.
NiMn and NiV are shown as other self-
protecting alloys by density functional 
theory.
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 A B S T R A C T

The degradation of the fuel electrode composite of Ni and an oxide ion conducting oxide is a central challenge 
to solve for competitive long-term performance of a solid oxide electrolysis cell (SOEC) to produce green 
hydrogen. In this study, enhanced durability is observed using microstructural changes in Ni-alloy/Y2O3
stabilised ZrO2 (YSZ) fuel electrodes as an intrinsic self-protecting mechanism. In particular, Ni–Fe alloys offer 
benefits through the intrinsic mobility of Fe in the alloy phase amid the application of cathodic potentials. 
This mobility of Fe forms protective surface layers around the Ni–Fe particles and enhances durability by: 
(1) preventing the loss of contact and mobility of the metal phase away from the most active reaction zones 
during Ni migration and (2) protecting the surface against accumulation of trace impurities of Si as a ubiquitous 
contaminant in H2O atmospheres. The combined approach of electrochemical testing of alloy thin-film fuel 
electrodes prepared by photolithography, postmortem characterisation by low-energy ion scattering (LEIS), 
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X-ray photoelectron spectroscopy (XPS) and atomic force microscopy (AFM) with density functional theory 
(DFT) calculations is used to establish a mechanism for self-protecting electrode properties. In addition, other 
Ni-alloys (Ni–V, Ni–Mn) are proposed by DFT as promising electrode materials with self-protecting properties.
1. Introduction

Green hydrogen produced by electrolysis, using renewable elec-
tricity, is expected to play a key role in reducing CO2 emissions 
from hard-to-abate sectors [1,2]. Considering the projected availability 
of resources to meet the H2 targets in 2050, the efficiency of the 
electrolysis technology to produce H2 is crucial to reduce the energy 
and resources needed [3]. In that context, solid oxide electrolysis cell 
(SOEC) technology is promising due to the high thermodynamic effi-
ciencies (> 85%) associated with their elevated operating temperatures 
(600–850 ◦C) [4,5].

Despite such promising efficiencies, the durability of devices re-
mains a critical challenge [4]. Such obstacles are known to a lesser 
extent for competitor technologies, operating at lower temperatures 
and with reduced efficiencies [6]. In particular, the fuel electrode 
traditionally a composite of Ni and an oxide ion (O×

O) conductor in Y2O3
stabilised ZrO2 (YSZ), causes detrimental degradation that hampers the 
long-term performance of the entire cell [7,8]. In general, degradation 
is observed as the loss of interfacial contact between Ni/YSZ and the 
restructuring of Ni from the most active reaction sites [9–11], which 
is consequently named Ni migration [7]. Although widely researched, 
a common understanding and a joint hypothesis for explaining all 
the observations have not been achieved. In addition to Ni migration, 
trace impurities were repeatedly observed accumulating in the porous 
electrodes during operation [12,13]. These can be introduced through 
raw materials or be present in gas feeds supplied to the fuel elec-
trode [12,14]. Often, impurities of the raw material are observed on the 
surfaces and interfaces, where they can segregate to during sintering 
above 1000 ◦C [14].

Besides the success of alloying in catalysis and electrocatalysis, 
when used to tune the surface reactivity [15,16], such approaches are 
less researched in the context of SOECs. This is despite the higher 
H2O splitting rate found for binary alloys of Ni (Ni3Me) by density 
functional theory (DFT) calculations. Gu et al. suggested that alloying 
Ni with Fe increases the O binding strength and thereby increases the 
H2O splitting rate [17]. These predicted improvements were also found 
experimentally with porous Ni–Fe based electrodes [18]. In addition, 
the adhesion strength between Ni and ZrO2 can be tuned by alloying 
of Ni, as investigated by Malyi et al. with DFT calculations [19]. There, 
the aim was increasing the oxygen affinity of the alloyed metal leading 
to a stronger adhesion between the Ni and YSZ, as was indicated for Ni–
Fe and Ni–V. This was recently experimentally supported to be a route 
for achieving stronger Ni-alloy/YSZ interfaces less prone to contact loss 
with Ni–Fe and Ni–Mn alloys [20].

These studies share the aim of improving reaction rates in the elec-
trodes or to indirectly reduce degradation rates by providing stronger 
interface adhesion. However, metal alloys are commonly researched in 
other fields (e.g., steels or other mechanical support structures, nuclear 
energy installations, coatings) for possible self-healing or protecting 
properties to repair structural damage and to extend lifetimes [21]. 
What is often challenging in the applications of intrinsic self-healing or 
self-protecting are ambient or low temperatures, limiting the mobility 
of atoms to diffuse to the damage site [22]. Although this commonly 
leads to the application of extrinsic strategies at low temperatures, a 
synergy of the intrinsic operating temperatures in SOECs and possible 
self-protecting mechanisms of the metal phase in the electrodes could 
exist.

Such synergies are explored in this work, envisioned to emerge 
between operating temperature, restructuring of the metal phase un-
der cathodic bias and varying mobility of atoms in alloys. As model 
2 
systems, we chose two widely researched Ni-alloys in Ni–Fe and Ni–
Cu of two different ratios (5 and 20 wt% of Fe or Cu), respectively. 
Both Fe and Cu are similar in atomic radius to Ni and form stable 
alloys at elevated temperatures [23,24], while possessing different 
oxygen affinity [17]. To remove any possible microstructural effects 
during the preparation of porous electrodes when Fe or Cu could act 
as sintering aids and lead to different final microstructures, cleanroom 
preparation techniques such as photolithography and magnetron sput-
tering were used to deposit micrometre-controlled electrode patterns 
on YSZ substrates. The as-prepared electrode patterns are exemplified 
in Fig.  1 (a). The aim in this work is twofold in investigating: (1) 
the restructuring of the alloy phases under anodic, cathodic, and open 
circuit voltage (OCV), indicative of the adhesion to YSZ and (2) the 
possible protection against impurity accumulation from the gas-phase. 
A typical degradation response of a non-alloyed Ni/YSZ electrode is 
sketched in Fig.  1 (b).

To analyse possible effects of impurities on surfaces, low-energy 
ion scattering (LEIS) and X-ray photoelectron spectroscopy (XPS) are 
used. Microstructural investigations of the restructuring of the metal 
films are performed by atomic force microscopy (AFM). DFT is applied 
to establish a fundamental understanding of the differences between 
the considered Ni-alloys. The electrochemistry and defect chemistry is 
formulated according to the Kröger–Vink notation in the following, for 
example, as H2O+ 2e′ +V⋅⋅

O ⟶ H2 +O×
O with insertion of an oxide ion 

(O×
O) into a YSZ oxygen vacancy (V⋅⋅

O).

2. Materials and methods

2.1. Model electrode sample preparation

8 mol% Y2O3 stabilised ZrO2 (TZ-8Y, Tosoh, Japan) pellets were 
prepared as electrode substrates. The pellets were uniaxially pressed 
(PW 10, P-O Weber, Germany) with 50 MPa into cylindrical shape and 
subsequently further compacted by cold isostatic pressing (Stenhøj 100, 
Denmark) at 500 MPa. The YSZ pellets were sintered in air at 1350 ◦C
for 6 h with a heating and cooling rate of 120 ◦C/h. The samples were 
cleaned by a Triton-100X bath with sonication, rinsed in DI water and 
immersed in acetone and isopropanol, followed by drying in N2. A 
negative photoresist (AZ nLOF 2020, Merck, United States of America) 
was deposited on the YSZ substrates by spin coating (Süss MicroTec 
Gamma 2M spin coater, Germany). Following the Ni-alloy patterns, the 
resist was exposed at 160 mJ∕cm2 with a maskless aligner (Heidelberg 
instruments MLA100 Tabletop Maskless Aligner, Germany). The resist 
was subsequently heat treated at 110 ◦C for 120 s. The remaining 
resist pattern was developed for 120 s in a tetramethylammonium 
hydroxide (TMAH) containing bath. Resist residues were removed from 
the developed YSZ surface with a (0.8 bar, 100 W) oxygen plasma 
treatment (Diener Pico Plasma Asher, Germany). The 200 nm Ni-alloy 
films were deposited by magnetron sputtering (Kurt J. Lesker sputter-
system CMS 18, United States of America). For Ni–Cu and Ni–Fe a 
pressure of 3 mtorr Ar and a power of 150 W (Ni–Cu) or 157 W (Ni–
Fe) were used, respectively. The lift-off of the non-exposed resist was 
performed with a microposit remover 1165 bath (DOW, United States 
of America).

2.2. Model cell electrochemical testing

A three-electrode setup was used to measure the impedance with 
a potentiostat (Gamry Instruments Reference 600, United States of 
America) connected to the contact pins inside the model electrode 
testing stage. The frequency range of 100,000 to 0.2 Hz with ten steps 
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Fig. 1. (a) Light microscopy image of the as-prepared alloy films as model electrodes. The LEIS analysis area is marked by the green square. (b) A sketch of the 
typical degradation of the Ni/YSZ electrodes in contact loss between particles and impurity enrichment at a Ni/YSZ composite electrode.
per decade was measured with an excitation amplitude of 10 mV. 
The impedance spectra were recorded continuously in 30 min intervals 
during the potentiostatic polarisation of the model cells over the 40 h 
lasting tests.

Electrochemical impedance spectroscopy (EIS) was used to track the 
degradation of the different Ni-alloy samples. Each sample was tested 
for 40 h in a 0.4 H2O/0.6 H2 mixture in N2 at 750 ◦C. The cathodic 
overpotential was controlled against a reference Ni-alloy film deposited 
on the same sample, but well enough (more than 1 mm) separated 
to avoid any interference of the working and counter electrode with 
the reference potential. Ten times the distance between working and 
counter electrode is considered far enough to exclude interference of 
working or counter electrode with the reference. A cathodic overpoten-
tial of −300 mV can be considered strongly degrading conditions, since 
device-scale cells are usually exposed to overpotentials > −200 mV at 
the start of a durability test [8]. This was chosen to show, in accelerated 
tests, rapid degradation or stability of an electrode without the need of 
operating for hundreds of hours.

2.3. Atomic force microscopy

A Dimension Icon-PT (Bruker, United States of America), operated 
under ambient conditions, was used to obtain the AFM images. The im-
ages were recorded in noncontact tapping mode, using an aluminium-
coated monolithic silicon cantilever (Tap150Al probe, BudgetSensors, 
Bulgaria). The cantilever has a nominal force constant of 5 N/m.

2.4. Low energy ion scattering

A Qtac100 (ION-TOF GmbH, Germany), with perpendicular inci-
dence of primary ions, was used to measure the LEIS spectra. The yield 
of the backscattered ions was recorded at a scattering angle of 145◦. 
To analyse the alloy surfaces, both He+ and Ne+ projectiles were used 
with an energy of 3 keV and 5 keV, respectively. At each electrode, an 
area of 200 × 200 μm2 was analysed (marked in Fig.  1 (a)). He+ was 
used for the lighter impurity elements (e.g., Si) and Ne+ to separate the 
respective Ni, Fe and Cu peaks. To minimise any beam induced changes 
in the surface composition, the measurement procedure was kept the 
same for each alloy sample. An analysis with the He+ beam was always 
followed by measurements with the Ne+ beam. Calibration of the noble 
gas beam is performed on the sample holder and only after achieving 
a stable and reproducible beam are measurements executed on the 
samples. The background signal in LEIS spectra was not considered for 
the analysis of integrated peak areas of the different elements. 
3 
2.5. X-ray photoelectron spectroscopy

The XPS spectra were measured with a K-Alpha+ spectrometer 
(Thermo Fisher Scientific, United States of America). The instrument 
was operated at 2x10−9 mbar base pressure and is equipped with a 
monochromated Al K𝛼 radiation source (h𝜈 = 1486.6 eV) . The X-ray 
spot size was kept at 0.02 mm2 for each electrode. The survey and 
core level spectra were obtained at a pass energy of 200 eV and 35 
eV. A binding energy calibration was performed according to the C 
1s peak of adventitious hydrocarbons at 284.8 eV. The Avantage soft-
ware (Thermo Fisher Scientific, United States of America) was used to 
analyse the spectra. The peak intensity of all the spectra is normalised 
against the maximum intensity of the whole binding energy range for 
each specific electrode and material composition.

2.6. DFT calculations

The alloy formation energy, substitutional energy of Si in the al-
loys and ZrO2 oxygen vacancy (V⋅⋅

O)-metal interaction were calcu-
lated using the GPAW software [25] based on the projector-augmented 
wave (PAW) method [26] and the atomic simulation environment 
(ASE) [27]. All calculations were undertaken with a plane-wave basis-
set [28]. The RPBE exchange correlation functional [29] was used in all 
cases. A plane wave cut-off of 600 eV was chosen with a 12 × 12 × 12 
k-point grid for the alloy calculations. The ZrO2 surface calculations 
were performed with a 4 × 4 × 1 k-point grid and a cut-off of 600 eV. 
The atomic positions in the alloy and ZrO2 systems were relaxed until 
the forces reached less than 0.03 eV/Å. An initial magnetic moment of 
1 μB was used for Ni, Co and Fe.

The alloy formation energy is calculated according to 𝐸𝑎𝑙𝑙𝑜𝑦 = 𝐸𝐴𝐵−
𝑥𝐸𝐴−𝑦𝐸𝐵 , where 𝐸𝐴𝐵 is the energy of the binary alloy and 𝐸𝐴 and 𝐸𝐵
are the energies of a single bulk metal atom (then multiplied according 
to the number of atoms 𝑥 and 𝑦 in the alloy). The energies for the metal 
atoms are calculated from the fcc (Ni, Cu) and bcc (Fe, V, Mn, Co) bulk 
structures.

The substitutional energy of a Si atom for a Ni atom in the alloys and 
pure Ni is defined as 𝐸𝑆𝑖,𝑠𝑢𝑏 = 𝐸𝑎𝑙𝑙𝑜𝑦,𝑆𝑖 −𝐸𝑎𝑙𝑙𝑜𝑦 −𝐸𝑆𝑖,𝑏𝑢𝑙𝑘 +𝐸𝑁𝑖,𝑏𝑢𝑙𝑘. This 
formulation uses the calculated energies of the alloy with Si substituted 
for Ni (𝐸𝑎𝑙𝑙𝑜𝑦,𝑆𝑖) and the energy of the alloy without Si (𝐸𝑎𝑙𝑙𝑜𝑦). The 
energies of the Ni and Si atoms are calculated based on the energies 
of a Ni atom in fcc bulk structure (𝐸𝑁𝑖,𝑏𝑢𝑙𝑘), and Si atom in Fd3m bulk 
structure for 𝐸𝑆𝑖,𝑏𝑢𝑙𝑘.

The adsorption energy for placing the metal atom at an V⋅⋅
O site 

or preferred site on the surface of the (111) cubic ZrO2 surface slab 
follows from 𝐸𝑀𝑒,𝑣𝑎𝑐 = 𝐸𝑍𝑟𝑂2+𝑀𝑒 − 𝐸𝑍𝑟𝑂2 ,𝑣𝑎𝑐 − 𝐸𝑀𝑒,𝑎𝑡𝑜𝑚. This considers 
the energy of ZrO2 with metal element in the vacancy (𝐸𝑍𝑟𝑂2+𝑀𝑒), 
the energy of cubic ZrO  with one vacancy (𝐸 ), the energy of 
2 𝑍𝑟𝑂2 ,𝑣𝑎𝑐
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Fig. 2. Impedance spectra for each alloy composition are shown in Nyquist plots and were periodically recorded over the 40 h testing period. The subfigures 
are arranged according to alloy compositions of (a) 95 wt% Ni - 5 wt% Fe, (b) 80 wt% Ni - 20 wt% Fe, (c) 95 wt% Ni - 5 wt% Cu and (d) 80 wt% Ni - 20 wt% 
Cu.  Note that the Ni95-Cu5 electrode in (c) was operated with lower pH2O for the first 23 h and the Rp is therefore enhanced compared to the results in (a), 
(b) and (d). A more detailed explanation is given in the manuscript text.
the bulk metal atom (𝐸𝑀𝑒,𝑎𝑡𝑜𝑚). The adsorption energies are, therefore, 
relative to the bulk structure of the pure metal. The favoured adsorption 
position on the stoichiometric ZrO2 is in between a Zr and O at the 
surface and an O at the subsurface layer (in agreement with previous 
studies [30]). In the case of adsorption near a V⋅⋅

O at the surface, 
the preferred position becomes centred at the vacancy. All surface 
calculations were performed with 20 Å vacuum perpendicular to the 
slab. The seven lower atomic rows of the ZrO2 slab were fixed, with 
the upper 5 (out of 4 ZrO2 layers) allowed to relax as in Ref. [30] for 
Ni adsorption on ZrO2. The charge of each adsorbed metal atom on 
the ZrO2 surface was investigated with a Bader charge analysis via the 
available code from the Henkelman group [31].

Visualisations of the atomic structures can be found in the Supple-
mentary Information. 

3. Results and discussion

3.1. Ni-alloy durability

The evolution of the impedance over the 40 h is shown in Fig.  2 
as Nyquist plots for (a) 95 wt% Ni/5 wt% Fe (Ni95-Fe5), (b) 80 wt% 
Ni/20 wt% Fe (Ni80-Fe20), (c) 95 wt% Ni/5 wt% Cu (Ni95-Cu5) and 
(d) 80 wt% Ni/20 wt% Cu (Ni80-Cu20), respectively. The degradation 
is observed as the expanding impedance arcs over time. What becomes 
apparent from Fig.  2 is the different durability between the ratios of Ni 
to the alloying metal and Fe or Cu as the alloying element. Ni95-Fe5 in 
Fig.  2 (a) shows rapid degradation, with an increase in area specific 
resistance (ASR), as combination of polarisation resistance (Rp) and 
ohmic resistance (Rs), of 798 Ω to 1885 Ω in 40 h. In contrast, the ratio 
of Ni80-Fe20 in Fig.  2 (b) activates over the same time span, starting 
4 
Table 1
The Rs and Rp values at the beginning of durability tests are listed. Both 
initial values of operation in low (0–23 h) and high H2O content (23–40 h) 
are included for Ni95-Cu5 (high pH2O in brackets).
 Ni95-Fe5 Ni95-Cu5 Ni80-Fe20 Ni80-Cu20 
 Rs /Ω 41 53 (49) 54 58  
 Rp /Ω 757 3329 (1599) 712 705  

from a similar initial ASR (766 Ω) but decreases to 623 Ω. A similar 
trend emerges between Ni95-Cu5 in Fig.  2 (c) and Ni80-Cu20 in Fig.  2 
(d), with a more rapid degradation of the sample with lower Cu content 
and better stability and activation of the ASR after 30 h testing for 
Ni80-Cu20. The Ni95-Cu5 ratio was operated at a lower H2O content 
for the first 20 h due to H2O feed malfunction, resulting in the larger 
impedance arc at −300 mV. This was corrected during the test and the 
ASR returned to a lower value (comparable with Ni95-Fe5) during the 
continued degradation.

An important observation is the similar initial ASR between all the 
samples in Fig.  2 (a), (b) and (d), despite the different alloys and alloy 
ratios. This agreement can also be found when comparing the initial 
ASR with an electrode of pure Ni with an ASR of 704 Ω.

To compare changes over time in a more systematic way, the 
evolution of the Rs and Rp of the impedance spectra is shown in Fig. 
3. The initial values used for the normalisation in Fig.  3 are listed in 
Table  1. Linear degradation rates are assumed in the following. Ni95-
Fe5 is the only electrode, which shows an increase in Rs over the 40 h 
(Rs degradation rate 0–10 h: 1.4%/h, 10–27 h: 3.5%/h and 27–40 h: 
1.2%/h). The remaining samples possess a steady Rs throughout the 
tests (see Fig.  3 (a)). Regarding the Rp evolution, it is noteworthy 
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Fig. 3. (a) The ohmic resistance (Rs) evolution of the different alloy compositions is shown according to the spectra presented in Fig.  2. (b) The evolution of the 
polarisation resistance (Rp) is depicted according to the spectra in Fig.  2.
that the Fe containing alloys initially show activation, whereas the Cu 
alloyed electrodes depict degradation from the onset of a test. The 
Rp of Ni95-Cu5 then stabilises towards the end of the test after two 
phases of degradation in low pH2O (Rp rate: 3.6%/h) and high pH2O 
(2.9%/h). In contrast, Ni80-Cu20 shows activation of the Rp after 30 h 
of operation (−3,2%/h), while reaching a plateau over the initial 30 h 
of degradation (2.3%/h). The Rp of Ni80-Fe20 activates initially (rate 
from 0–20 h: −1.0%/h) and then stabilises. The Rp of Ni95-Fe5 reveals 
a slight activation initially, then a modest degradation and after 27 h 
an accelerated degradation. Here the trends follow the Rs degradation: 
(1) 0–10 h: activation of Rp (−2.2%/h) and slow degradation of Rs 
(1.4%/h), (2) 10–27 h: modest degradation of Rp (1.4%/h) and fast 
degradation of Rs (3.5%/h) and (3) 27–40 h: rapid degradation of 
Rp (10.9%/h) and slowed down Rs degradation (1.2%/h). These rates 
indicate a correlation of the fast degradation of Rs from 10–27 h with 
the rapid Rp degradation after 27 h. A percolation loss of Ni95-Fe5 
particles or alloy film could here initiate an increase in Rp when the 
density of active triple phase boundary (TPB) decreases due to a critical 
percolation loss deactivating parts of the alloy network.

To assess if the different gas phase concentrations of H2O have 
introduced deviating degradation rates for Ni95-Cu5, the Rp changes 
in low pH2O (3.6%/h) and high pH2O (2.9%/h) can be compared. 
These rates show that the electrode degraded comparably in both 
pH2O regimes without seemingly accelerated degradation during the 
low pH2O operation. This indicates that the operation did not induce 
accelerated degradation nor cause degradation otherwise not observ-
able. Nonetheless, the two different pH2O regimes are noteworthy and 
should be considered when comparing the results between Ni95-Cu5 
and the other alloy compositions. 

The comparable Rp and Rs between alloys (see Table  1) confirm 
the control over the deposition of the alloy electrodes in terms of TPB 
and interfacial area. Similar alloy film density and thickness can also 
be expected from the similar deposition parameters (see Section 2.1). 
Since surface adsorption and diffusion would likely differ between alloy 
compositions, EIS measured performance should deviate between the 
alloy compositions if these would be limiting. This is not the case 
for the conditions considered here and shows that such effects play 
a secondary role. The different proportions between TPB to interface 
area for model compared to porous electrodes could possibly introduce 
additional interface reactions contributing to the measured EIS, as 
discussed by Doppler et al. [32,33]. Therefore, the electrochemical 
performance measurements are not fully transferable and comparable 
to porous composite electrodes. 

3.2. Ni-alloy morphology changes

To assess the Ni-alloy electrodes after each durability test, atomic 
force microscopy is utilised due to its nanometre resolution and it not 
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requiring destructive sample preparation. Images of the reference alloy 
films, kept under the same conditions on the same sample, are used to 
maximise comparability between observed changes in film morphology.

In general, the morphologies of the anode and reference alloy 
films show high similarity after the tests. It is noteworthy that the 
Ni95-Fe5 electrodes break apart into a partly percolating network of 
alloy particles under cathodic bias, anodic bias and at the reference 
electrode in Fig.  4 (a), (b), and (c). This could be explained by the 
instability of Ni–Fe alloys in highly Ni rich conditions, as reported in 
Ref. [34]. Such coarsening is not observed for the other alloy electrodes, 
where the alloy remains percolating on the surface of the zirconia. 
What differs between cathode and anode/reference is the coverage of 
the YSZ surface with a higher density of nanoparticles, indicative of 
cathodic-induced mobility of the Ni95-Fe5 alloy film.

The Ni80-Fe20 electrodes show only minor film restructuring.
Nanoparticles on the YSZ surface can be observed in all cases (cathode, 
anode, and reference) but the dispersion of the nanoparticles reveals 
subtle differences. The anode in Fig.  4 (e) and reference in (f) shows a 
clustering of nanoparticles around the grain boundaries of YSZ. The 
grain boundaries of YSZ present structurally more defective regions 
of the surface [35], where nanoparticles could accumulate. Contrarily, 
the YSZ surface at the cathode shows larger nanoparticles, which are 
more evenly distributed, independent of the grain boundaries of YSZ. 
This suggests an accumulation of alloy nanoparticles around defect-
rich regions (grain boundaries) at the anode and reference (marked by 
blue arrows in Fig.  4), when the YSZ surface is kept at equilibrium 
with the gas phase or under even more oxidising conditions (anode). 
In contrast, at the cathode, the reducing conditions (higher V⋅⋅

O con-
centrations) on the YSZ surface around the TPB result in dispersion 
and mobility of the alloy nanoparticles. Such trends were previously 
observed for metal/oxide catalyst systems [36,37] as well as metal 
exsolution perovskites [38].

The lower mobility of the Ni–Cu alloys is generally observed, and 
the films exhibit higher connectivity with less nanoparticle formation, 
independent of the polarisation. However, at several locations at the 
TPB (marked by red arrows in Fig.  4 (g) and (j)), the Ni–Cu alloy 
film shows contact loss and restructuring away from the TPB under 
cathodic bias, visible in Fig.  4 (g) and (j). This suggests a lower interface 
adhesion of the Ni–Cu alloys compared to the Ni–Fe versions, consistent 
with previous DFT calculations [19].

To provide some quantitative values for the above discussion of 
AFM results, the root mean square (RMS) roughness values of alloy and 
YSZ surface are listed in Table  2. The RMS roughness indicates a higher 
density of larger nanoparticles on the YSZ surface after dispersion of the 
Ni95-Fe5 film. For the other samples, the RMS roughness is comparable 
for all YSZ surfaces close to the TPB. This indicates no clear enrichment 
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Fig. 4. AFM images are depicted for cathode, anode and reference alloy films for the different alloy compositions of Ni95-Fe5 in (a), (b) and (c), Ni80-Fe20 in 
(d), (e) and (f), Ni95-Cu5 in (g), (h), and (i) and Ni80-Cu20 in (j), (k) and (l). The regions of contact loss of Ni–Cu film and YSZ are marked by red arrows. The 
nanoparticle accumulation around the YSZ grain boundaries are indicated by blue arrows in (e) and (f). (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.)
Table 2
The RMS roughness of the alloy and adjacent YSZ surface is listed for the different alloys and cathode, anode and reference electrode.
 Cathode - alloy Cathode - YSZ Anode - alloy Anode - YSZ Reference - alloy Reference - YSZ 
 Ni95-Fe5 91 nm 15 nm 91 nm 31 nm 90 nm 19 nm  
 Ni95-Cu5 120 nm 8 nm 117 nm 7 nm 124 nm 1 nm  
 Ni80-Fe20 170 nm 7 nm 158 nm 8 nm 206 nm 9 nm  
 Ni80-Cu20 73 nm 13 nm 105 nm 4 nm 58 nm 8 nm  
of nanoparticles for any of the intact alloy film electrodes nor according 
to the polarisation (anode, cathode or reference electrode). The alloy 
films have generally a high RMS roughness. Again, this is independent 
of the polarisation and indicates thermal coarsening during operation 
at 750 ◦C. Some more subtle differences between the electrodes can 
be seen in the height distribution of the alloy electrode films, which 
is presented in the Supplementary Information. It is noteworthy that 
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the dispersed Ni95-Fe5 electrode has the lowest RMS roughness of the 
alloys. In contrast, the Ni80-Fe20 electrodes show highest RMS rough-
ness, which suggests most extensive morphological changes. The Ni–Cu 
electrodes depict lower roughness, as is visible in Fig.  4 compared with 
the Ni80-Fe20 alloy surface. More information and discussion on alloy 
film height and height distribution after testing is presented in the 
Supplementary Information.
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Fig. 5. The specific binding energy ranges of Ni 2p, Cu or Fe 2p and Si 2p are shown for the cathode surface of Ni80-Cu20 in (a), (b) and (c) and Ni80-Fe20 in 
(d), (e) and (f).
In Fig.  4 (b), (c), (g) and (h), a straight line of nanoparticles can 
be observed. Similar observations have been made for other sputter-
deposited Ni electrodes [20,39]. This line is a result of the imperfect 
photoresist and sputtering deposition. Negative photoresists generally 
show an undercut of the resist pattern after exposure and development. 
The resist walls are then not perpendicular to the substrate because of 
the weaker ultraviolet (UV) light exposure of the lower regions of the 
resist. These regions are then slightly dissolved in the developer bath 
resulting in tilted resist side walls. As a consequence, the sputtering can 
lead to alloy deposited underneath the undercut resist area. When the 
alloy is not fully incorporated into the main film during heat treatment 
and operation, leftover nanoparticle can be found on the YSZ substrate. 
Since the substrate roughness and porosity can locally vary, the effect is 
at some locations more pronounced than at other parts of the samples. 
It should further be noted that the Ni95-Cu5 anodic and cathodic 
polarisation introduces no driving force to attract and transport the 
non-percolating Ni-alloy nanoparticles towards the polarised TPB, as 
can be seen in Fig.  4 (g) and (h). 

3.3. Surface composition after testing

X-ray photoelectron spectroscopy is used to analyse the surface 
composition found after the tests. The Ni 2p and Fe or Cu 2p regions 
are shown in Fig.  5 (a), (b), (d) and (e). Si impurities are found, 
indicated by the Si 2p peak in Fig.  5 (c) and (f), for both Ni80-Cu20 
and Ni80-Fe20. Si species are regularly observed as trace impurities 
in SOECs operated with H2O fuel gas [12] and raw powders of YSZ 
are also known to contain Si impurities [14], which segregate to the 
surface during sintering. The presence of Si impurities at the reference 
alloy films outlines a possible deposition from the gas phase without 
polarisation and Si already present in YSZ powders before sample 
preparation.

Note that the XPS measurements were performed ex-situ and after 
exposure of the samples to air. The oxidation states of Fe and Si 
are here not indicative of the surface composition during polarisation 
and exposure to H2/H2O atmospheres. The analysis was performed to 
confirm the presence of Si on the electrode surfaces for the following 
analysis with low energy ion scattering. A deconvolution of the Fe 2p 
region is therefore not presented, since exposure to air could lead to 
misleading interpretation of the oxidation state during electrochemical 
testing. A quantitative analysis of elemental ratios is also not performed 
because of the high noise levels in the XPS data recorded from the small 
analysis areas of the electrode tip regions. 
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In order to investigate the Si distributions and possible segregation 
in the alloy films, low energy ion scattering is used due to its surface 
sensitivity of a few atomic layers [40]. This advantage and the better fo-
cus on the precise location of the alloy electrodes during measurements 
of micrometre sized areas make the technique compatible to XPS and 
able to more accurately present the surface composition of the alloys 
after electrochemical testing.

The LEIS analysis reveals differences between the Si content found 
on the alloy surfaces after treatment under the same conditions and 
over the same time frame, as can be seen in Fig.  6 (a) and (b). As 
a general trend (illustrated in Fig.  6 (e)), the higher the Fe or Cu 
content in the Ni-alloy, the lower the amount of Si found on the surface. 
In addition, Ni80-Fe20 shows a lower amount of Si compared to the 
respective Ni–Cu counterpart. As a reference, the Si content of a pure 
Ni electrode, without polarisation, is illustrated after 30 h at the same 
temperature and in the same gas atmosphere. Thus, the Ni80-Fe20 
electrodes, independent of polarisation, have only 1/6 of the amount 
of Si at the surface compared with pure Ni.

Possible effects of surface oxides due to the differences in Cu and Fe 
termination at the surface are discussed in the Supplementary Informa-
tion. As a summary, the oxygen peak of the surface follows qualitatively 
the Si peak. Therefore, the oxygen ratio (O/(Ni/Cu/Fe + Zr/Y)) is 
lowest for the Ni80-Fe20 electrodes with lowest Si ratio (Si/(Ni/Fe/Cu 
+ Zr/Y)). In addition, the Si and O ratios of Ni95-Fe5 are highest 
among all electrodes, showing that a large part of the O peak originates 
from Si at the surface. This indicates that no fully surface-blocking Fe-
oxide layer has formed for Ni80-Fe20 or Ni95-Fe5 (even after testing), 
which could artificially lower the detected Si peak. The electrochemical 
measurement support this by showing the most durable performance 
for Ni80-Fe20. A direct connection between electrochemical testing 
and surface composition will however only be possible with in-situ 
spectroscopy. 

The surface composition of the alloy films is additionally important 
due the potential role in surface reactivity of the alloys, i.e., adsorption 
and dissociation of gas-phase molecules. In the case of Ni80-Cu20 
shown in Fig.  6 (c), the integrated Cu and Ni peak areas can be 
compared for anode, cathode and reference. The Ni–Cu films under 
cathodic, anodic or no bias depict the same ratio between Cu and Ni, as 
illustrated in Fig.  6 (f). The same can be observed for Ni80-Fe20 under 
anodic bias or OCV. The ratio deviates under cathodic polarisation, 
when a 3× higher Fe intensity is detected.
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Fig. 6. LEIS spectra recorded with He+ are shown for the cathode of (a) Ni80-Cu20 and (b) Ni80-Fe20. It should be noted that heavier elements (e.g., Ni and Cu 
or Fe) cannot be separated with He+. The same electrode areas analysed with Ne+ are depicted for (c) Ni80-Cu20 and (d) Ni80-Fe20. (e) The ratio of integrated Si 
peak area per Ni-alloy and Zr/Y peaks (Si/(Zr/Y + Ni-alloy)) is shown for the different compositions. The values are normalised against the value of the reference 
electrode of Ni95-Fe5. As a reference, the Si amount on a pure Ni electrode is shown, without polarisation, after 30 h in the same gas atmosphere and at same 
temperature as the alloy samples. (f) The fraction of Fe or Cu on the electrode surface is illustrated as Me (Fe or Cu)/(Me + Ni).
The observations of a stable alloy composition match the expected 
fcc phase diagrams of Ni–Fe and Ni–Cu alloys in the investigated tem-
perature range [23,24]. The higher surface energy of Fe compared with 
Ni should also, in an equilibrium state, prevent segregation of Fe [41]. 
However, for Ni80-Fe20 under cathodic bias, a clear enrichment of Fe 
towards the top atomic layers of the alloy film can be observed through 
LEIS, as is shown in Fig.  6 (f).

The observation of Fe enrichment at the Ni80-Fe20 surface leads to 
a stable film (no delamination as for Ni–Cu) and significantly reduced 
Si uptake, which indicates the protective properties of the alloys against 
degradation. Transport of Fe to the surface and TPB could potentially 
prevent splitting of the alloy film into separated particles (as observed 
for Ni95-Fe5). It further implies prevention of continued Si uptake, as 
indicated by the clearly reduced Si content for the larger amount of 
Fe in the Ni–Fe alloys. Ultimately, this enrichment of Fe to the surface 
and TPB of the electrode protects and even activates the performance 
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compared to that of the other alloys. These trends can be understood as 
self-protecting properties of favourable restructuring of the metal phase 
(Ni–Fe) in the electrode instead of the generally (for pure Ni) reported 
negatively affecting and degrading restructuring.

In addition, a clearly lowered Si ratio can be observed for all Ni-
alloy electrodes after treatment under anodic bias. An electrochemical 
deposition of Si at the electrode surface was previously suggested under 
cathodic bias [8,12,42]. An equal or higher intensity of Si is also de-
tected here for the Ni–Cu electrodes after cathodic bias compared with 
the reference electrodes. The Ni–Fe cathodes show lower Si intensity 
compared to the reference electrodes further indicating protective prop-
erties of the electrode due to Fe segregation to the surface. The removal 
(at anode) and deposition (at cathode) of Si could generally follow from 
Si(OH)4 + 4 e – ←←←←←←←←←←←←←←←←←⇀↽←←←←←←←←←←←←←←←←← SiO2 + 2H2 + 2O2 – . This is a hypothesis based on 
correlations observed for all samples after anodic bias, when less Si is 
detected compared to cathodes and reference electrodes. Independent 
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Fig. 7. (a) The  substitutional energies of Si in Ni3Me are shown for replacing Ni with Si (y-axis) and the alloy formation energy of the different alloys (Ni3Me) 
is plotted along the x-axis. More information on the definition of energies and equations to calculate them is given in Section 2.6. (b) The adsorption energy 
for the transition metals (Co, Cu, Fe, V, or Mn) at an oxygen vacancy or favoured adsorption site without vacancy is depicted relative to Ni adsorbed at the 
same location on a (111) cubic ZrO2 surface. (c) The relative change in Bader charge of the adsorbed metal atom is compared for a surface oxygen vacancy and 
stoichiometric ZrO2 surface site.
of the alloy composition removal of Si is observed at the anodes after 
tesiting in Fig.  6 (e). These observations deserve future work to further 
establish the relations for Si behaviour under different bias. 

3.4. Underlying processes

The durability of Ni80-Fe20 and Ni80-Cu20 raises questions about 
the fundamental processes at play and how these could be translated 
to other binary Ni-alloys. In such context, density functional theory 
is commonly used to establish an atomic scale understanding of the 
underlying principles, despite not fully representing the conditions 
nor structure of the electrodes experimentally investigated. Moreover, 
once experimental trends and properties can be reproduced, DFT offers 
opportunities for screening other (not experimentally characterised) 
alloy compositions. This should ideally outline binary alloys worth 
researching in future studies.

The alloy formation energy is used as indicator for the formation 
of a single alloy phase of the composition Ni3Me. The substitutional 
energy of a Si atom for a Ni atom in pure fcc Ni or fcc Ni3Me alloy 
(Me representing Fe, Cu, Mn, V, or Co) is applied to indicate the 
favourability of Si dissolution in the alloy. A lower energy would 
suggest a preferred uptake of Si in the transition metal system (con-
sidering the elevated temperatures during the experiments). All the 
reference energies of the atoms are calculated from the preferred bulk 
structures. The equations and definitions of the energies can be found in 
Section 2.6. The atomic structures are visualised in the Supplementary 
Information.

The results for Si substitution to Ni or Ni3Me can be found in Fig.  7 
(a). The  Si substitutional energy for replacing one Ni atom with Si is 
lowest in the pure Ni case, supporting reports of the accumulation of 
Si impurities on Ni particles and dissolution under reducing (reduction 
of SiOx to Si) conditions in SOECs [43].  The Si substitutional energy 
is increased for the addition of Cu and Fe to Ni, resulting in a more 
positive energy difference for substituting Si for Ni. This could translate 
into fewer interactions of Si with Ni–Fe and Ni–Cu alloys compared 
to pure Ni, as also experimentally found by varying the amount of 
alloy elements (Fig.  6). Adding Cu restricts the amount of Si (see Fig.  6 
(e)). The effect is enhanced for Fe, which also experimentally shows 
fewest Si at the surface. Those observations agree with the amount 
of Si detected by LEIS at the surface of the Ni–Fe and Ni–Cu alloys, 
decreasing with increasing content of Fe and Cu.

It is important to note that Si interaction (through the substitutional 
energy) with the alloys is only analysed on the basis of a bulk alloy 
system. This is done to establish trends before attempting to reproduce 
the complex structure of the TPB and surface regions with a broader ex-
perimental understanding of the atomic structure in the future. Further, 
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diffusion of impurities, grain boundary effects and interfacial phe-
nomena of the Ni-alloy/YSZ electrodes are not considered in the DFT 
calculations but might crucially contribute to impurity accumulation 
and transport. 

To further analyse alloy-effects on Si substitution and if they could 
be found for other Ni-alloys, other binary alloy compositions are in-
vestigated, consisting of Co, Mn and V. The possible alloy stability 
can be identified, using the alloy formation energy and  substitutional 
energy of Si in a potential alloy as screening parameter. For this, we 
expanded the list of binary Ni-alloys to Ni3Co, Ni3Mn and Ni3V. The 
results of the alloy formation energy are plotted in Fig.  7 (a), placing 
Ni3Fe in the upper left corner, indicative of a single phase Ni-alloy with 
possible restrictions on Si uptake due to the increased substitutional 
energy (compared with pure Ni). The same properties can be achieved 
by alloying with Mn and V, suggesting a similar behaviour to Fe. A 
more negative alloy formation energy (more stable Ni-alloy) can be 
seen as an indicator for a higher barrier of Si uptake in the alloy.

To give indications on how Fe can enrich to such an extent at the 
surface of the Ni80-Fe20 alloy under cathodic experimental conditions, 
the interactions of Ni, Fe and Cu (and other transition metals) with 
a reduced and stoichiometric (111) surface of cubic ZrO2 are investi-
gated. In order to compare trends holistically, the metal atom is either 
placed on an V⋅⋅

O (to mimic reducing conditions at the YSZ interface) or 
the preferred stoichiometric ZrO2 adsorption site. This is considered a 
cleaner model system to represent the more complex cubic YSZ or TPB. 
In addition, the energies in Fig.  7 (b) are relative to the adsorption of 
Ni since differences with Ni (explaining observed transport of alloyed 
elements) are of interest and not absolute adsorption energies. In an 
equilibrium case, Fe is not expected to segregate, exemplified by the 
negative alloying energy and a higher surface energy of pure Fe over 
pure Ni, which would indicate no Fe segregation [41]. Since it is 
found experimentally that Fe enriches only at the cathodically polarised 
surface, a correlation exists between the reducing conditions at the 
alloy/YSZ interface and the Fe enrichment.

The DFT adsorption results are shown in Fig.  7 (b) and indicate less 
favourable interactions of Fe with the vacancy than for Ni. The differ-
ence in adsorption energy is also elevated for Fe in an oxygen vacancy 
site than on the stoichiometric ZrO2 surface. It can be understood as 
Ni interacting preferably with the reduced ZrO2/YSZ (0.74 eV lower 
adsorption energy) compared to Fe when the electrode is cathodically 
polarised. Contrarily, the energies for Cu follow the adsorption energy 
trends of Ni. The adsorption energy at a V⋅⋅

O site increases relative to Ni 
according to Co < Mn < Fe < V, as shown in Fig.  7 (b) (deviating even 
stronger than compared to the stoichiometric surface).

An analysis of the relative change in Bader charge can elucidate the 
findings by indicating a positive charge of the metal atom (ionic bond) 
on the stoichiometric (near O× ) adsorption site, as is show in Fig.  7 (c). 
O
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In contrast, the metal atom is charged negatively when adsorbed right 
next to a vacancy site, which results in an interaction with the trapped 
electrons at the vacancy (following 2Zr×Zr + O×

O ⟶ 2Zr′Zr + V⋅⋅
O + 1

2O2
or the formation of a defect-rich electrochemical double layer at the 
Ni/YSZ interface under cathodic bias). The results show that in all cases 
some charge is gained by the metal atom at the vacancy. However, the 
energetic cost is influenced by the electron affinity of the metal itself. 
Transition metals with high electron affinity, like Ni and Cu, possess a 
lower and similar adsorption energy, whereas Co, Fe, Mn and V show 
increasing adsorption energies following the lowered electron affinity 
(trends in electron affinity can be found in Ref. [44]).

The opposing interactions of low (Mn, Fe, V) and high electron 
affinity metals (Ni,Cu) with partly reduced YSZ can hence lead to 
surface regions enriched in the low affinity alloy element. A possi-
ble explanations could here be the high electron affinity metal (Ni) 
moving towards reduced interfaces (under cathodic bias) leaving a low 
affinity metal (i.e., Fe-enriched) surface. Alternatively, the low electron 
affinity element could segregate to the surface, being repelled from 
the reducing conditions at the interface. The segregation behaviour of 
Fe for a Zr or O terminated interface was suggested by Malyi et al. 
through DFT calculations [19], indicating that Fe would preferentially 
segregate from Zr-terminated interfaces (similar to V⋅⋅

O rich interfaces 
under cathodic polarisation). Both scenarios deserve further research 
on the fundamental transport processes responsible. What is observed 
here is that the combination of low and high electron affinity metal 
in an alloy can offer self-protecting properties due to the different 
interactions with YSZ under reducing conditions, supported by the 
DFT results. These opposite interactions under cathodic bias can be 
understood as a possible driving force behind the apparent transport.

The findings of Ni–Fe, Ni–V and Ni–Mn as possibly more durable 
electrodes agree with the experimental observations of improved adhe-
sion to YSZ for Ni–Fe and Ni–Mn in Ref. [20]. This can be further based 
on Fe, V and Mn being more oxophilic than Ni and Cu [45], leading 
to stronger interface adhesion (as also shown by DFT in Ref. [19]). 
Therefore, the Ni–Cu electrodes show similar behaviour to pure Ni at 
the interface with YSZ (as already shown for pure Ni in Ref. [46]). 
Oppositely, the Ni–Fe are stabilised at the TPB with Fe enrichment 
and better interface adhesion (matching the stability of our and related 
experimental findings [20]).

Since Fe less favourably interacts with oxygen vacancies and in-
creases the energy for Si uptake, Fe-rich layers can act to protect against 
Si deposition and degradation of the alloy/YSZ interface. Both follow 
from the durability of Ni80-Fe20 with significantly lowered Si amounts 
on the surface and no delamination of the electrode film. The proposed 
less favoured uptake of Si by Fe enrichment at TPB and surface matches 
the activation of the impedance, as was observed experimentally in 
the first 20 h (see Section 3.1). The results suggest that the proposed 
self-protecting properties of a Ni-alloy can be achieved with Ni–Fe. 
The conditions under which electrodes with pure Ni usually degrade 
by Ni/YSZ contact loss (below −200 mV [8]), can be impeded by the 
formation of Fe enriched regions under strong cathodic potentials. The 
self-protecting Fe transport under high overpotential thus suppresses 
the degradation, otherwise observed in the contact loss to YSZ and 
impurity accumulation. The removal of Si impurities can here lead to 
less degrading conditions at the TPB (lower resistance associated with 
O×
O insertion).
In general, Ni-alloys placed in the upper left corner of Fig.  7 (a) 

and with less favourable energy of interaction with a V⋅⋅
O (Fig.  7 (b)) 

are promising alloys with possible self-protective properties in SOEC 
fuel electrodes. Any enrichment of alloy elements, which similar to Fe 
limit the accumulation of Si at the electrode surface and the delamina-
tion of the metal phase from YSZ, could offer intrinsic self-protecting 
properties. In particular, since the formation of the protective layer is 
correlated with the cathodic bias, the degradation usually driven via 
the same overpotential can be prevented, as was shown with Ni–Fe in 
this study under extreme cathodic polarisation (−300 mV).
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The high overpotentials make the results despite the 40 h testing 
times comparable to degradation of porous electrodes, which show 
rapid onset of degradation below overpotentials of −100 mV [8,47]. 
Since gas phase impurity effects are known to mostly degrade the reac-
tion paths at the TPB (even for model electrodes with higher interfacial 
areas [33]) the protection properties of Fe against Si impurities are 
expected to be transferable to porous electrodes. Any microstructural 
degradation rates are expected to differ between porous and model 
electrodes. Therefore, possible protective effects against microstruc-
tural degradation will require testing of alloy electrodes in porous 
electrode settings. Tests on device SOEC-scale can further establish pro-
cessing of the electrodes and implementation in full SOEC structures. 
Such considerations are highly relevant to transfer the fundamental 
findings of this work to the device-scale. 

4. Conclusions

In conclusion, binary Ni-alloys are investigated in this work as po-
tentially more durable alternatives to pure Ni in solid oxide electrolysis 
cells. Based on the experimental characterisation of Ni–Fe and Ni–Cu 
alloys in model electrode systems, the sought after durability is found 
for Ni–Fe because of the restriction of Si uptake due to alloying and bet-
ter alloy/YSZ adhesion. The properties are assigned to the favourable 
restructuring of Fe in the Ni–Fe system under cathodic bias. The results 
indicate that this restructuring is initiated by the reduction of YSZ at the 
alloy/YSZ interface under cathodic bias, which also causes formation 
of a protective Fe-rich alloy surface. The Fe layer is found to decrease 
the extent of Si uptake and Ni/YSZ contact loss, two processes that 
cause considerable degradation in the pure Ni/YSZ electrodes in SOEC 
mode. In contrast for a Ni–Fe cathode, activation of electrochemical 
performance is observed under high cathodic polarisation (−300 mV).

The experimental findings are supported on a fundamental level 
by DFT calculations, showing trends in terms of the alloy formation 
energy, ZrO2 oxygen vacancy-metal (Ni and alloyed metals) interaction, 
and  substitutional energies of Si in the alloys. A synergy of all three 
properties in an increased energy barrier for the dissolution of Si and 
a higher barrier for interactions between alloyed metal and vacancy 
was found for different binary alloys (Ni–Fe, Ni–V, and Ni–Mn). These 
findings outline alloys that could show self-protecting properties, as it 
was observed experimentally for Ni–Fe. Alloys with properties similar 
to Ni–Fe, Ni–V, and Ni–Mn should hence be considered in possible 
self-protecting fuel electrode composites for SOECs.
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