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Abstract

Despite the considerable efforts to develop innovative electrode materials, nickel/yttria-stabilized
zirconia (Ni/YSZ) electrodes are still employed in nearly all commercial and industrial solid oxide cell
units. This is because Ni/YSZ cermets have good electrocatalytic activity in both electrolysis and fuel
cell modes, while they are cost-effective as compared to alternative electrodes under development at
the lab scale. Infiltration of nanoparticles has immersed as a promising concept to enhance the
performance and robustness of conventional Ni/YSZ. Herein, we apply a relatively simple procedure to
infiltrate Ni/YSZ electrodes with hexane solution containing prefabricated Ni-doped CeO,
nanoparticles. Cells with modified Ni/YSZ electrodes show a great improvement in the electrocatalytic
activity and stability towards direct CO, reduction as compared to unmodified cathodes. Besides, a
single infiltration step is sufficient to achieve the optimum cell performance, streamlining the
preparation process. More importantly, we show that this strategy can be equally efficient to fully
reactivate previously degraded Ni/YSZ electrodes and restore their electrochemical performance at
levels even higher than the initial ones. In addition, due to the high viscosity of the hexane solution,
Ni-doped CeO, nanoparticles access the entire electrode volume all the way close to the YSZ interface,
while it penetrates the micro cracks between Ni and YSZ particles. In this way the electrocatalytic
reaction zone is recovered, and the degraded Ni/YSZ electrode is reactivated. Physicochemical,
microstructural and electrochemical characterization of the cells evinces several effects that
contribute to the performance improvement of Ni/YSZ after infiltration, such as the enhanced surface
reducibility of Ni and the amelioration of charge transfer processes within the electrode. The simplicity
of the proposed infiltration method and the significant promotion in CO, electroreduction activity,
advocate it as a cost-efficient strategy to improve or regenerate conventional Ni/YSZ electrodes
without significantly altering the already well-established fabrication process.



1. Introduction

Nickel yttria-stabilized zirconia composites (Ni/YSZ cermets) are the most commonly used electrode
materials for solid oxide cells (SOCs) cathodes and anodes [1,2]. However, a key challenge for the
commercialization of SOC with Ni/YSZ electrodes remains their limited long-term stability, especially
under high current density operation conditions [3,4]. This is usually related to microstructural
modifications of the Ni/YSZ interface, for example Ni coarsening and migration, or even, formation of
ZrO, nanoparticles on the Ni surface due to the reduction/re-oxidation of YSZ [5—7]. Ni depletion from
its interface with YSZ is accounted for the loss of electrochemical active sites, the so-called triple-
phase boundary (TPB), which is regarded as one of the most detrimental factors for the cell
performance. In addition, it may lead to the loss of the Ni percolation network, decreasing in this way
the electrode conductivity. Therefore, improvement of the microstructural stability of traditional

Ni/YSZ electrodes is required in order to boost the long-term performance of SOCs.

Currently, the infiltration of electro-catalyst precursor solutions into a conventional Ni/YSZ electrode
appears as an efficient approach to improve the performance and durability of SOCs [6,8-11]. In
particular, in case of solid oxide electrolysis cells (SOECs) various materials have been infiltrated to the
Ni/YSZ electrode including metals, Ce-based oxides, and perovskite-type oxides [11]. Among them,
Ce0,-based compounds are recognized as promising additives because they do not react with Ni or
YSZ at standard SOEC operating conditions. Besides, they can create a large amount of TPBs/2PBs and
abundant oxygen vacancies, while they can also moderate deactivation at high operating
temperatures [11-17]. Several studies have suggested that the addition of ceria-based materials over
conventional Ni/YSZ electrodes enhances the activity of the cell for hydrogen evolution and
electrocatalytic CO, reduction reactions [6,9,11,12,15,17-20]. Moreover, 2PBs on doped-ceria
electrodes are capable to deliver high power densities even in the absence of metal catalysts and thus
TBPs [21,22] Table 1 provides a non-exhaustive list of studies concerning modification of Ni/YSZ
electrodes by Ce0,-based compounds. The great majority of these studies use nitrate solutions as
ceria precursor, which very often requires several infiltration steps to achieve the desired loading. In
order to reduce the number of infiltration cycles some authors proposed the use of dispersant and
surfactant additives in the solution, such as glycol, citric acid, urea or Triton X-100 [9,11,16,17,23].
However, since the additives are specifically associated to the composition of the nano-catalysts and
the substrate, each surfactant system needs to be re-engineered every time in order to respond to
changes of SOC electrodes or nano-catalyst composition, which evidently complicates the infiltration

process.

Table 1. Publications on Ni/YSZ electrodes modified by CeO,-based compounds (*Gd—doped Ceria or CeygGdg,0,.

w Mog1Ceg90,5, Samaria-doped ceria, Lanthanum-doped ceria)



Number Additive loading (mass

of s .
infiltration loading, solution Reference

steps concentration)

Infiltration
material

Infiltration method

Cerium(lll) nitrate hexahydrate [Ce(NO3);:6H,0]

3.38 wt%
Ce0, with urea and a mixture of water and ethanol; > WS 174
CeO Commercial colloid (Ce0,) with CeO, particles ) 175 wit 25]
2 suspended in acetic acid under vacuum; ’ °
Cerium nitrate (Ce(NO3);:6H,0), gadolinium nitrate o R
GDC (Gd(NO3)5:6H,0) dissolved in ethanol; Vacuum Several =~ M8 Ocmz . [18]
process;
~145 mg CGC per 1 cm’®
Nitrate solution Ce(NO3); and Gd(NOs);; Surfactant Ni—YSZ backbone (Ni/YSZ
GDC : 9 . [12]
PEL62; Two-atmosphere reduction (H,/H,0); electrode + Ni/YSZ

support)

Gd(N03)36H20 and Ce(N03)36Hzo in distilled
GDC water; Triton X-100 and citric acid as surfactant and 1 0.1M,0.5M, 1M, 2M [9,11]
chelating agent;

GDC nitrate solution; Ce(NOs);, Gd(NO3); and Trix-

Nod ipti 1
GDe 100 surfactant in a vacuum atmosphere; > © deseription [15]
125 mg GDC per 1 cm’
GDC GDC (Geo_ngO_QO.l_g) precursor solution; Ce-nitrate Several Ni/YSZ backbone'(Ni/YSZ (6]
and Gd-nitrate; Surfactant PE-L62; electrode + Ni/YSZ
support)
120 mg gdc per 1 cm’
e GDC nitrate solution; Ce(NOs); and Gd(NOs)s; PE- 7 Ni/YSZ structure (Ni/YSZ [19]
L62 surfactant; H,-electrode + Ni/YSZ
support)

Ce- and Gd-nitrate salts mixed with water and a
2 vol-%
ebe surfactant (Triton X-100); 1 Vo (17]

Gd(NO3)5:6H,0, Ce(NO3)5-6H,0 and urea in

. .01 D
E2IC water/ethanol co-solvent; /3 0-35 and 0.015M GDC [26]
. . . ) ) (27,2
GDC Cerium and gadolinium nitrate solutions; glycine; 7-8 0.3M 8]
GDCand @ GDC and Rh-GDC powders solved in butanol-mixed n/a 0.26 and 10.4 mg cm” 29]

Rh-GDC xylene solution and a surfactants

NI(N03)26H20, Gd(NOg)gGHzo, and Ce(N03)36H20

GDC and . . . . 1.26 wt % for GDC; 1.29

Ni-GDC in ethanol solution with Triton-X 100 surfactant 1 Wt % for Ni-GDC; [16]

under vacuum;
Ni-GDC NI(N03)26H20,Gd(N03)36H20, Ce(N03)3'6H20, and 1 M [23]
citric acid dissolved in ethanol;
e Aqueous solution of Ce(NOs);-6H,0 and 5,7 294 mg cm” after 7 20]
(NH4)sMo0-0,, with citric acid under vacuum; and 9 cycles
spc™” Ce(NO;); 6H,0 and Sm(.NO3)2- 6H,0 mixed with ) 4 Wt% SDC 30]
glycine;
LDC Aqueous solutions of Ce(NO3);-6H,0, La(NOs)5-6H,0 n/a 10 wt.% LDC (31]



in dilute agueous ammonia;

Recently we reported on a simple infiltration strategy [32] to deposit ceria nanoparticles (NPs)
synthesized in hexane solution [33] into the pores of pre-fabricated Ni/YSZ cermet electrodes. This
approach offers higher control on the infiltration process and allows preselecting the characteristics of
the nanoparticles, since their synthesis is done beforehand. In addition, by this approach a
homogenous distribution of high ceria loading into the Ni/YSZ electrode volume even after one
infiltration step [32] is achieved. Decoration of Ni/YSZ cathodes with Ni-doped ceria NPs had a strong
impact on the CO,/H, electrolysis performance and this was attributed to the formation of an ultrathin
Ni-Ce** layer on the electrode surface. Besides, Ni/YSZ cermets decorated with ceria nanoparticles

have high tolerance to oxidation by CO, [34], which can potentially slow down deactivation.

At high-temperatures, metallic Ni is easily oxidized to NiO by CO,, which is a major cause of SOEC
performance degradation. Therefore, a reducing gas such as H, or CO, sometimes also called safety
gas, is usually co-fed with CO, into the Ni-YSZ cathode. The unique combination of high
electrochemical performance and increased oxidation tolerance of Ni/YSZ cathodes decorated by ceria
NPs [32,34], motivated us to explore their performance for direct CO, electrolysis, which means
without the presence of reducing gas (typically H, or CO) in the fuel feed. Please note that elimination
of reducing gas, not only simplifies the cell design but also considerably decrease the operation cost of
the SOC systems [35]. Indeed, evaluation of button cells demonstrates a spectacular improvement of
the Ni/YSZ performance after modification with ceria nanoparticles. In addition, experiments on
miniature cells show that impregnation of ceria on deactivated Ni/YSZ electrodes can reestablish the
cell performance. A single infiltration step is enough to achieve the optimal ceria NPs loading which is

an important advantage for practical applications as compared to previous more elaborated methods.

2. Experimental
2.1. Cell fabrication

The cells tested in this work were electrolyte-supported and were purchased from Kerafol GmbH.
They consist of a Ni/YSZ cathode electrode (60wt-%Ni/ 40wt-%YSZ, 35 um thickness), an 8 YSZ
electrolyte (8 mol-% Y,05 stabilized ZrO,, 150 um thickness). A thin YSZ interdiffusion barrier layer is
used to prevent solid state reactions between the YSZ electrolyte and the Ni/YSZ electrode as well as
to improve the thermal expansion matching between them. The anode and the footprint (geometric
size) of the cells were adapted to the testing conditions. In particular, the cells tested in the
conventional dual-chamber button-cell test station were square-shaped with size 20x20mm?, with

LapeSro4Cog,Fegs0ss (LSCF) as the anode electrode. The cells measured in the single-chamber test
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station attached to the XPS spectrometer, were 1/4 fragments of a 2 cm diameter disk cell with an
active area around 0.64 cm?’ (hereafter referred as miniature cells). In case of miniature cells the
anode was a porous Pt layer prepared by sintering of platinum paste (Pt ink 5542-DG, ESL) [32]. Cells
from the same production batch were used for the comparison of pristine and Ni/YSZ modified
electrodes. The Nipa.Ceg 950, nanoparticles (hereafter abbreviated as NiCeO, NPs) were prepared from
Schiff base metal complexes and dispersed in hexane solution according to a recently developed
procedure [33]. The concentration of NiCeO, NPs in the hexane solution was calculated on the basis of
TGA measurements and found 4.4+0.3 mg/ml. The NiCeO, NPs solution was drop-casted directly on
the top of the pre-reduced Ni/YSZ electrodes using a 10 pL micropipette following a procedure
described in detail elsewhere [32]. After drop-casting, the cells were let dry at 80 °C for 30 min and
then they were calcined in air at 400 °C for 1 hour. For brevity the cells with pristine Ni/YSZ cathode
electrodes will be referred as NiYSZ while those modified with NiCeQ,, as NiCe@NiYSZ.

2.2. Electrochemical characterization
2.2.1. Button cell electrochemical tests

i—V polarization curves and EIS measurements were performed over Ni/YSZ//YSZ//LSCF cells with
pristine and modified Ni/YSZ cathode electrodes under direct CO, electrolysis conditions (without
reducing gas) at 700 °C. The fuel composition was 3% C0,/97% N, with a flow of 300 mL/min, for the
cathode electrode, while synthetic air was employed at the anode side at the flow rate of 200 mL/min.
The electrochemical tests of the button cells with dimensions 2x2cm” were carried out in a
commercial Fiaxell measurement station (Open Flanges™). The cells were placed between soft
alumina felts and characterized by linear-sweep voltammetry (LSV), staircase potentiostatic curves and
electrochemical impedance spectroscopy (EIS) measurements, using a computer controlled
potensiostat/galvanostat (VersaSTAT 3, AMETEK Scientific Instruments). Prior to each electrochemical
test, the fuel electrode was pre-reduced for 12h in 5%H,/95%Ar (50 mL/min) at 700 °C. Subsequently,
the measurements were carried out by varying the potential between the open circuit potential (0.C.)
value and 2.5V, at a scan rate of 5 mV/s. The potensiostatic curves are corrected for the ohmic drop
induced by the electrolyte and the contact resistances according to the formula : Vg = Vac - (Ropm X
iser)), Where Rony is the ohmic resistance obtained from the high frequency intercept in impedance
spectra, is; the applied current density and V. the voltage measured between anode and cathode
electrodes. The cathode of NiCe@NiYSZ cell was modified with 170 mg/cm? NiCeO, NPs following the

procedure described in section 2.1.

2.2.2. Miniature cells tests in a single-chamber station attached to an XPS spectrometer



Electrochemical characterization of pristine and NiCeO,-modified Ni/YSZ electrodes was also
performed in a custom-built flow-through reaction chamber attached to an XPS described elsewhere
[35,36]. The cells were pressed directly on the ceramic heater using stainless steel clamps, while a gold
grid was used on both sides as the current collector. The temperature was controlled by a K-type
thermocouple mounted on the heater. The gases were introduced via mass flow controllers and the
products were monitored via an online quadrupole mass spectrometer (QMS). CO, electrolysis was
carried out in 100% CO, atmosphere (without diluting or reducing gas) in few mbar CO, pressure (1-10
mbar), at 550 and 700°C. Prior to the electrochemical tests, the electrode was calcined for 30 min in
1.0 mbar O, at 400 °C to remove residual carbon and organic residuals and then underwent reduction
in 1.0 mbar H, at 550 °C for 30 min. Subsequently, the gas phase switched to CO, and the sample was
left to equilibrate for about 1 hour at elevated temperature. A computer controlled
potensiostat/galvanostat (VersaSTAT 3, AMETEK Scientific Instruments) was used for the
electrochemical measurements. The EIS spectra were recorded in the frequency range of 500 KHz to
0.05 Hz in both galvanostatic and potensiostatic mode. After CO, tests, the cell was cooled down to
room temperature in CO,, then the reactor was evacuated down to 10’ mbar, and the sample was
transferred under vacuum into the analysis chamber for XPS characterization. To exclude possible
uncertainties due to differences in the bulk cell characteristics, the electrochemical experiments were
performed using the same cell before and after modification with NiCeO, NPs. For the degradation
tests, a simple protocol was developed in order to accelerate the procedure. This protocol consists of
repeated reduction/oxidation (redox) treatments in 1.0 mbar H, at 650 °C followed by 5.0 mbar O, at
400 °C (30 min each). In total 5 redox cycles were applied for the accelerated degradation

experiments.

The particular advantage of miniature cells is that after gas treatments and electrochemical tests the
sample can be transferred under vacuum for XPS analysis. This can help to identify possible surface
impurities or carbon deposition which could affect the electrochemical performance and mask the
effect of surface modification. In addition, the single-chamber test station offers the possibility to
mount and dismount the cell without danger of destruction/damage, which is much more complicated
in conventional button cell test rings. This allows doing electrochemical tests over the same miniature
cell before and after impregnation, excluding uncertainties caused by eventual problems in cells
reproducibility or differences on cell mounting. In addition, the small geometric size of the miniature
cells simplifies the infiltration procedure performed by a micropipette. However, owing to the special
cell configuration and conditions adopted for CO, electrolysis (low temperature and pressure, low fuel

flow, etc.) the electrochemical performance measured in this setup is inferior to that measured in the



conventional button cell tests. Therefore, in this work the performance of pristine and modified Ni/YSZ

cathodes is evaluated in comparative basis under identical reaction conditions.
2.3. Materials Characterization

X-ray diffraction patterns were measured with a Bruker D8 advance diffractometer using Cu Ka
radiation. Raman spectra were acquired using a micro-Raman spectrometer (Horiba LabRam), with
excitation wavelength of 532 nm. A 100x objective was used to focus the excitation laser to an
approximately 1 um spot with a laser power of less than 1 mW to avoid heating and damage of the
sample. SEM-EDX characterization was carried out with a ZEISS Crossbeam 540X scanning electron
microscope with X-FEG cathode. Samples were mounted on aluminum pin stubs with the use of silver
cement (Agar Scientific). A focused ion beam (FIB) was applied for cross-sectional sample preparation
with an accelerating FIB voltage of 30 keV and a beam current of 100 nA, whereas polishing was
performed with 30 keV and 1.5 nA. In order to protect the surface, platinum layer was deposited by
ion beam deposition (30 keV, 300 pA). The EDX maps were collected with the X-MAX" spectrometer

(Oxford Instrument) at 15 keV after tilt correction.

Quasi in situ X-ray photoelectron spectroscopy (XPS) measurements were performed in a custom-
build experimental setup composed by three stainless steel chambers separated by gate valves. The
first chamber (base pressure of 2x10° mbar) is equipped with x, y, z, & sample manipulator with a
receiving station for the sample holder, a VSW Class WA hemispherical electron analyzer (150 mm
radius) and a monochromatic Al Ka X-ray source (1486.6 eV) for XPS measurements. The second
chamber (base pressure 5x107 mbar) is a flow-through reactor (total volume 0.6 liters) equipped with
a sample receiving station, a differentially pumped quadrupole mass spectrometer, a gas manifold at
the inlet and a motorized gas control valve at the outlet (EVR 116, Pfeiffer) connected with a dry scroll
pump. The two chambers are connected via a load-lock chamber allowing fast insertion of the samples
into the system. Samples were mounted on a disc-shaped holder design by OmniVac. The holder is
equipped with a pyrolitic boron nitride (PBN) heater, a K-type thermocouple attached on the side of
the heater and 3 available electrical contacts used to perform electrochemical measurements. The
holder is transferred between the 3 chambers by the use of 3 transfer arms. After pretreatment or
electrochemical reaction, the sample was first cooled to room temperature in gas, then the reactor
was evacuated down to 107" mbar, and then the sample was transferred under vacuum into the UHV
chamber for XPS characterization. Survey and high-resolution XPS spectra were collected using pass
energies of 90 and 44 eV respectively. The nominal FWHM of Ag 3d peak measured on a standard
polycrystalline silver foil with 44 eV pass energy was 0.85 eV which is a measure of the instrument
resolution. The number of scans in the high resolution spectra were adjusted so as the signal to noise

ratio to be higher than 16. During XPS measurements the sample temperature was kept around 230 °C
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to enhance sample conductivity and prevent electrostatic charging problems. This was confirmed by
the binding energy (BE) of the Cls peak at 284.6 eV or in the absence of C 1s signal via the u””’ peak of
Ce 3d spectrum at 917.1 eV. The peak fitting of Ni 2p and Ce 3d peaks was performed by using peak
profiles recorded on reference samples following a method developed earlier [37,38] and described in

detail in the supporting information.

3. Results and discussion

3.1. CO, electrolysis over pristine and NiCeO,-modified Ni/YSZ cells tested in a conventional dual-

chamber button cell setup
3.1.1 i-V polarization curves

The CO, electrolysis performance of pristine (NiYSZ) and NiCeO,-modified (NiCe@NiYSZ) Ni/YSZ
electrodes originating from the same synthesis batch, was at first evaluated by LSV at 700 °C in 3%
C0,/97% N,. The fuel electrodes were initially reduced in H, and then the gas switched to CO, and left
to equilibrate for about 5 min. During this period the open circuit voltage (0.C.) of the two electrodes
gradually decreased due to NiO formation [35]. Just before polarization the O.C. for NiYSZ and
NiCe@NiYSZ cells was -200 mV and -733 mV respectively. For comparison, the O.C. measured in
CO,/H, fuel (50/50) was found -890 (NiYSZ) and -960 mV (NiCe@NiYSZ). The systematically lower O.C.

values of NiCe@NiYSZ are in accordance with the resistance of NiCe@NiYSZ to oxidation by CO, [34].

Figure 1a compares the evolution of the current density of the two cells while the potential is swept
linearly between anode and cathode (sweep rate 5 mV/s). Notably, the current density of NiCe@NiYSZ
cell is considerably higher than that of NiYSZ. For example, at an applied voltage of 1.5 V the current
density of NiCe@NiYSZ cell is 135 mA cm™, approximately 3 times higher than that of the NiYSZ cell
(43 mA cm™). This is a clear indication that infiltration of NiYSZ electrodes with NiCeO, nanoparticles
remarkably enhances the electrocatalytic activity for direct CO, electrolysis. A similar tendency is also
confirmed by the staircase potentiostatic tests, where the current is measured after 5 min stabilization
at each applied potential. The evolution of the cell current density when stepping up the cell voltage,
this time corrected for the iR drop, is shown in the inset of Figure 1. The i-V curves for both samples
are approximately linear, with the NiCe@NiYSZ electrode operating at significantly lower voltages (for

example at 120 mA the difference of the two electrodes is 330 mV).

Characteristic Nyquist plots of the EIS spectra recorded at 1.45 V are displayed in Figure 1b, while the
Ohmic (Ronm) and polarization (R,) resistances at various applied voltages based on EIS spectra, are
shown in Figure 1c. We recall here that in the Nyquist plot the Ry, corresponds to the high frequency

intercept on the real-axis, whereas the R, is the distance between the highest and the lowest



frequency intercepts. The Ropm mMainly originates from the resistance of ionic transportation inside the
electrolyte; however the contribution of the electrode conductance should be also taken into account,
especially in case of oxidative fuels like CO,. The R, is related to the reaction kinetics of the
electrocatalytic CO, reduction. Phenomena such as diffusion and conversion of CO, and charge
transfer appear at different frequencies, which can be potentially discriminated in EIS spectra.
However, since these frequencies highly overlap, a complex analysis is necessary to gain meaningful
information from EIS spectra [39]. This requires systematic variations of the operating parameters
(temperature, current, gas composition, etc.) so as to identify which processes are affected.
Therefore, a detailed analysis of the EIS spectra was not carried out in the present study and the
Nyquist plots were mainly used to determine Ry and R, and assess the relative performance of the

materials.

However, two semicircles at high and low frequencies are clearly distinguished in the Nyquist plots
(Figure 1b, and S1), which allows a qualitative comparison of the two samples. In general, the high-
frequency arc (R1) is related to charge transfer, while the one at low-frequency (R2) corresponds to
mass transfer and gas diffusion processes [40,41]. The Nyquist plots (Figure S1) show a remarkable
decrease of R1 in case of NiCe@Ni/YSZ as compared to Ni/YSZ for all applied voltages. This signifies
that NiCeO, NPs improve the charge transfer and accordingly reduce the high-frequency polarization
resistance. In contrast, the R2 for NiCe@Ni/YSZ cell is not obviously reduced, meaning that the
decrease in the total polarization of modified Ni/YSZ is dominated by charge transfer (related to R1).
The acceleration of charge transfer processes has therefore a major contribution to the enhanced
electrochemical performance. Overall, the substantial decrease of both Renm and Ry values at all
applied potentials after NiCeO, infiltration (Figure 1c), denotes that the performance improvement is

related to the amelioration of both conductivity and reaction kinetics of the electrode.
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Figure 1. Comparison of CO, electrolysis performance between cells with NiYSZ (black) and NiCe@NiYSZ (red)
cathode electrodes, a) Linear-sweep polarization (scan rate: 5 mV s’l) and (inset) staircase potentiostatic i-V
curves, b) Nyquist plots of NiYSZ (black) and NiCe@NiYSZ (red) recorded at 1.45 V potentiostatic conditions, c)
the ohmic (Ronm) and polarization (R;) resistances determined from the impedance data as a function of the
applied voltage. All experiments were carried out at 700 °C in a conventional dual-chamber test station at 1 bar.

Cathode-side inlet flow: 3% C0,/97% N, (300 mL/min), anode-side inlet flow: synthetic air (100 mL/min).
3.1.2 Post-mortem spectroscopic and microscopic characterization of the cells

FIB/SEM combined with EDX mapping was employed to analyze the microstructure inside the NiYSZ
and NiCe@NiYSZ electrodes after 4h CO, electrolysis at 700 °C. In the cross-sectional SEM-EDX
mapping shown in Figure 2, the Ni and Zr (from YSZ) phases can be clearly distinguished (blue and
green areas respectively). As expected, Ce (red) is detected in case of the NiCe@NiYSZ electrode
(figure 2b). Owing to the low NiCeO, loading, the Ce signal is also relatively low, however it is evenly
distributed into the Ni/YSZ electrode volume, including also the parts close to the interface with the
YSZ barrier layer. This observation confirms the homogenous distribution of NiCeO, achieved by the
applied method and signifies that this uniformity is preserved during CO, electrolysis. In the high-
magnification SEM/EDX image of NiYSZ shown in figure 2a and figure S2a, some areas where Ni and
YSZ phases are detached can be seen close to the interface with the YSZ electrolyte. These effects

have been previously connected with loss of TPB area and performance degradation. In case of
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NiCe@NiYSZ, high-magnification images show that apart from areas with high ceria concentration
(clearly distinguished in the low-magnification), ceria at lower concentration can be found around Ni
and YSZ areas (see also figure S2b). Interestingly NiCeO, have penetrated narrow electrode channels

(i.e. pores) potentially preventing loss of the TPB area found in the NiYSZ electrode.

Figure 2. Cross-sectional FIB/SEM images with EDX-mapping of a) NiYSZ and b) NiCe@NiYSZ cathodes measured

after several hours of CO, electrolysis. High-magnification images of selected electrode areas are included.

The FIB/SEM images demonstrate the uniform distribution of NiCeO, NPs into the Ni/YSZ electrode
volume and the ability of the NPs to penetrate into narrow electrode channels. These morphological
characteristics are compatible with EIS spectra of Figures 1b and S1. In particular, the enchantment of
charge transfer processes during CO, electrolysis, manifested by the decrease of the high-frequency
arc in the EIS spectra, can be explained by the creation of additional CO, electrolysis sites related to
NiCeO, NPs deposited over Ni and YSZ grains. Indeed, introduction of NiCeO, contribute to the
electrochemical active area due to the formation of two-phase boundaries between ceria and the gas
phase [22,32]. Since the electrode area close to the interface with YSZ electrolyte has a major
contribution to the electrochemical reaction [42], penetration of NiCeO, deep inside the electrode
volume, manifested by FIB/SEM, further supports this scenario. In addition to the enchantment of

charge transfer processes, EIS results showed a clear improvement in the electrode conductivity
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manifested by the decrease in Rgnm. This can be due to NiCeO, NPs inserted in the narrow channels
between Ni and YSZ grains (figure 2b). As will be discussed below based on XPS results, the enhanced

nickel reducibility after NiCeO, impregnation is an additional factor promoting electrode conductivity.

Figure 3 shows the Raman spectra and the XRD patterns for NiYSZ and NiCe@NiYSZ cathodes
measured after CO, electrolysis tests. As expected, the XRD patterns (Figure 3a) are dominated by the
diffraction peaks of Ni, NiO and YSZ of the NiYSZ cermet. In case of NiCe@NiYSZ, additional XRD peaks
characteristic of cerium oxide were found. According to the Debye-Scherrer equation, the calculated
crystalline size of NiCeO, particles was estimated near 13.2+0.2 nm. This result shows that the
nanosized ceria particles, initially infiltrated inside the electrode preserve their dimensions during
electrolysis reaction at 700 °C. Besides, it is worth noting that despite the reducing pretreatment in H,,
NiO peaks are observed in the XRD for both electrodes. This indicates that Ni phase were oxidized
either during transfer from the test station to the XRD diffractometer or in the course of CO,

electrolysis experiment.

Figure 3b presents the Raman spectra of the two electrodes after electrolysis. The Raman peak of
unmodified NiYSZ at ca. 620 cm™ is ascribed to the Eg vibration mode of zirconia [43,44]. In case of
NiCe@NiYSZ, apart from the Eg band of Zr, an additional peak appears around 460 cm™ due to the F2g
peak of cerium oxide [45]. The peak shape found after subtraction of the 2 spectra does not show
significant contribution of defect sites typically found around 550 cm™. Besides, peaks at 1340 and
1570 cm™ ascribed to D (amorphous carbon) and G (graphite) bands [43,44] were not observed in any
of the electrodes (see inset of Figure 3b), indicating low or not at all carbon deposition during CO,

electrolysis.
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Figure 3. a) XRD patterns and b) Raman spectra of NiYSZ and and NiCe@NiYSZ electrodes after several hours CO,
electrolysis tests at 700 °C. The inset shows the frequency range which corresponds to Raman peaks of carbon

species.

3.2. CO, electrolysis over pristine and NiCeO,-modified miniature Ni/YSZ electrodes tested in a single-

chamber electrochemical cell

3.2.1 Optimization of NiCeO, NPs loading over modified NiYSZ cathodes

Next, we determine the optimal NiCeO, NPs loading for the CO, electrochemical performance of NiYSZ
cells. To do so, a single-chamber setup was used, permitting facile mounting and dismounting of the
cells (no use of glass sealant). This setup allows evaluating the electrocatalytic performance of the
same miniature NiYSZ electrode (effective area 64 mm?) before and after infiltration with
progressively increasing NiCeO, NPs loading. Figure 4a displays CO, electrolysis i-V curves (corrected
for the iR drop) at 700 °C for the NiYSZ electrode before and after modification with 85, 170, and 340
mg/cm?® NiCeO, NPs. At first, it is verified that the operation of the miniature cells tested in the single-
chamber is qualitatively similar with the results observed in the conventional two chamber setup
presented above. As shown in Figure 4a, the current densities are about 2 to 3 times lower from those
of the conventional testing rig shown in Figure 1a, which can be explained by the differences in the
cell mounting and CO, pressure. However, the trend in the i-V curves between pristine and modified

NiYSZ electrodes is reproduced with the latter cell generating systematic higher current densities. This
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validates the use of the results obtained in the single-chamber setup for comparing the
electrochemical performance of different electrodes. With this in mind, we compare in Figure 4a the
current density between pristine and infiltrated NiYSZ as a function of the cell voltage. Apparently, at
certain potentials the NiCeO,-modified cells produce up to 8 times higher current density as compared
to NiYSZ, which is much higher than the values observed in the conventional test rig. Interestingly the
most significant improvement in the current is found for the initial infiltration with 85 mg/cm3 NiCeO,,
while higher loadings either have little effect (170 mg/cm®) or even decrease the cell current (340

mg/cm?).

The EIS results at each applied voltage are shown in Figure S3 in the form of Nyquist plots, while the
corresponding Ronm and R, resistances are inserted in Figure 4b. The combination of low CO, pressure
(1 mbar) and relatively high cell currents induces diffusion limitation problems, since the
concentration of CO, electroactive species at the electrode surface is finite. Such phenomena are
clearly manifested in the low frequency range of Nyquist plots (Figure S3) and complicate the
estimation of R, especially at high current densities. This is the reason why the inset of Figure 4b
contains R, values only at low applied voltages (i.e. low cell currents). Nevertheless, a decrease in both
ohmic and polarization resistances is evident upon infiltration, similar to the observation in the dual-
chamber tests (Figure 1c). Note that the lower Ropy is Observed in case of the 85 mg/cm? NiCe@NiYSZ,
while at higher loadings it increases and becomes even higher than that of NiYSZ for 340 mg/cm’
NiCe@NiYSZ. This increase might be the effect of oxidative and reducing (redox) treatments following

up each infiltration step, as will be discussed below.

To evaluate the effect of the redox treatment on the electrochemical performance, we carried out a
“placebo” experiment, where NiYSZ electrodes are infiltrated with hexane solvent (not containing
NiCeOx NPs) and subsequently subjected to a calcination/reduction cycle. As shown in Figure S4
hexane infiltration and the consequent redox cycles deactivate the electrode (at 1.8 V the current
density drops at about 40% of its initial value after 4 infiltration and redox cycles). This experiment not
only identifies NiCeOy NPs as the cause of Ni/YSZ electrochemical performance but also indicates the
necessity to minimize the number of redox treatments in order to preserve the electrode

performance stability.
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Figure 4. a) i-V curves measured over NiYSZ electrode before and after infiltration with 85, 170, and 340 mg/cm3
NiCeO, NPs, b) the ohmic (Ronm) and polarization (R,) resistances determined from the impedance data as a
function of the applied voltage. All experiments were carried out at 700 °C in a single-chamber test station at 1

mbar CO,. Please note that different loadings were impregnated consequently on the same NiYSZ electrode.

Taking into account that the improvement in case of 170 mg/cm? loading is marginal as compared to
the 85 mg/cm® one, it is suggested that the optimal loading is 85 mg NiCeOy NPs per cm® of NiYSZ
electrode. This result is extremely interesting for practical applications, since this loading can be
achieved in a single infiltration/co-firing step. The decrease in the performance observed at very high
loadings can be attributed to two possible reasons. The first is that ceria NPs aggregate and
accumulate into the electrode pores, limiting gas diffusion, also leading to the increase of the R,
observed for 340 mg/cm® NiCe@NiYSZ. Another reason is the higher ohmic resistance of the
electrode. The considerable increase of Ronm for 340 mg/cm? found in the EIS spectra suggests that the
electrode conductivity, and not the kinetics of the reaction, is the main limiting factor that defined the

highest NiCeO, loadings.

3.2.2 Gas phase and quasi in situ XPS surface analysis of pristine and modified NiYSZ electrodes

operating at 550 °C

The single-chamber cell allows monitoring the electrodes by XPS before and after the electrochemical
tests without exposure in air (referred here as quasi in situ analysis). The aim is to detect eventual

differences in the chemical state and composition of pristine and modified NiYSZ. These experiments
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were performed at lower temperature (550 °C) in order to slow down the transformation kinetics of
the electrode and facilitate their detection by XPS [46]. In addition, higher CO, pressure was used (10
instead of 1 mbar) in order to enhance the oxidation effect of CO, on nickel [35] similar to the
atmospheric CO, pressure experimental conditions. The potentiostatic i-V curves and the EIS
measurements of NiYSZ and NiCe@NiYSZ cells recorded at 550 °C in ca. 10 mbar CO, are shown in
Figure S5. The experiments before and after infiltration were carried out at the same NiYSZ cell. As
expected, the cell current at 550 °C is inferior to that measured at 700 °C, however the improvement
in the performance after infiltration is well reproduced. The Nyquist plots recorded at 1.5 V (Figure
S5b), show a decrease of R, and Ronm for NiCe@NiYSZ, in qualitative agreement with the
measurements in the button cell setup. Finally, online gas phase analysis demonstrates considerably
higher CO and O, production in case of the modified electrodes (Figure S5c), confirming that the

higher currents are due to the enhanced CO, electroreduction rates.

Having shown that the two cells tested in the single-chamber follow qualitatively similar CO,
electroreduction performance with that of the conventional test rig, we analyze now the surface state
of the cathode electrode by XPS. The Ni 2p and Ce 3d (in case of modified electrode) XPS spectra
recorded on pristine and modified NiYSZ after CO, electrolysis are presented in Figure 5. The two cells
were tested at galvanostatic mode, applying the same current to assure operation at identical CO,
electroreduction rates. Please note that in case of the NiCe@NiYSZ electrode, the Ni 2p and Ce 3d
peaks partly overlap (Figure 5b). As shown previously, despite the H, pretreatment, Ni is oxidized to
NiO at CO, pressure above 5 mbar [34,35], which is confirmed by the Ni 2p spectra measured at O.C.
(bottom of Figure 5). In particular, the Ni 2ps,, peak is centered at 855.8 eV and is accompanied by a
satellite peak shifted by 6.2 eV at higher binding energies, characterizing NiO formation [47]. After CO,
electrolysis, the new feature at the lower binding energy side of the Ni 2p spectrum, indicates partial
reduction of NiO to Ni. The reduction of NiO is enhanced with the current density for both electrodes.
A similar behavior was previously observed for Ni-GDC electrodes and was attributed to NiO

decomposition upon polarization [35].

The deconvolution of the Ni 2p peak into Ni and NiO compounds using peak profiles of reference
samples described in the supporting information, suggests that metallic Ni is systematically higher for
NiCe@NiYSZ. For example, at 1.3 mA-cm™ 51% of NiO is reduced to Ni for NiCe@NiYSZ, instead of 38%
in case of NiYSZ. Please note that according to our previous study, CO, electrolysis primarily takes
place at the TPB of metallic Ni and reduced ceria [35]. Therefore, the higher amount of metallic Ni at
the surface of the electrode is expected to play a key role to the enhanced CO, electrolysis
performance of the NiCe modified Ni/YSZ electrode. The Ce3d spectrum (Figure 5b) has three pairs of

spin-orbit doublets and an intense peak around 917 eV, which is characteristic of the Ce** oxidation
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state [48]. The fitting procedure using Ce3d peak profiles of reference Ce** and Ce*, reveals that
NiCeO, NPs are in a mixed 55%Ce®"/45%Ce** oxidation state, which remains practically unaffected by
the magnitude of the applied current. The detection of Ce*" cations is intriguing taking into account
that direct CO, electrolysis takes place are highly oxidative conditions. Notably, these species are
accompanied by oxygen vacancies in ceria lattice and have been previously correlated with the
increase of conductivity and surface activity of ceria [49]. Therefore, it is feasible that they contribute

to the electrochemical reaction, by extending the electrochemically active surface area.
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Figure 5. a) Quasi in situ Ni 2p XPS spectra of NiYSZ electrode and b) Ni 2p and Ce 3d XPS spectra of NiCe@NiYSZ
electrode. In both cases the spectra were recorded after operation at 550 °C in ca. 10 mbar CO, at O.C., 0.5 and

1.3 mA-cm”. Prior to CO, exposure, both electrodes were reduced in H,.
3.2.3. Reactivation of aged Ni/YSZ cathodes by infiltration with NiCeO, NPs

Modification of the Ni/YSZ electrode microstructure can be induced upon reduction and oxidation
(redox) cycles, for example after shutdown. The redox cycles can accelerate the degradation of the
cell, typically due to the loss of TPBs [17,50]. In particular, in oxidative conditions, the volume
expansion of nickel oxide phase, and the consequent shrinkage induced in the following reduction
step, will lead to mechanical stress and eventually to microstructural changes such as crack formation
or detach between Ni and YSZ phases. These effects are irreversible and result in a permanent cell

failure. In this section we examine the possibility to reactivate degraded NiYSZ electrodes, by post-
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mortem infiltration with NiCeO, NPs. Since in a conventional button cell setup it is extremely
complicate to access and modify the surface of the electrode after testing, these tests were
performed in the single-chamber setup. In order to accelerate the degradation of the pristine NiYSZ
electrode, the cell was subjected in several redox cycles in H, and O, atmospheres (see also section
3.2.1). Each redox treatment was followed by direct CO, electrolysis tests in 1 mbar CO, at 550°C for
60 min under a constant applied voltage of -2.0 V. Figure S6 shows the quasi in situ Ni 2p and Ce 3d
XPS spectra obtained from the parent and NiCeO,-modified electrodes after reduction in H, and
oxidation in O,. These spectra verify that at the employed conditions nickel and ceria reduce in H, and

oxidizes in O, for both electrodes.

Figure 6a presents the current density and the CO production (bottom) as well as the Ohmic
resistance (top) and of the two cells before and after the aging treatment. In case of NiYSZ, the current
density drops at about 35 % of its initial value after the 5 redox treatments (for 2.5 hours in total) and
5 hours CO, electrolysis tests. As expected, the lower cell currents are followed by lower CO,
electroreduction rates indicated by the drop of the CO gas phase signal included in Figure 6a. After
infiltration of the aged NiYSZ electrode with NiCeO, NPs the performance not simply improves, but the
current density and the CO signal increase by a factor of 3 as compared to those measured initially.
When a similar redox aging treatment is applied to the NiCe@NiYSZ (on the same, regenerated cell)
causes a drop of the cell current to the 65 % of the initial value. This is significantly less than the drop
observed initially on the unmodified NiYSZ (35%). Since pristine and modified Ni/YSZ electrodes were
subjected to the same redox protocol, it is reasonable to assume that the observed degradation under
redox cycles follows the same mechanism in the two cases, namely detachment between Ni and YSZ
phases and eventually microcrack formation. This scenario is supported by the post mortem SEM/EDX
analysis of NiCe@NiYSZ electrode (Figure 6b and S7) and the observed increase of Ry, in the EIS
spectra (Figure 6a). However, since the introduction of NiCeO, particles expands the electrochemical
active sites from the Ni-YSZ TPB to Ni-NiCeO, and YSZ-NiCeO, 2PB the degradation of NiCe@NiYSZ

electrode is less important than the one observed on pristine NiYSZ.

The changes in the Ry, resistance measured by the EIS spectra mainly reflects differences in the
electrode conductivity, since the electrolyte and temperature remain the same [51]. As shown at the
top in Figure 6a, the resistance associated with the charge-transfer reaction (R,nm) particularly
increased after the aging treatment in both cases, which is the expected impact of the repeated redox
cycles. However, after infiltration of the aged NiYSZ electrode the significant drop in the Rgnm
resistance indicates an improvement in the conductivity of the electrode. This suggests the creation of

new conduction pathways for both electrons and ions, similar to the effects observed for the
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infiltration of pristine NiYSZ electrodes. The R, values could not be determined from the Nyquist plots

due to diffusion limitation phenomena similar to figure S3.

We propose two hypotheses to explain the improvement of Ry, of NiYSZ electrode in the presence of
NiCeOQy particles. The first is related to the enhanced oxidation tolerance that keeps nickel phase in a
partially reduced state, as suggested by the XPS results of figure 5. A second scenario is that the
nanoparticles fill in the gap between the cermet phases (Ni and YSZ) promoting in this way the
electrode conductivity. This is particularly important to restore the performance of aged electrodes.
To examine the second mechanism we perform post mortem microscopy measurements of the aged
NiCe@NiYSZ electrode. The cross section SEM/EDX images presented in figure 6b and figure S7 show
that NiCeO, NPs penetrate into the whole volume of the electrode up to the interface with the YSZ
electrolyte, also including boundary areas between the Ni and YSZ phases in the cement. This proves
that the employed infiltration method is equally efficient for both fresh and aged electrodes. The high
magnification SEM/EDX images clearly show the presence of ceria nanoparticles inside nanopore
channels (see also figure S7). Consequently it can be argued that infiltrated NiCeO, nanoparticles may
fill in the cracks between Ni and YSZ phases previously formed during the aging redox treatment, and
in this way, they repair the microstructure of the deactivated electrode. This has a direct effect in
increasing electron and ion percolation pathways between nickel and YSZ phases. A similar mechanism
has been previously proposed for GDC infiltration into Ni/YSZ tested under steam electrolysis [19,52].
Overall, introduction of cerium nanoparticles not only improves the electrocatalytic performance for
CO, reduction reaction, but also effectively restores and even improves the performance of cells with
deactivated Ni/YSZ electrodes. This is of particular interest for solid oxide stack technologies that use
compression seals, such as mica paper or Thermiculite® [50]. Unlike glass sealants, compression seals
do not permanently glue the electrode/electrolyte assembly with the interconnectors or the current
collector plates. Therefore degraded cells can be recovered upon disassembling from the stack and

eventually infiltrated with NiCeO, NPs in order to restore their performance.
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Figure 6. a) The current density and the gas phase CO production at -2.0 V (bottom) as well as the Rg,m at O.C.
(top) of NiYSZ and NiCe@NiYSZ electrodes, before and after the redox degradation process. Reaction conditions:
1 mbar CO, at 550°C, b) FIB/SEM combined with EDX-mapping of the NiCe@NiYSZ electrode measured after

reactivation, redox treatments and CO, electrolysis tests.

4. Conclusions

In this work we demonstrate the effect of NiCeOy NPs in the electrochemical performance of Ni/YSZ
cermet electrodes for direct CO, electroreduction. One-step infiltration process of NiYSZ electrodes
with NiCeO, NPs induces up to 3-times increase of the electrocatalytic performance. Morphological
analysis of the cells demonstrates that NiCeOy NPs are homogenously distributed into the Ni/YSZ
electrode volume, while quasi in situ XPS characterization reveals an enhanced reducibility of the
modified cells. Finally, it is shown that impregnation with the NiCeOy NPs can be a promising strategy

to re-activate aged Ni/YSZ electrodes submitted to repeated redox cycles.
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