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HIGHLIGHTS

e Initial performance is not influenced using NaCl containing water.

e Salt is transported to the cell during operation.

o Using NaCl containing solutions accelerate degradation.

e Direct utilization of NaCl containing water in SOECs is not recommended.

ARTICLE INFO ABSTRACT

Keywords: State-of-the-art electrolyser systems are based on the utilization of highly pure freshwater. This could lead to an

SOECs increase in freshwater demand and a worsening of freshwater water scarcity. One solution is the direct use of

Wastewater saline waters such as seawater or wastewaters from industry. In this work, the impact of sodium chloride
:Z;nv/::tt:rr contamination in waters on high temperature solid oxide electrolysis cells is investigated. Thus, the utilization of
Electrochemical performance high saline wastewater from industry and an accelerated stress test for the use of seawater in SOECs is evaluated.
Stability The initial performance and stability are compared with results gathered by utilizing high-purity freshwater for
Degradation steam generation. An increased degradation rate was observed for the sodium chloride solution after 400 h of

operation. The increased degradation is mainly caused by an accelerated increase in ohmic and polarisation
resistance. More specifically, the charge transfer process in the Ni-YSZ fuel electrode was found to contribute
significantly to the increased degradation. Post-test characterization using XPS and SEM-EDX showed sodium
particle deposition on the fuel electrode surface contact layer confirming the transport of salt to the cell. The
cross-section analysis by SEM showed an accelerated Ni agglomeration in the Ni-YSZ fuel electrode compared to
pure water operation.

1.7-2.4 billion (nearly half of the global urban population) in 2050 [3].
Economically speaking water scarcity impacts agriculture, health and

1. Introduction

In the current decade, the water demand increased continuously
every year and is expected to increase further due to the growing pop-
ulation, rising incomes and expanding cities [1,2]. On the other hand,
water supply is becoming more erratic and uncertain which will lead to
higher water scarcity and water stress [1]. For instance, it is predicted
that the global urban population that faces water scarcity will increase
from 933 million people (1/3 of the global urban population) in 2016 to
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incomes all over the world and could negatively impact the Gross Do-
mestic Product (GDP) of some regions by about 6 % which leads to
poverty and conflicts [4]. Another factor which exacerbates water
scarcity is climate change due to global warming and extreme weather
events [1,4-6]. Thus, in regions such as Central Africa, East Asia and
parts of South America where water is currently abundant it will become
increasingly scarce and water scarcity will worsen in regions with
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already low water supply such as the Middle East and several regions in
Africa [1]. To prevent further water scarcity and other consequences
humankind tries to tackle climate change and keep global warming
under 1.5 °C [6]. One key point is the use of renewably generated energy
such as solar and wind power where solar radiation has the highest
potential in terms of renewable power generation [7]. However, both
sources are intermittent and thus favourable inexpensive energy storage
and conversion systems are needed. Hydrogen is a promising fuel for
chemical energy storage and transportation due to its gravimetric en-
ergy density [7]. For the utilization of green hydrogen, huge amounts of
freshwater with high purity are necessary with state-of-the-art electro-
lyser systems. For instance, the demanded amount of green hydrogen in
Germany for the year 2050 is predicted to be around 600 TWh/year
which is equal to a water consumption of 3300 m?/s in water electro-
lyser systems [8,9]. In comparison, private households are consuming
around 116 m%/s freshwater in Germany nowadays [10]. Considering
the global irradiation potential is the highest in Africa, South America
and Australia these spots are suggested for production plants of
hydrogen or other hydrogen-based energy carriers [4,11]. At most of
these spots, freshwater scarcity is expected to rise and could be exac-
erbated by the employing of electrolyser systems [1,4]. This could lead
to a competition between economic water usage and water to meet the
demands of the local population. One solution would be the desalination
and purification of seawater or other wastewater feeding into an elec-
trolyser system. However, desalination and purification of water create
highly concentrated waste brine (wastewater) which causes negative
impacts on the environment being fed back into the oceans [12-15].
Further issues are the emissions of pollutants and the energy demand of
the desalination and purification processes [13,14]. Thus, for minimi-
zation of costs and environmental impact the direct use of seawater was
discussed in recent years in literature for different electrolyser systems
[16-22]. Another approach would be the direct utilization of waste-
waters from industry and chemical plants which additionally could
enable a closed material cycle and a minimization of costs for recycling.
For instance, there are numerous chemical industries in the chlorine
sector that produce wastewater with a high content of sodium chloride
(10-22 wt %). Two known processes are the synthesis of epoxy-diane
resins and epichlorohydrin [23]. Other processes are the synthesis of
polycarbonate [24] and the recovery process for lead-acid batteries
[25]. Even in the food industry, there are high sodium chloride con-
centrations in wastewater for example from meat curing, vegetable
pickling and fish processing [26]. Thus, the option of direct utilization of
wastewater from industry should be investigated.

One promising electrolysis system is solid oxide electrolysis cells
(SOECs) which are operated at high temperatures between 700 °C and
900 °C. Due to the high operating temperature, steam is used as an educt
for the water splitting reaction in opposition to nongaseous water for
room temperature electrolysis systems. The required steam can be
directly generated from the wastewater utilizing in the best scenario the
waste heat from an industrial plant. Furthermore, in comparison with
other electrolyser systems, the SOEC electrolyser possesses favourable
thermodynamics and enhanced kinetics. However, research on the uti-
lization of contaminated or not highly pure water in SOECs is still scarce
in the literature. Three studies investigated the effect of direct seawater
utilization found that there is no impact on the initial performance and
degradation behaviour of the SOEC [20,27,28]. However, for higher
saline concentrated waters as often seen in wastewater from industrial
use, no studies are present to the author’s best knowledge. Furthermore,
the utilization of high saline water for steam generation could provide
information in terms of an accelerated stress test/degradation test for
seawater usage.

Therefore, in this work, we have tested the impacts of steam pro-
duced from saturated sodium chloride solution on commercial Ni-YSZ
based state-of-the-art SOECs. The SOECs were characterized by elec-
trochemical impedance spectroscopy (EIS), distribution of relaxation
time (DRT) analysis, current density-voltage characteristics (iV curves)
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and a long-term stability test over 1000 h. The gathered results are
compared to the electrolysis operation with steam generated from pure
water in the same test setup. The degraded cells were post-characterized
to investigate possible salt deposition on the cell’s surface and in the
cross-section.

2. Experimental
2.1. Electrochemical measurements

Electrochemical experiments were performed with commercially
available fuel electrode supported single cells (Ni-YSZ/YSZ/GDC/LSC)
by the company Elcogen with a thickness amounted to 315 + 35 pym, a
diameter of 20 mm and an active area of 0.785 cm?. Additionally, a thin
Ni current collecting layer is found on the porous Ni-YSZ fuel electrode.
Further information is given in Ref. [29]. The single cells were mounted
in a full ceramic housing in a two-electrode (four-wire) NorEcs Probostat
setup by Norwegian Electro Ceramics® (NORECS, Oslo, Norway) [30].
For the separation of the gas compartments at the air and fuel electrode
sides, a gold ring was used. The cells were contacted by a nickel mesh at
the Ni-YSZ fuel electrode and a platinum current collector at the LSC air
electrode. The gas flow at each electrode was controlled by mass flow
controllers (MCF, Bronkhorst Nord®, Kamen, Germany) with a flow rate
of 9 normal I-h ! at both electrodes. Humidification at the fuel electrode
was supplied by leading the H; gas flow through a heated water bubbler
and consecutive to the fuel electrode gas compartment. The steam
content was set to a certain value based on the temperature dependency
of the gas vapour. The cells were heated up in pure N, atmosphere at the
fuel electrode and air at the oxygen electrode to 900 °C with a heating
rate of 1.5 °Cemin~'. Before electrochemical measurements, the cells
were reduced stepwise in hydrogen gas which was balanced with Ny
(Table S1, Supporting information). The electrochemical AC- and DC-
measurements were recorded using a Vertex.5A potentiostat/galvano-
stat with an integrated frequency response analyser module from Ivium
Technologies® (Eindhoven, The Netherlands). The iV curves were
recorded starting from OCV to 0.6 V then to 1.4 V and back to OCV with
a scan rate of 10 mVes ! monitoring the current response. The EIS data
sets were recorded at OCV and from 0.7 V to 1.4 V with an increase of
0.05 V under potentiostatic control with 20 mV ac amplitude in a fre-
quency range from 0.11 Hz to 110 kHz with 21 data points per frequency
decade. During the investigations the temperature and gas contents at
the fuel electrode were varied and iV curves and EIS data were recorded.
The analysis of the EIS data was varied using the commercial RelaxIS®
software from RHD-Instruments including DRT analysis and equivalent
circuit model (ECM) fitting. The DRT was calculated using the RelaxIS®
software by Gaussian discretization. However, as transforming an
impedance into a DRT is an ‘ill-posed inverse problem’ caution must be
taken with its interpretation [31]. An evaluation of the trustworthiness
of the used DRTs is shown in Fig. S9 in the supporting information. The
ohmic resistance (Rq), the polarisation resistance (R,) and the area
specific resistance (ASR) were derived from the EIS data. The long term
tests were performed under a constant current load of -1 Aecm 2. In
between the long-term test was interrupted and iV curves and EIS
measurements were performed. A cell was tested with pure water for
steam generation as a reference. Thus, in total two cells one operated in
pure water and one in NaCl solution were tested and compared in this
manuscript. Data visualization was done using the Origin® software
package.

2.2. Post-test characterization

2.2.1. XRD

The cells were post-characterized by X-ray diffraction (XRD) at room
temperature using a PANanalytical X’pert MPD diffractometer with Mo-
Ko incident radiation which was later converted to Cu-Ka to enable
better comparison with literature results. The system was operated in a
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reflection-transmission spinner configuration with a generator voltage
of 55 kV and a tube current of 40 mA.

2.2.2. GI-XRD

The cells were post-characterized by glancing incidence X-ray
diffraction (Gi-XRD) at room temperature using a PANanalytical X pert
MPD diffractometer with Cu-Ka incident radiation. The system was
operated in a reflection-transmission spinner configuration with a
generator voltage of 40 kV and a tube current of 40 mA.

2.2.3. XPS

XPS measurements were performed on the Ni-YSZ surface of the
degraded cells. A Phi5000 VersaProbe II (ULVAC-Phi Inc., USA) was
used for the measurements. The Source was monochromatic Al Ka
(1.486 keV). The X-ray setting was 50 W, 15 kV and 200 pm spot size.
The Survey was recorded with 187.5 eV pass energy in 0.8 eV steps and a
scanning rate of 100 ms/step. The Quantification of elements was done
in at% with Shirley-Background and with empirical relative sensitivity
factors.

2.2.4. SEM-EDX

2.2.4.1. Ni-YSZ surface. A plasma-focused ion beam scanning electron
microscope (TESCAN Amber X; TESCAN) was used for planar imaging.
Secondary electron (SE) imaging was performed using the integrated
Everhart-Thornley (E-T) detector and the multidetector (MD), while
backscattered electron (BSE) imaging was performed using the MD
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detector only. A low acceleration voltage of 2 kV was used to enable
surface specific resolution. Compositional analysis was performed by
energy dispersive X-ray spectroscopy (EDX) using the Elite Super de-
tector from EDAX. Data acquisition and analysis were performed using
EDAX Apex Advanced software (version 2.5.1001.0001).

2.2.4.2. Ni-YSZ cross section. A scanning electron microscope (Quanta
FEG 650, FEI©) was used for cross-section. A low acceleration voltage of
2 kV was used to enable surface specific resolution. Compositional
analysis was performed by energy dispersive X-ray spectroscopy (EDX)
using the Elite Super detector from EDAX. Data acquisition and analysis
were performed using EDAX Apex Advanced software (version
2.5.1001.0001). The analysis and segmentation of the SEM/EDX images
present was done using Python as described in Ref. [32].

3. Results
3.1. Initial performance

The initial performance of a cell operated in steam generated from
sodium chloride (NaCl) saturated solution is compared with several cells
operated with steam generated from pure water by DC-measurements.
In Fig. 1a the iV curves of cells are compared for a gas composition of
60 % Ho0 + 40 % H, at 800 °C. Steam generated from saturated NaCl
seems not to significantly affect the shape of the iV curve or current
density values of the SOECs cell. Both cells show a similar current
density of around 2.35 Aecm™2 at 1.4 V. The higher slopes at higher
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Fig. 1. a) iV curve of commercial Ni-YSZ based SOECs operated in pure water and concentrated sodium chloride solution in 60 % H,0O + 40 % H, at 800 °C. b)
Current densities at 1.4 V of individual commercial Ni-YSZ based SOECs operated in pure water and saturated sodium chloride solution at various temperatures in 60
% H50 + 40 % H,. Corresponding EIS measurements recorded at OCV in the form of ¢) Nyquist plots and d) DRT comparing the utilization of NaCl solution and pure

water for steam generation.
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voltage (1.1-1.4 V) can be explained by the mass transport limitations
which gain more significance at higher working voltages or currents
[33]. In Fig. 1b the current densities at 1.4 V of the NaCl operated cell
are compared with various measurements of pure water cells at different
temperatures. It is observed that the performance is not significantly
influenced which indicates the suitability of utilizing high saline sodium
chloride containing wastewaters for SOEC operation in terms of initial
performance measures.

Next, AC measurements were performed with the usage of NaCl so-
lution for steam generation and compared with pure water measure-
ments at OCV. In Fig. 1c the Nyquist plots of the NaCl operated cells and
a pure water cell operated in a gas composition of 60 % Hx0 + 40 % Hy
at 800 °C are shown. From the Nyquist plot, slight differences in the high
frequency intercept with the x-axis can be observed comparing both
cells. The difference is explained by variations in the electrolyte thick-
ness due to manufacturing and/or slightly different contacting of the
cells. The shape of the Nyquist plots looks similar for both cells. The low
frequency intercept is slightly higher in value for the NaCl operated cell.
This could be explained by measuring two different individual cells or
slight variations in operating temperature. Thus, in Fig. Sla in the
supporting information, several Nyquist plots of cells operated in pure
water and NaCl solution are compared. All cells exhibit slight differences
in their shape and intercept values with the x-axis which is not casual
connected to the utilization of NaCl solution for steam generation.

For further deconvolution of the individual processes, the DRT
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Fig. 2. a) Cell voltage evolution under galvanostatic stability test with 1 Aecm 2
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analysis is performed as shown in Fig. 1d for two explementary cells.
Several tested cells and their DRT spectra can be found in Figure SI in the
supporting information (Fig. S1b). From the DRT analysis, the following
statements are made. Firstly, both pure water and NacCl cells show four
peaks (labelled here from P; to P4) suggesting up to four individual time
constants. The high frequency peak P; overlaps for all measured cells
and has a relaxation frequency between 1500 and 4000 Hz. In Fig. 1d the
magnitude of P is slightly higher for the pure water cells compared with
the NaCl cell. Comparing all measured cells (Fig. S1b) the observed
changes in magnitude are not related to the usage of NaCl saturated
solution. The peak P, is observed in a relaxation frequency range from
100 to 500 Hz and shifts in its relaxation frequency comparing the
measurements as seen in Fig. S1b. For the measurements in Fig. 1d, no
difference in magnitude or relaxation frequency is observed comparing
the pure water and NaCl cells. The peak P3 exhibits a relaxation fre-
quency of 10-80 Hz. No difference between the pure water and the NaCl
solution is seen. Again, in several measurements, the magnitude and
specific relaxation frequency are slightly changing as shown in Fig. S1b.
However, no relationship to the utilization of NaCl solution is observed.
P4 has the lowest relaxation frequency of 1-10 Hz. In conclusion, the
utilization of NaCl solution does not influence the individual processes
occurring during operation. The slight differences in the operated cells
shown (see Fig. S1b) are not due to the utilization of NaCl solution but in
the authors’ opinion to the comparison of individually produced cells
and slight differences in the operating conditions such as minimal
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in 60 % H,0 and 40 % H, at 800 °C and b) corresponding degradation rate as a

function of operation time for the utilization of NaCl solution and pure water for steam generation. Corresponding comparison of c) iV curves before and after the

stability test and d) the evolution of the ASR as a function of operation time.
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temperature variations.

3.2. Long term degradation

3.2.1. Electrochemical performance analysis

In Fig. 2a the voltage development in a long-term stability test with a
constant load of —1 Aecm 2 with a gas composition of 60 % HO + 40 %
Hy utilized from pure and NaCl saturated water at 800 °C is displayed. In
Fig. 2b the degradation rate as a function of operating time is plotted.
Every 100 h the stability test was interrupted to measure iV curves and
EIS. In the case of the utilization of pure water, the voltage increases
steeply in the first 200 h from 1.10 V to 1.27 V. After the voltage in-
creases linearly in a time frame from 200 to 800 h from 1.27 Vto 1.39 V.
After around 800 h of operation time the slope of the curve is slightly
increasing, and the voltage increases from 1.39 V to 1.48 V at 1000 h.
The same trend was observed before in literature from our and other
workgroups for pure water measurements [29,34,35]. In the case of the
utilization of saturated NaCl solution, the voltage increases steeply in
the first 200 h from 1.10 V to 1.28 V like the pure water measurement.
From 200 h to 400 h a linear increase in voltage is observed from 1.28 V
to 1.34 V. From 400 h onwards an approximately exponential increase of
the voltage is observed from 1.34 V to 1.87 V. Comparing both curves no
significant differences in voltage evolution are observed in the first 400
h. After 400 h the voltage of the NaCl operated cell is increasing faster to
higher voltages compared to the pure water cell.

This trend is corresponding to the degradation rate evolution shown
in Fig. 2b. The absolute numbers of the degradation rate every 100 h
were calculated by subtracting the starting voltage from the end voltage
and interpolating it to 1000 h. The calculated values are shown in
Table 1. From 0 h to 100 h degradation rates over 1000 mVekh ™! are
observed for both cells. From 100 to 400 h degradation rates around 250
mVekh ! are measured. In the case of the saturated NaCl cell, the
degradation rate increases from 400 h onwards from around 400
mVekh ! to values over 1000 mVekh ! for the time frame 700-1000 h
of operation time. Utilizing pure water steady degradation rates of
around 200 mVekh " are observed from 400 to 800 h of operation. From
800 to 1000 h, an increase in degradation rate is observed reaching 528
mVekh™! in the time frame from 900 to 1000 h. Therefore, the total
degradation rate of the saturated NaCl operated cell is with a value of
773 mVekh ! higher than for the pure water cell with a value of 374
mVekh L. Thus, it seems that the utilization of saturated NaCl solution
for the generation of steam has no significant influence in the first 400 h
of operation. However, after 400 h an increased degradation rate is
observed by using saturated NaCl solution compared to pure water.
Thus, the authors expect that this sudden increase in voltage after 400 h
is connected to an operation time dependent influence similar to
poisoning of an SOEC by HCI reported previously [36]. In this regard,
studies on seawater electrolysis did not report an accelerated degrada-
tion after 400 h of operation [21,22,27]. This highlights that a higher

Table 1

Overview of the degradation rate in absolute numbers in steps of 100 h of
operation time for the utilization of NaCl solution and pure water for steam
generation.

Degradation time (h) Degradation rate (mVekh 1)

Pure Water Nacl solution
0-100 1120 1483
100-200 612 380
200-300 259 280
300-400 217 300
400-500 145 420
500-600 178 490
600-700 200 540
700-800 179 1220
800-900 311 1150
900-1000 528 1510
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concentration of sodium chloride is likely responsible for the increase in
degradation after 400 h. Based on previous literature studies with a
similar used bubbler setup a transported amount of around 15 mg NaCl
for 1000 h of operation using a saturated NaCl solution is calculated [27,
37]. This is around ten times higher compared to the utilization of
seawater in the same operation time. Thus, the test here could be used as
an accelerated degradation test for seawater electrolysis in SOECs.
Furthermore, negative effects of seawater electrolysis in SOECs could
occur after longer operation times of several thousand hours which are
not investigated in the referred studies.

The cell performance was analysed by AC and DC measurements. In
Fig. 2c the iV curves before and after the stability test are plotted. The
initial performance of the compared cells operated in pure and NaCl
saturated water is identical and reaches 2.33 Aecm 2 at 1.4 V and 800 °C
in a gas composition of 60 % H30 + 40 % H,. The performance decreases
significantly after 1000 h for both cells. The current density of the NaCl
operated cell and the pure water cell decreases to 0.41 Aecm ™2 and 0.67
Aecm ™2 at 1.4 V, respectively. Therefore, the pure water cell’s perfor-
mance decreases by 71 % from the initial performance value which is
similar to values reported by our group before [29]. The performance of
the saturated NaCl cell decreases by 82 % from the initial performance
which again shows the negative impact of the utilization of highly
concentrated NaCl solution for SOEC operation. For further investiga-
tion, the area specific resistance (ASR) at OCV calculated from imped-
ance measurements is plotted in Fig. 2d as a function of operation time.

The initial ASR value of both cells is similar at a value of 0.145
Qecm?. A sharp increase in ASR in the first 200 h is observed. In the case
of the pure water cell, the ASR is steadily increasing linearly for the
whole operation time to a maximum value of 0.61 Qecm? after 1000 h of
operation at 800 °C and OCV. The increase between 800 and 1000 h
shows a higher slope compared to the time frame from 200 to 800 h. For
the NaCl operated cell, an exponential increase in the ASR is seen from
200 to 1000 h. Moreover, the ASR value of the NaCl operated cell ex-
ceeds the value of the pure water cell at 500 h reaching a maximum of
1.13 Qecm? after 1000 h of operation at 800 °C and OCV.

3.2.2. Electrochemical impedance analysis

Next, the impedance data that was recorded at OCV from 0 h to 1000
h in 100 h steps during the stability measurement is further evaluated. In
Fig. 3a and b, the Nyquist plots for the NaCl operated cell and the pure
water operated cell are shown, respectively. From the plots, it is
observed that in the first 200 h, the high frequency intercept with the
real impedance axis is not significantly influenced for both cells. After
around 200 h of operation, a clear increase in value for the high fre-
quency intercept is observed in the case of both cells. However, the in-
crease is more pronounced in the case of the NaCl operated cell. The
origin of this increase is further evaluated later in the manuscript. The
low frequency intercept is increasing for both cells over the whole
operation window. It is observed that the total increase is more pro-
nounced for the NaCl operated cell compared to the pure water one.

For further insights and deconvolution of the impedance data, the
data was fitted to an equivalent circuit model (ECM). The number of
circuit elements was estimated using the distribution of relaxation time
(DRT) method as shown in Fig. 4a for the cell before the stability test at
800 °C, OCV and 60 % H20 + 40 % Hj. The DRT suggests four relaxation
processes as four distinct peaks are visible labelled P; to P4 as shown in
Fig. 4a. The used ECM consists of an inductance in series with a resistor
and four RQ elements. The inductance represents the inductive wire
effect, and the serial resistor is the ohmic resistance. The error (chi-
square) between the collected data and the fit was in the order of
magnitude 1077, Additionally, in Fig. 4c the relative residuals are
shown. Fig. 4b shows the individual contribution to the Nyquist plot
from the fit. To identify if the fit can describe the altered cell the same
procedure was done for every measurement. For representative pur-
poses, the comparative analysis of the experimental data and the fit is
shown in Fig. S2 after 700 h of stability test in the supporting
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Fig. 3. Nyquist plots as a function of operation time for the utilization of (a) NaCl solution and (b) pure water recorded at 800 °C and OCV with a gas composition of

60 % HO + 40 % H,.

information.

For further investigations, the polarisation resistance and ohmic
resistance in dependency on the operation time are plotted in Fig. 5 for
the NaCl operated cell in comparison with the pure water cell. In the
case of the pure water cell, a clear increase in R;, is observed in the first
200 h of operation from 0.066 Qecm? to 0.213 Qecm? whereas the
ohmic resistance (Rg) is slightly increasing from 0.080 Qecm? to 0.096
Qecm?. After 200 h until 600 h, the R, stays at a constant value and the
ohmic resistance slightly increases to 0.161 Qecm?. After 600 h the Rp
increases reaching a value of 0.464 Qecm? at 1000 h. The ohmic resis-
tance stays constant from 600 to 1000 h of operation. In the case of the
NaCl operated cell, a similar trend is observed in the first 200 h. The R,
increases in the first 200 h from 0.073 Qecm? to 0.180 Qecm? whereas
the ohmic resistance increases only slightly from 0.078 Qecm? to 0.086
Qecm?. After 200 h the R, and Rq are increasing exponentially.
Comparing the evolution between the pure water and NaCl shows a
similar trend including an initial steep increase, a period of small/no
increase and a period of steep increase is observed. The last period is
more pronounced in the case of the NaCl cell which can be seen as after
700 h the values of R;, surpass the one for the pure water cell. In the case
of the Rg, a similar trend can be observed until 600 h of the measure-
ment. After 600 h the Rg of the NaCl cell increases whereas in the case of
the pure water cell, it stays constant. From the trend, it seems that both
the Ro and R;, are responsible for the accelerated degradation of the
NaCl cell. However, the R, shows the same trend compared to the pure
water cell with higher resistance values. The Rq, of the NaCl operated cell
differs in its evolution and value from the pure water cell after 600 h of
operation.

Next, the polarisation resistance contributions are investigated in
more detail to gather insights about the degradation processes. In Fig. 6a

the DRT evolution dependent on the operation time is shown for the cell
operated in NaCl solution. From the DRT the low frequency peak P4 is
not significantly changing in magnitude or relaxation frequency. Pg is
slightly increasing in magnitude, P, is increasing more pronounced in
magnitude than P3. The high frequency peak P; is increasing in
magnitude and its relaxation frequency stays constant.

Furthermore, P, and P; are increasing significantly in magnitude
during the first 100 h of operation. After 100 h until 500 h P; and P, are
increasing only slightly whereas after 500 h a significant increase in
magnitude is observed. For comparison reasons, the DRT spectra of the
pure water cell are shown in Fig. 6b with the same axis scale. In the first
500 h of the measurement, a similar trend for the individual peaks is
observed. After 500 h the direct comparison reveals that P4 is not
significantly influenced in magnitude or relaxation frequency using
NaCl solution. P3 similarly increases for both waters. Py increases in
magnitude more significantly in the case of the NaCl solution. P; is
increasing more pronounced in magnitude for the NaCl solution
compared to the pure water measurement. Thus, from the DRT analysis
P; and P; are the main contributors to the increase in R, over the whole
stability test for both operated cells. However, in the case of the NaCl
solution Py and P; are the major drivers for the higher polarisation
resistance increase in comparison with the pure water measurement.

A similar trend can be observed considering the results from the ECM
fitting shown in Fig. 6¢-d for the NaCl solution and the pure water
operation, respectively. The resistance of the low frequency RQ4
element shows no significant increase in resistance values over the
operation window in the case of both cells. The Rrg3 shows a slight
increase in value over the operation window for both cells. The resis-
tance Rpqy is increasing sharply in the first 200 h of operation for both
cells. After 200 h Rgq2 is steadily increasing in value whereas a more
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Fig. 5. Evolution of the ohmic and polarisation resistance during the stability
test comparing the utilization of steam produced from pure water and NaCl
solution. The values are derived from the EIS measurements in a gas compo-
sition of 60 % H>0 + 40 % H, at 800 °C and OCV.

pronounced increase is noticed for the NaCl solution operated cell. The
resistance Rgq; is increasing in the first 200 h for both cells. After 200 h
Rgo1 stays constant until 400 h and 600 h of operation for the NaCl
solution cell and the pure water cell, respectively. After the constant
period, a sharp increase in value is observed for both cells. The increase
in Rpo is more pronounced for the NaCl solution operated cell even

surpassing the resistance Rrq2 in value which is not observed in the case
of the pure water cell. From the trend, it is concluded that Rrq2 is mainly
responsible for the sharp increase in polarisation resistance in the first
200 h of the stability test. Rro; is mainly responsible for the increase
after 500 h of operation in both cells. Furthermore, Rroz and Rgro4 are
not significantly contributing to the increase in polarisation resistance.
The more pronounced increase in R, for the NaCl solution operated cell
is mainly due to a higher increase in Rrg; whereas Rgg is increasing
more pronounced as well compared to the pure water cell. By consid-
ering literature studies and previous results from our working group on
Ni-YSZ based fuel electrode supported SOCs the RQ elements are
assigned to physical processes. In previous studies, the low frequency
process RQ4 (1-10 Hz) in Ni-YSZ/8YSZ/GDC/LSC cells was associated
with gas diffusion processes at the fuel electrode due to its low activation
energy and its dependency on the fuel gas content [38-41].

The process associated with RQ3 (80-500 Hz) in the intermediate
frequency region is thermally activated and has been observed to be
dependent on a change in oxygen content at the air side and a variation
of steam content at the fuel electrode for Ni-YSZ fuel electrode single
cells [38,39]. The same trend was observed by an earlier work of our
group in this study used cells in steam electrolysis conditions [29].
Furthermore, it was reported to exhibit Arrhenius behaviour [29,42].
Therefore, it is associated with an electrochemical process at the TPBs of
the LSC/GDC electrode and an oxygen electrode transport process for its
air electrode contribution [38,39]. The fuel electrode contribution is
related to a fuel electrode transport process and is reported to dominate
the processes between 100 and 500 Hz [38]. The thermally activated
processes P (2-10 kHz) and P; (0.1-1 kHz) are reported to be attributed
as coupled high-frequency processes of a charge transfer at the TPB at
the fuel side and the oxide ion transport in the YSZ matrix, respectively
[40,41]. It can be concluded that the coupled oxide ion transport and
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charge transfer in the Ni-YSZ fuel electrode are mainly responsible for
the polarisation degradation of the cell. The more pronounced increase
in R, for the utilizing of NaCl solution compared with pure water is
mainly due to an increase in the high frequency charge transfer resis-
tance (P;) at the TPB in the Ni-YSZ fuel electrode. The higher total
resistance is therefore mainly due to an increase of the high frequency
coupled charge transfer resistance with oxide ion transport in the Ni-YSZ
fuel electrode and the ohmic resistance in the case of NaCl solution
operation.

3.3. Post test characterization

3.3.1. Ni-YSZ fuel electrode surface characterization

The differences in degradation behaviour were investigated by post
characterization techniques. In the first step, XRD spectra of the surface
of the Ni-YSZ electrode were recorded to detect possible salt crystal
structures on the surface of the cell. As shown in Fig. S3a in the sup-
porting information no other crystal structures than Ni and YSZ were
detected by XRD. Furthermore, no significant differences between the
pure water cell and the NaCl operated cell can be distinguished. In the
following GI-XRD was performed for the enhanced detection of thin
films or impurities on the Ni-YSZ fuel electrode surface. The spectra
shown in Fig. S3b in the supporting information show no additional
crystal structure in the case of the NaCl operated cell which thus sug-
gests no detectable salt species on the surface of the Ni-YSZ electrode.
For an even further enhanced limit of detection XPS measurements were
performed for the NaCl operated cell on the surface of the Ni-YSZ
electrode. The XPS spectrum for the NaCl operated cell is shown in
Fig. 7a. Here peaks at binding energies of 1080 eV and 500 eV are
observed referring to Na 1s and Na KLL. Thus, with XPS a Na species can
be confirmed on the surface of the NaCl operated cell at an amount of

2.4 at.%. As a reference, the pure water cells XPS spectrum is shown in
Fig. 54 in the supporting information.

For further insights, low voltage SEM images and EDX analysis of the
Ni-YSZ surface were conducted as shown in Fig. 7b. The authors want to
note here that the surface is mostly covered by a Ni contact layer on top
of the Ni-YSZ structure. The secondary electron images (SE) show some
deposited particles on the surface of the Ni contact layer. In the BSE
image, the particles are identified as black whereas the Ni surface is dark
grey. With EDX analysis the particles are identified containing sodium as
an element. Interestingly, the EDX analysis showed no chlorine detec-
tion in the spots where the Na species was found, however, oxygen and
carbon were detected. Thus, the authors suggest that the species found
in post characterization is sodium carbonate or sodium hydrogen car-
bonate. Furthermore, the authors noticed during the SEM imaging that
the Na species is mainly found on “hills” in the Ni contact layer. In flat
places, only a few or no sodium particles are found (see Fig. S5 in the
supporting information). Thus, the Na species are not homogeneously
distributed on the surface of the Ni contact layer. This could be
explained by the deposition on non-contacted areas due to the appli-
cation of a Ni mesh as a current collector. However, the authors cannot
exclude the possibility that the deposition of salt particles is negatively
affecting the contact with the current collector which could explain the
accelerated increase in ohmic resistance for the NaCl operated cell. The
salt deposition mechanism and the formation of a sodium carbonate
species are not clear yet. The authors propose the following deposition
mechanisms which explain the detection of a sodium carbonate species.
Firstly, NaCl particles are transported to the cell via aerosols [43].
During operation, the degradation mechanism via Ni(OH)x formation in
the Ni-YSZ takes place [44]. By the formation of Ni(OH)y a chlorination
mechanism could take place with NaCl as agent resulting in NiCl or
NiCly and NaOH formation [45]. After NiCl, is reduced back to Ni by the
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Fig. 7. a) XPS spectrum of the fuel electrode surface of the degraded NaCl solution cell at room temperature. b) SEM images including SE, BSE and EDX maps of the

Ni-YSZ fuel electrode surface of the degraded NaCl solution cell.

hydrogen atmosphere under the formation of HCI [46]. In the authors’
opinion, a mechanism where HCl is forming is most feasible as it is most
thermodynamically stable under the operation conditions [47,48].
Furthermore, studies on the effect of HCl contamination on the degra-
dation of a SOFC reported an increased degradation with a major effect
on the charge transfer at the Ni containing fuel electrode which would
match with our electrochemical results [48,49]. One study on the effect
of 1 ppm HCI in the feed gas of an SOEC system reported a sudden in-
crease in voltage after around 400 h of operation due to a limitation in
the charge transfer of the Ni-YSZ fuel electrode which is like our results
shown here [50]. By cooling down the cell and exposure to air

atmosphere the NaOH is converted to a sodium carbonate species.
However, in-operando outlet gas analysis by mass spectroscopy revealed
no detection of a chlorine species and no Cl was not found during
SEM-EDX analysis. Thus, the deposition mechanism must be investi-
gated further in future.

3.3.2. Cross section analysis

The cell operated utilizing saturated sodium chloride was broken in
half and the cross section was analysed by SEM. No polishing or FIB
cutting was done to not flush out or destroy salt particles that could be
present in the cross section of the fuel electrode. In the SE images shown
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in Fig. 8a small particles in the nanoscale are observed to be deposited or
covering some particles in the functional layer of the Ni-YSZ fuel elec-
trode. Due to the scale of the particles and beam damage issues, it was
not possible to identify the composition of the nanoparticles by EDX,
however, it was observed that these particles are exclusively found on Ni
particles and not on the TPBs between Ni and YSZ particles or on YSZ
particles as shown in Fig. S6 in the supporting information. However, in
the pure water sample, similar nanoparticles are found in the active
functional layer of the Ni/YSZ fuel electrode as shown in Fig. 8a. Thus,
the nanoparticles are expected to be ZrO, particles as discussed previ-
ously in the literature [51,52]. By EDX analysis several spots of the
broken cross section were scanned to detect impurities. Here data
acquisition was difficult due to sensitivity to beam damage of the cross
section. Some of the gathered data suggest the deposition of a Na species
in the cross section of the Ni-YSZ fuel electrode. For instance, an
exemplary EDX mapping measurement is shown in Fig. 8a in this mea-
surement 0.3 wt% of Na is detected. However, no clear Na containing
nanoparticles in the pm range are found in the cross section by the
mapping. Other measurements show similar results which are shown in
Fig. S7 in the supporting information. The results suggest that salt is
transported into the porous Ni-YSZ fuel electrode and deposited into the
porous microstructure. In literature, a study investigated the salt particle
production by bubble bursting which is like our bubbler system to
produce steam. Here the diameter of the transported salt by bubbling
through NaCl solution is reported to be between 10 and 100 nm [37].
Thus, a deposition of small hard-to-detect salt particles is feasible.

It must be mentioned that no delamination of the fuel or air electrode
was observed in the cells as shown in Fig. S8a in the supporting infor-
mation. Therefore, an accelerated increase in polarisation or ohmic
resistance caused by delamination of the oxygen side as described in the
literature, can be excluded [53]. From the SEM images of the polished
cross sections similar microstructures of the air electrode are observed
for the NaCl and pure water operated cell as shown in Fig. S8b. Thus, a
significant contribution of the oxygen electrode by for example different
quality of the electrodes in both operated cells is unlikely.

Next, the embedded and polished cross sections of the operated cells
are investigated. Fig. 8b shows the Ni-YSZ fuel electrode cross section of
a reduced cell compared to the 1000 h operated cells in pure water and
saturated NaCl solution. At the top of the pictures, the BSE images of the
polished cross section of the fuel electrode are shown. The brighter
particles refer to Ni whereas the darker particles to the YSZ phase. Below
the respective EDX maps of the Ni phase and Zr phase are shown. In the
reduced cell, small and homogeneously distributed Ni particles in the
active functional layer of the Ni-YSZ fuel electrode are observed. In the
case of the pure water degraded cell, an agglomeration of Ni particles in
the functional layer of the Ni-YSZ fuel electrode as well as in the support
layer is observed. In the saturated NaCl solution operated cell an even
higher agglomeration of Ni particles is visible. Furthermore, a coars-
ening of the YSZ phase is observed in the degraded cells compared to the
reduced cells. Here again, the coarsening is more present in the NaCl
operated cell. A quantitative analysis of the SEM/EDS images is shown
in Table 2. A higher Ni fraction in the NaCl operated cell is observed for
the 10 pm thick active layer directly above the electrolyte compared to
the pure water cell. Thus, in the pure water cell a depletion of Ni away
from the electrolyte/electrode interface takes place which is quantita-
tively not observed for the NaCl operated cell. However, a higher
average Ni and Zr particle size in the active layer is observed for the NaCl
operated cell compared to the pure water operated cell and the pristine
one. Thus, a higher Ni agglomeration is observed in the case of the NaCl
operated cell compared to the pure water cell. From the post charac-
terization results and the electrochemical results, it is concluded that a
more pronounced decrease in TPB length in the Ni-YSZ fuel electrode is
observed for the NaCl operated cell compared to the pure water cell due
to the higher particle sizes of both Ni and Zr leading to a higher
degradation rate.

As discussed above different microstructural evolutions are observed
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for the NaCl and pure water operated cells. Thus, the question arises of
how the impurities of NaCl in the steam influence the degradation
mechanism such that higher Ni agglomeration and no Ni depletion in the
active layer of the Ni-YSZ electrode is observed for the NaCl operated
cell. Interestingly, different studies with chlorine containing impurities
in the feed gas of SOCs reported microstructural changes in the active Ni
containing layer of the fuel electrode [54-56]. Taking into account the
proposed deposition mechanism and the formation of HCI (see section
3.3.1), one hypothesis is the blocking of active reaction sites (triple
phase boundaries) by chlorine adsorption [48] or salt deposition in the
Ni-YSZ fuel electrode active functional layer. This increases the effective
local overpotential at the remaining active sites and could cause higher
Ni agglomeration and migration during operation, decreasing the TPB
length and therefore leading to higher operating voltages. Another
possibility is the influence of the formation of NiCl, and its consecutive
reduction which was described earlier in the manuscript. The results
hint towards a time dependent degradation by the transport of NaCl to
the cell. However, as said these phenomena should be investigated by
detailed transportation experiments in future work.

4. Conclusion

The usage of sodium chloride concentrated solution was evaluated in
SOEC Ni-YSZ fuel electrode based commercial single cell water elec-
trolysis to evaluate the utilization of high saline wastewaters from the
industry. In addition, the results could provide a prediction for the usage
of seawater in SOECs. It was observed that the initial performance and
processes are not influenced by steam generated from concentrated so-
dium chloride solution.

However, it was observed that the stability of an electrolysis opera-
tion is negatively influenced by the utilization of sodium chloride so-
lution compared to pure water operation. The increase in degradation is
visible after 400 h of operation and is due to an accelerated increase in
ohmic and polarisation resistance. More specifically, the increase in
polarisation resistance mainly corresponds to an increase in charge
transfer resistance at the Ni-YSZ fuel electrode.

Post-test characterization of the surface of the Ni-YSZ fuel electrode
showed an inhomogeneous deposited sodium species that was identified
as sodium carbonate or sodium hydrogen carbonate with particle sizes
of around 500 nm. Furthermore, small nanoparticles with sizes around
5-50 nm were found in the Ni-YSZ fuel electrode. The nanoparticles
were suggested to be ZrO, which is exclusively deposited on Ni particles
in the functional layer of the Ni-YSZ fuel electrode. EDX analysis of the
Ni-YSZ suggests the transport and deposition of salt particles in the Ni-
YSZ fuel electrode. In addition, SEM and EDX analysis of the polished
cross section showed that accelerated Ni agglomeration is observed in
the NaCl operated cell decreasing the TPB length.

The results found in the study suggest that high saline waters are not
suitable for their direct utilization for steam generation in SOECs.
Furthermore, direct operation with salt containing waters such as
seawater should be handled with care as effects on the stability of the
SOECs could be observed only after long degradation times. In further
studies, it should be evaluated if the negative effects on the SOEC sta-
bility could be reversed in situ by adjusting the operating temperature or
switching to SOFC mode and consecutive flushing out the deposited
particles or adsorbed impurities.
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Table 2
Quantitative analysis using the SEM/EDX images for the active functional layer and support layer of the Ni-YSZ fuel electrode.
Fraction Pristine active layer Pristine support layer Pure water active layer Pure water support layer NaCl active layer NaCl support layer
Porosity 28 % 39 % 27 % 33% 28 % 32%
Ni fraction 30 % 27 % 26 % 23 % 29 % 25 %
Zr fraction 42 % 34 % 46 % 44 % 43 % 43 %
Average Ni particle size 0.97 pm 1.09 pm 1.04 pm 1.01 pm 1.11 pm 1.11 pm
Average Zr particle size 1.12 pm 1.39 pm 1.23 ym 1.65 pm 1.36 pm 1.67 ym
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