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A robust solid oxide electrolyzer for highly efficient electrochemical
reforming of methane and steam

Tong Liu,"® Hao Liu,? Xiaoyu Zhang,? Libin Lei,¢ Yanxiang Zhang,® Zhihao Yuan,® Fanglin Chen,¢ and
Yao Wang"®®

In this work, a robust solid oxide electrolysis cell with Sr2Fe15M00506-5-Ceo.sSmo.201.9 (SFM-SDC) based electrodes has been
utilized to verify the conceptual process of partial oxidation of methane (POM) assisted steam electrolysis, which can
produce syngas and hydrogen simultaneously. When the cathode is fed with 74%H,-26%H,0 and operated at 850 °C, the
open circuit voltage (OCV), the minimum energy barrier required to overcome the oxygen partial gradient, is remarkably
reduced from 0.940 to -0.012 V after shifting the feeding gas in the anode chamber from air to methane, indicating that the
electrical consumption of steam electrolysis process could be significantly reduced and compensated by the use of low grade
thermal energy from external heat sources. It is found that after ruthenium (Ru) impregnation, the electrolysis current
density of the electrolyzer is effectively enhanced from -0.54 to -1.06 Acm™ at 0.6 V and 850 °C, while the electrode
polarization resistance at OCV condition and 850 °C is significantly decreased from 0.516 to 0.367 Qcm?. Long-term durability
testing demonstrates that no obvious degradation but a slight improvement is observed for the electrolyzer, which is
possibly due to the activation of the SFM-SDC electrode during operation. These results indicate that the robust Ru infiltrated
solid oxide electrolyzer is a very promising candidate for POM assisted steam electrolysis application. Our result will provide

insight to improve the electrode catalysts used in POM assisted steam electrolysis.

1. Introduction

Hydrogen (H;) has been considered as one of the leading energy
carrier candidates for the future because it has the highest
energy content by fuel weight and can be produced from a wide
variety of energy sources!#, such as natural gas, biomass and
discarded oil. Currently, most hydrogen is produced by steam
methane reforming (SMR) process>7, but it suffers from several
drawbacks, such as the emission of greenhouse gas (CO;) and
the high capital cost. Steam electrolysis is an alternative method
to alleviate these drawbacks because this technology can
directly convert water/steam to pure hydrogen and oxygen
without the release of CO,%16, but hydrogen generated by
steam electrolysis process is at least two to three times more
expensive than that produced by SMR process due to the high
consumption of electricity, which is an expensive form of
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energy. Fortunately, the energy required for steam electrolysis
process can be supplied in a mixed form of electricity and
heat®1’. According to the thermodynamics of steam splitting
reaction, the proportion of electrical energy demand to the
total energy demand has effectively decreased with increasing
the operating temperature, indicating that certain amount of
expensive electrical energy could be compensated by the use of
low grade cheap thermal energy from external heat sources.
Therefore, steam electrolysis via a solid oxide electrolysis cell
(SOEC) operated at elevated temperature (600-1000 °C) has
been demonstrated to be a more efficient method to produce
hydrogen&16, However, due to the expensive electricity cost,
more than two thirds of the total hydrogen production cost are
still attributed to the electricity. Therefore, the electricity
consumption of the electrolyzer must be further reduced to
make high temperature steam electrolysis process competitive
to conventional SMR process®1718 Recently, some reducing
substances such as methane (CH4), carbon (C), carbon
monoxide (CO), natural gas and H; instead of air have been fed
into the anode side to further assist steam electrolysis
processl’19-27 and it has been demonstrated that the electrical
consumption is significantly reduced while the energy efficiency
is strongly enhanced. In this fuel assisted mode, the anode and
cathode are both exposed to a reducing atmosphere and the
oxygen partial pressure gradient across the electrolyte could be
significantly reduced, substantially decreasing the open circuit
voltage (OCV) to (near) zero or even a negative value. As a
result, oxygen ions (0%) can be more easily and effectively
pumped from the cathode chamber to the anode chamber. Our
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previous work has evaluated the thermodynamics of methane
assisted steam electrolysis reaction, the electrical energy, AG,
required to electrolyze water is replaced by the chemical energy
stored in methane, and AG is remarkably decreased to 5 kimol-
1 at 650 C, which indicates that about 50% of the total energy
could be provided by low grade waste heat instead of
electricity?’.

Several solid oxide electrolyzers with different electrodes have
been developed to perform methane assisted steam
electrolysis process!7.22-26, Wang et al. have infiltrated Cu-CeO,,
Co-CeO; and Pd-C-CeO; into yttria-stabilized zirconia (YSZ)
backbone to fabricate Cu-Ce0,-YSZ, Co-Ce0,-YSZ, and Pd-C-
Ce0,-YSZ cells?6, and found that OCVs for these cells were much
higher than the theoretical value calculated. The discrepancy
between experimental and calculated values was possibly
attributed to the slow kinetics of methane oxidation, which is
limited by the relatively low catalytic activity of the electrodes.
As a result, electrodes with higher catalytic activity are required
to promote methane assisted steam electrolysis reaction for
hydrogen production. In our previous study, SraFe; sMog sO¢.s-
Cep.sSmo.201.9 (SFM-SDC) cells with Ni infiltration were utilized
to verify the concept of methane assisted steam electrolysis
process?’, and it is demonstrated that to obtain the same
electrolysis current density, the applied voltage in the methane
assisted mode can be readily reduced by nearly one order of
magnitude when compared with that in the conventional mode.
However, it is still a huge waste and environmental unfriendly
to use precious CHs fuel to assisted steam electrolysis via
complete combustion of CHs to CO; and H,02%82°, Presently,
partial oxidation of methane (POM, CH4+0.50,=CO+2H;) to
more valuable chemical syngas (CO+H; mixture) is therefore a
technology capable of contributing to a carbon-neutral energy
system in the future, and has been considered as one
economically available route for the conversion of methane.
Therefore, a novel conceptual POM assisted steam electrolysis
as schematically shown in Figure 1 is proposed. In this concept,
the cathode and anode are exposed to H;-H,O mixture and
methane, respectively, which can be simultaneously converted
to hydrogen and syngas during the operation. Moreover, the
pure hydrogen produced in the cathode can be directly used as
the fuel, while the products of syngas in the cathode is a high
quality feedstock for Fischer-Tropsch (F-T) synthesis. It is well
known that the conversion of methane into value-added
products via POM process is a challenging task because of the
high CHs-H (g) bond dissociation energy of 439.3 kl mol-1.28.2°
Heterogeneous catalyst has therefore been a key to the
successful conversion of methane to syngas via the POM
process, and the reason is that the bond dissociation energy of
CHyx-H depends on the surface of the hosting metal30-35, |n
recent year, ruthenium (Ru), the cheapest among the noble
metals, has been widely used for POM reaction because of its
high activity, good long-term stability and excellent H, and CO
selectivity3935-38, Moreover, ion-impregnation is a common and
efficient way to fabricate nanostructured electrode with
enlarged active reaction sites and good stability33-3539-42,
Therefore, in this work, Ru-based nano-electrode prepared via
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an ion-impregnation method is investigated as a potential
candidate toward this novel concept.
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Figure 1 Schematic illustration presenting the concept of
methane assisted steam electrolysis.

In this work, Ru-based nanocatalysts are infiltrated to the SFM-
SDC skeleton to prepare Ru infiltrated SFM-SDC (Ru-SFM-SDC)
nano-electrode via an ion impregnation process, aiming to
effectively enhance its catalytic properties for POM process.
The outlet gas composition in the anode is determined by using
gas chromatography (GC) to validate the concept of POM
assisted steam electrolysis. Electrochemical performance is
evaluated by using the current density-cell voltage (i-V) and
impedance spectra measurements. The impedance spectra are
further analyzed by distribution relaxation of time (DRT)
technique. Long-term stability of solid oxide electrolyzer using
Ru infiltrated SFM-SDC electrode as the anode is also
investigated.

2. Experimental
2.1 Fabrication of single cells

Lao.80Sr0.20Ga0.80Mg0.2003.x (LSGM)-electrolyte supported single
cells with a configuration of Ru-SFM-SDC/LSGM/SFM-SDC were
fabricated for POM assisted steam electrolysis process. The
LSGM powders were purchased from Fuelcellmaterials Inc. The
SFM and SDC powders were synthesized using the citric-assisted
combustion method743. Dense LSGM electrolyte were
fabricated by pressing the LSGM powders to pellets and
sintering at 1400 °C for 5 hours. SFM-SDC ink with a weight ratio
of 50:50 was screen-printed on both sides of the electrolyte and
then sintering at 1050 °C for 2 hours to form porous electrode
skeleton. Ru catalysts were introduced by drop-depositing RuCls
solution to the SFM-SDC anode skeleton, which was
subsequently dried and fired at 600 °C, and the solid loading of
Ru nanoparticles is measured to be 1.5 wt.% by using an electric
balance. The effective cell area was 0.88 cm?.

2.2 Characterization

This journal is © The Royal Society of Chemistry 20xx
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Raman spectra of the SFM-SDC based electrode before and
after infiltration were measured using a confocal Raman
microspectroscopy (Renishaw RM-1000). SFM-SDC as well as
Ru-SFM-SDC samples were analyzed by X-ray photoelectron
spectroscopy (XPS, ESCALAB250Xi) to determine Ru 3p binding
energy. The cross-sectional morphologies of the cells as well as
the composition of the electrodes were examined using a
scanning electron microscope (SEM, Zeiss Ultra Plus FESEM).
Cell tests were performed at a home-made setup, and the
details were described in our previous work!®. During the
measurement, the gas compositions in both the anode and
cathode chambers can be precisely controlled. Mass flow rate
of CH4, H2 and N3 gases was controlled by using digital mass flow
controllers (APEX, Alicat Scientific), while water vapor was
added precisely to the cathode gas stream via a humidifier by
heating liquid water to a certain temperature and then
measured using a humidity sensor (HMT 337, Vaisala). In the Ru-
SFM-SDC anode side, a total 50 SCCM methane mixture
composed of 3 SCCM CHs and 47 SCCM N; were fed to a
humidifier at room temperature, creating a methane
atmosphere of 5.8%CH4-91.2%N,-3%H,0, while in the SFM-SDC
cathode side, 50 SCCM H; were injected to a humidifier, which
was heated to generate a water partial pressure of 7497 Pa,
creating a gas mixture of 74%H,-26%H,0. Electrochemical
characterizations including current density-cell voltage (i-V) and
electrochemical impedance spectra (EIS) measurements were
conducted using an electrochemical workstation (Versa STAT 3,
Princeton Applied Research). The i-V curves were recorded from
open circuit voltage (OCV) to 1.0 V with a voltage sweeping
speed of 0.03 Vs, and EIS under the OCV condition were
measured with the voltage amplitude of 30 mV in the frequency
range from 10°% to 102 Hz. The components of the outlet gas in
the anode side were analyzed by using a gas chromatograph
(GC, Agilent 7890A) while the steam content was determined by
using a humidity sensor (HMT 337, Vaisala). The CH4 conversion
(Xcha), CO selectivity (Sco) and H» selectivity (Sw2) in the anode
side are calculated by using the following equations:

Fin CH, — F, out, CH,

Xy, = ——t 4 % 100%

CHa Fin, CHy ’

Fout co

Sco = out x100%

co Fin, CHy — Faut, CH,

F,

Sy outHy x100%

L=
(Fin, cu, — Fou, CHA) X 2+ Fiy 0 = Fourny0

3. Results and discussion
3.1 Morphology and phase composition of the electrolyzer

Figure 2A shows the cross-sectional SEM image of the solid
oxide electrolyzer for POM assisted steam electrolysis process.
It is shown that the LSGM electrolyte is about 500 um thick, and
the thickness of the electrode is about 30 um. During the
operation of steam electrolysis process, when the cathode and
the anode are exposed to 74%H,0-26% H, and air, respectively,
an OCV of 0.940 V at 850 °C is achieved for the cells, which is
very close to the theoretical value calculated by Nernst
equation, indicating that the electrolyte is dense enough for
steam electrolysis application. Meanwhile, as shown in Figure

This journal is © The Royal Society of Chemistry 20xx
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2B, the SFM-SDC electrodes are porous and well-attached to the
dense LSGM electrolyte. After the introduction of RuCls solution
to the skeleton and heat-treatment at 600 °C for 2h, spheroidal
nanoparticles with an average diameter of 100 nm are observed
and uniformly distributed on the SFM-SDC skeleton (Figure 2C),
forming the Ru-SFM-SDC electrode and serving as the anode for
POM reaction.

A) g =« Bare SEM-SDC

LSGM Electrolyte

Infiltrated SEFM-SDC

Baie§FM-SDC

. . e\ U
SV | N
. e

Figure 2 Cross-sectional SEM images of A) Ru-SFM-
SDC/LSGM/SFM-SDC  cell, B) SFM-SDC cathode/LSGM
electrolyte interface, and C) infiltrated SFM-SDC anode.

To further confirm that Ru nanocatalysts have been successfully
introduced into the SFM-SDC skeleton, Raman scattering
analysis and XPS analysis have also been utilized to determine
the phase compositions of the Ru-SFM-SDC electrode. The
Raman spectra for the SFM-SDC anode with and without
infiltration are shown in Figure 3A. As shown in the Raman
spectrum for the bare SFM-SDC anode (Figure 3A), three typical
active modes in the range of the experimentals (300-1000 cm-1)
are observed in the vicinity of the single crystal signal positions
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(459, 554, and 821 cm1). The former two active modes are in
consistent with the SDC signature reported previously**, while
the latter one fits well to the results for SFM powders (Figure
S1). After infiltration of RuCls solution to the skeleton and heat-
treatment in air, a new active mode is clearly observed for the
Ru-SFM-SDC anode in the range of 650-750 cm, which is
assigned to be RuO,*>. Figure 3B shows the XPS spectrum of Ru
3p for the bare SFM-SDC anode and Ru infiltrated SFM-SDC
anode. The peak at 486 eV associated to the typical binding
energy for Ru 3p is only observable in the Ru-SFM-SDC anode,
indicating that Ru element presents in the Ru-SFM-SDC sample.
These results indicate that Ru element in the form of RuO; has
been successfully introduced into the SFM-SDC skeleton. During
the performance test, RuO; nanoparticles can be reduced to Ru
nanoparticles by the reducing atmosphere such as CH4*¢, which
can serve as the active catalyst for the POM reaction.

A)
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——Bare SFM-SDC

sDC
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T T T T T T T T
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Figure 3 A) Raman spectra, and B) XPS core-level Ru 3p spectra
for bare SFM-SDC electrode (black line) and infiltrated SFM-SDC
electrode (red line).

3.2 Electrical properties

Single cells using Ru infiltrated SFM-SDC composite as the
anode for POM assisted steam electrolysis process are
electrochemically characterized by -V polarization curves and
EIS measurements. During the electrochemical performance
test, the SFM-SDC cathode is exposed to a steam containing
74%H,0-26% H,, while Ru-infiltrated SFM-SDC anode is exposed
to a methane atmosphere containing 5.8%CH4-91.2%N,-

4| J. Name., 2012, 00, 1-3

3%H,0. Figure 4A shows the electrolysis current densities
measured from OCV to 1.0 V at 750, 800 and 850 °C,
respectively. At zero current, single cell with Ru-SFM-SDC anode
has an OCV of -0.015, -0.0036, -0.012 V at 750, 800 and 850 °C,
respectively, which are all much lower than 0.940 V for the
conventional electrolysis mode in which the anode is exposed
to air, indicating that a significantly lower applied cell voltage is
required to produce the same amount of hydrogen in the
cathode, and the high-cost electricity
compensated by the low-grade heat. For example, at an

required can be

electrolysis current density of -0.10 A cm?, the applied
electrolysis voltage required is 1.0 V for the conventional
electrolysis mode with exposing the anode to air (Figure S2),
while the cell voltage is significantly decreased to 0.046 V when
the anode is exposed to methane in the methane-assisted
electrolysis process. On the other hand, it should be noted that
those OCV values are still higher than the theoretical value of -
0.063, -0.084 and -0.109 V, which is strongly affected by the
operating conditions, such as the operating temperature, inlet
gas composition, and catalytic activities of the anode, implying
that the catalytic properties of the Ru-SFM-SDC anode with a Ru
loading of 1.5 wt.% are not enough for efficient POM reaction,
and further work, such as more Ru loading and other advanced
catalysts need to be done to further accelerate the kinetics of
POM reaction in order to further lower the OCV of the cells and
reduce the electricity consumption. However, the discrepancy
between the OCV and Nernst potential is lower than that of
SFM-SDC (Figure S2) and Pd-C-CeO,-YSZ electrode?5, indicating
that the catalytic activity of SFM-SDC composite anode has been
effectively enhanced by infiltrating Ru catalysts. Moreover, the
significantly lowered OCV demonstrates that the electrical
energy consumed for water splitting has been remarkably
reduced by introducing the reducing gas of CH4 because OCV
represents the minimum cell voltage required to pump the
oxygen ions across the electrolyte.

Figure 4B represents the CH4 conversion, CO selectivity and H»
selectivity in the anode side of the electrolyzer recorded at 850
°C as a function of the applied cell voltage when the electrolyzer
is operated in POM assisted electrolysis mode. It can be seen
that when the cell is operated at 850 °C under the OCV
condition, CO selectivity of 79.3% and H, selectivity of 83.7% are
achieved, while the CH4 conversion is determined to be 32.2%,
which is possibly caused by the limited electrode size as well as
the SMR process. With the increase of the applied cell voltage,
the electrolysis current density increases, resulting in an
increased amount of the oxygen ions split from the steam in the
cathode side and transported through the electrolyte because
the electrolysis current density is proportional to the amount of
transported oxygen ions based on the Faraday equation,
providing a great potential to further partially oxidize methane
to syngas. Unfortunately, it can be seen from Figure 4B that with
increasing the applied cell voltage, both the CO selectivity and
H, selectivity gradually decrease. As the applied cell voltage
increases from OCV to OCV+0.15 V, the CO selectivity and H,
selectivity are gradually decreased from 79.3% and 83.7% to
66.4% and 69.6%, respectively, and further decreased to 30.9%
and 40.0% when a voltage of OCV+0.45 V is applied on the

This journal is © The Royal Society of Chemistry 20xx
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electrolyzer. These relatively lower CH,4 conversion rate and CO
selectivity might be attributed to the difference between the
gaseous oxygen and oxygen species formed on electrode
catalysts33-35, These results imply that the pumped oxygen ions
may first react with CO and H; to form CO; and H,0 instead of
the expected POM reaction to syngas. Therefore, the anode
composition as well as operating conditions need to be further
improved to simultaneously increase the selectivity of H, and
CO as well as the CH4 conversion.

A) 12
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800°C

850 °C
1.0

0.8
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0.4
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0.2 4
Cathode side: 74%H -26%H 0

0.0-{ Anode side: 5.8%CH,-91.2%N -3%H 0

-1.2

T T T T
1.0 08 -06 -04 -02 0.0

Current density (Acm?)

B CO selectivity
Il H- selectivity

CHs conversion

-1.4

60

40 -

20

Selectivity & Conversion (%)

o
|

OCV+0.45

ocv OCV+0.15 OCV+0.30

Applied Electrolysis Voltage (V)

Figure 4 A) i-V curves of Ru infiltrated electrolyzer for POM
assisted steam electrolysis measured at 750-850 °C, and B) CH,4
conversion, CO selectivity and H; selectivity in the anode of the
electrolyzer operated in POM assisted mode at 850 °C. During
the operation, the anode and the cathode are exposed to
5.8%CH4-91.2%N,-3%H,0 and 74%H,-26%H,0 atmosphere,
respectively.

Electrochemical impedance spectra (EIS) under OCV condition
at 750, 800, and 850 °C are also measured to investigate the
electrochemical performance of Ru infiltrated SFM-SDC
electrode for POM assisted steam electrolysis. Figure 5A shows
the Nyquist plot of the impedance spectra measured under the
OCV condition at 750, 800 and 850 °C, respectively. In the
Nyquist plot, high-frequency intercept and low-frequency
intercept with the x-axis correspond to the ohmic resistance
(Rohmic) and total cell resistance (Riotal), respectively, while the
difference between these two intercepts represents the
electrode polarization resistance (Rp). As summarized in Table
1, the Ronmic values are measured to be 0.51, 0.36, and 0.28 Q

cm? at 750, 800, and 850 °C, respectively, while the

This journal is © The Royal Society of Chemistry 20xx
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corresponding Riotal Values are 1.44, 0.88, and 0.66 Q cm?,
respectively. Therefore, the Ry values are calculated to be 0.93,
0.52,and 0.38 Q cm?at 750, 800, and 850 °C, respectively. These
results demonstrate that the resistances including Rohmic, Riotal
and R, decrease remarkably with increasing the operating
temperature, which can be explained by the increased oxygen
ionic conductivity of the electrolyte and improved
electrocatalytic activity of the electrodes at elevated
temperatures. The electrode polarization resistances for the
electrolyzer with Ru-SFM-SDC electrode are also compared with
those for the electrolyzers with bare SFM-SDC electrode and Ni
infiltrated SFM-SDC electrode. It can be found that the
electrode polarization resistance of the cells with Ru infiltrated
SFM-SDC electrode is much lower than those with bare SFM-
SDC electrode at the entire temperature range of 750-850 °C,
and also lower than those for the cells with the introduction of
3.9 wt% Ni nanoparticles. For example, at 850 °C, an electrode
polarization resistance of 0.52 Q cm? is obtained for the bare
SFM-SDC electrolyzer. When 3.9 wt% Ni nanoparticles are
infiltrated into the SFM-SDC anode skeleton, the electrode
polarization resistance is reduced to 0.46 Q cm?2, and the
electrode polarization resistance further reduces to 0.38 Q cm?
after the impregnation of 1.5 wt.% Ru nanoparticles. Since the
materials and the thickness of each component of the cells are
identical, the differences of the electrode polarization
resistance of the cells come from the introduction of advanced
nano-catalysts in the anode. More importantly, it can be seen
from Fig. S3 that CHs conversion, CO selectivity and H,
selectivity in the anode of the electrolyzers have been
effectively enhanced after the introduction of Ru catalysts into
bare SFM-SDC anode when the electrolyzer is operated in POM
assisted mode at 850 °C and OCV condition, further confirming
the superiority of SFM-SDC anode infiltrated with Ru catalyst.
These results demonstrate that the catalytic properties of the
anode for methane oxidation are effectively enhanced by
introducing Ru nano-catalysts into the SFM-SDC anode
skeleton.

J. Name., 2013, 00, 1-3 | 5
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Figure 5 A) Impedance spectra of cells with Ru infiltrated anode
for POM assisted steam electrolysis recorded under the OCV
condition at 750-850 °C, and B) Comparison of electrode
polarization resistances measured at 750-850 °C with SFM-SDC
and Ni infiltrated SFM-SDC anode. During the operation, the
anode and the cathode are exposed to 5.8%CH4-91.2%N,-
3%H,0 and 74%H,-26%H,0 atmosphere, respectively.

Table 1 The Rohmic, Riotal, and Ry values (Q cm?) obtained from
the impedance spectra of the Ru infiltrated electrolyzer
measured at 750-850 °C under OCV condition

Temperature 750 800 850
Rohmic 0.51 0.36 0.28
Ry 0.93 0.52 0.38
Rtotal 1.44 0.88 0.66

3.3 Long-term stability properties

The durability of the electrolyzer for POM assisted steam
electrolysis process has also been examined under a constant
electrolysis current density of -0.17 Acm=2. As shown in Figure
6A, there is no observable degradation in a 31 h test, and a very
impressive stable cell performance is achieved when the
electrolyzer is operated under POM assisted steam electrolysis
condition, which could be ascribed to the excellent sintering
and coking resistances*’. The sintering resistance of Ru-SFM-
SDC anode could be explained by the good sintering resistance
of Ru nanoparticles and SFM-SDC composite oxide, while the
coking resistance could be confirmed by unobservable peaks for
C-C bonds (D bond and G bond) examined for the post-test
sample using Raman spectroscopy technique (Figure 6B)48-50,
Additionally, the average size of Ru particles before and after
durability test is calculated to be 96 and 95 nm from Fig. 2C and
Fig. 6C, respectively, demonstrating that no obvious particle
coarsening occurs during the operation. The result indicates
that Ru nanoparticles have high sintering resistance at 850 °C
due to its high melting point and isolating distribution51.52],
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Figure 6 A) Durability of Ru infiltrated single cell for methane
assisted steam electrolysis process at 850 °C and an electrolysis
current density of -0.17 Acm-2, B) Raman spectrum, and C) SEM
image of the post-test Ru infiltrated SFM-SDC electrode.

i-V curves and EIS before and after 31-hours test are also
recorded under OCV condition at 850 °C to further investigate
the stability of the Ru infiltrated electrolyzer, and the results are
presented in Figure 7. Figure 7A compares the i-V curves, and it
is shown that the two curves are negligibly changed at low
current density (0~-0.4 Acm-2) or low cell voltage (OCV~ 0.25V),
while the electrochemical performance are enhanced at high
current density, especially when the current density is higher
than -0.8 Acm-2 or the applied cell voltage is larger than 0.4 V.
For example, at a cell voltage of 0.6V, the electrolysis current
density is accelerated from -0.90 to -1.06 Acm2, meanwhile, at
an electrolysis current density of -1.0 Acm-2, the applied cell
voltage required is decreased from 0.71 to 0.56 V. These results
are also confirmed by the decreased total resistance of the
electrolyzer as well as the electrode polarization resistance
(Figure 7B). It is also found that the ohmic resistance is almost
stable after testing, but the total resistance is observably
decreased from 0.66 to 0.62 Qcm?, indicating that the electrode
polarization resistance is decreased and the electrode process
is slightly activated during the durability testing. In addition,
imaginary part of the Bode plot in the EIS is also utilized to study
the electrochemical activation process, and it can be seen from
Figure 7C that the resistances located at the frequency range of

This journal is © The Royal Society of Chemistry 20xx
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0.5 to 100 Hz are effectively decreased after the durability A) 12

testing, demonstrating that the electrolyzer has been After test Initial 850°c
effectively activated by operating at a constant electrolysis 1.0 @, =

current density of -0.17 Acm2 for 31 hours. As it has been well 08

known that the electrode polarization resistance is strongly 2

affected by several factors, such as gas diffusion in the anode, :éw 0.6

adsorption, surface diffusion, and charge transfer. To better §

identify the mechanism for the enhancement of the Ru-SFM- = 0.4 4

SDC electrode operated in POM assisted steam electrolysis © 0.2 Ru-sFM-sDC/LSGMISFMSDC

process, distribution relaxation of time (DRT) analysis, a newly ’ Cathode side: 74%H -26%H O

developed tool for analyzing electrochemical impedance 0.0 Anode side: 5.3%CH1_91.2.,,:N 3%H O

spectra>3-%0, has been applied to further analyze the impedance . . : : . i : i . :
spectra. Figure 7D presents the DRT analysis results of the EIS 1.4 12 10 -08 -08 '?-4 0.2 00
data in Figure 7B. It can be found in Figure 7D that each B) 02 _ Current density (Acm”)
spectrum can be divided into 5 peaks, denoted by P1-5. g :‘;:;'test 850 °C
According to the results reported by Hauch et al.>3, low- :-E

frequency P1 at 0.05-0.5 Hz is possibly ascribed to methane &

reforming; P2 located at 1-10 Hz is strongly associated with gas :

conversion in the electrodes; and P3 in the middle frequency '

range of 10-100 Hz is affected by gas diffusion in the electrodes,

while the other high-frequency peaks (P4 and P5) are probably 0'00.2 03 04 05 06 o7
attributed to cathode and anode electrochemical reactions, Z(0cm?)

such as surface diffusion, charge transfer, respectively. After the C) 0.10 —

durability testing, all the peaks decrease except P1, indicating ; Kli::::ltest T

that the electrode reaction process is effectively accelerated, 0.08 - o DDD

while the methane reforming process presented by P1 is stable. D” QOOOOBQ

These results demonstrate that the electrolyzer with Ru-SFM- — 0.06-] DD OO o

SDC electrode is effectively activated, and no degradation is g EFPD OO %

induced during the durability testing. g 0.04. oA OOO ‘:‘D
Consequently, it is concluded that introduction of stable Ru ".‘ Eﬁunmﬁf”@amo@ Dgg
catalyst into SFM-SDC anode via the ion-impregnation method of 9

can effectively accelerate the anode reaction process by o.oz—ﬂﬁuﬂ Qgg%gg
enlarging the TPBs and increasing the catalytic activity, and thus °

strongly enhance electrochemical performance of the 0.00 T T T T T
electrolyzer operated in POM assisted mode. Meanwhile, Ru 0.01 0-1 1 10 100 1000
catalyst nanoparticles can benefit POM reaction, and Frequency (Hz)
simultaneously increase the CH; conversion and H,/CO D) 0.05 B T imitial
selectivity. In addition, no degradation but a little improvement o P3 o After test
in electrochemical performance has been observed during the 0.04 -

operation. These results indicate that the Ru-SFM-SDC

electrode is a very promising anode for POM assisted steam 0.03

electrolysis application due to the impressive electrochemical
performance and good stability during the operation.

F(t) (Qecm?)
o
(]

o

o

=4
1
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T
0.01 0.1 1 10 100 1000 10000

Frequency (Hz)

Figure 7 A) i-V curves, B) electrochemical impedance spectra, C)
Bode plot of the imaginary part of the impedance spectra, and
D) DRT analysis results of Ru infiltrated electrolyzer for POM
assisted steam electrolysis before and after test measured at
850 °C under the OCV condition.
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4. Conclusions

In this work, we present a novel concept of POM assisted steam
electrolysis process to simultaneously produce syngas and
hydrogen in the anode and cathode, respectively. In such
process, certain amount of expensive electrical energy could be
compensated by the use of low grade thermal energy from
external heat sources. The conceptual process has been
demonstrated in a Ru-SFM-SDC electrolyzer, and OCV is
significantly decreased from 0.940 to -0.012 V at 850 °C when
the anode and cathode are exposed to 5.8%CH4-91.2%N,-
3%H,0 and 74%H,0-26% H,, respectively, which is very close to
the theoretical Nernst value (-0.102 V). Experimental results
reveal that Ru-SFM-SDC anode is a promising candidate anode
for POM assisted steam electrolysis application because of its
impressive electrochemical performance and good stability
during the operation. At 0.6 V and 850 °C, the electrolysis
current density of -1.06 Acm2 is obtained for the electrolyzer
with Ru-SFM-SDC anode, which is much higher than that (-0.54
Acm=2) for the electrolyzer with bare SFM-SDC anode.
Furthermore, the electrode polarization resistance at OCV
condition and 850 °C is significantly decreased from 0.516 to
0.367 Qcm?. A long-term 31-hour durability testing reveals a
slight enhancement of the cell performance due to activation of
the electrode as confirmed by i-V curves, EIS and DRT results.
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Herein, we present a novel conceptual POM assisted steam electrolysis to simultaneously produce hydrogen and
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