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and Sankar Bhattacharya b

The conversion of waste CO2 into energy carrier fuels (“electrofuels”) using renewable energy (RE) in solid

oxide electrolytic cells (SOECs) is a fast-emerging technology. Methane is one such potential electrofuel

under consideration for the transport and local storage of RE. Most of the synthetic methane generation

routes under investigation are two-step processes utilizing SOECs as a source of either H2 or syngas (H2/

CO mixture) that undergoes methanation in a subsequent thermochemical reactor. However, the

technology for direct one-step in situ synthesis of methane in SOECs is still at an early stage. This work

demonstrates, for the very first time, purely electrolytic one-step methane generation in a symmetric,

tubular SOEC in the temperature range of 500–700 �C in the absence of any methanation catalyst

simply by electrolysing a mixture of H2 and CO2. The non-attainment of methane at OCV and in contrast

methane generation under applied potential indicate that the phenomenon is completely driven by

electrochemical processes. Interestingly, at all temperatures, the first trace of methane was detected at

a certain minimum value of current density, and that value of current density increased non-linearly with

temperature. The extent of methane generation appears to be effectively shifted by increasing the rate

of oxide ion removal from the cell. Thus, we hypothesize that the electrochemical oxygen pumping

phenomenon is a facilitator of such a direct methane synthesis reaction envisaged during in situ

methanation in SOECs.
1. Introduction

The gradual depletion of fossil fuels, along with the cata-
strophic levels of greenhouse gas emissions, has made
a compelling case for the exploration and deployment of
renewable energy-powered electrochemical pathways of fuel
synthesis. One such route is known as Power-to-X, where X can
be either hydrogen or a hydrogen carrier, such as ammonia,
methane or methanol. The electrolytic synthesis of methane in
solid oxide electrolytic cells (SOECs) is of great interest for
various reasons. For example, an energy efficiency (dened by
the energy content of methane produced to the energy input) of
�95% is theoretically well predicted at the cell level.1 This is
primarily due to lower overpotential losses when using SOECs.
In addition, SOECs can be used for in situmethane synthesis by
electrolysing CO2 in the presence of H2 (from renewable
South 3169, Victoria, Australia. E-mail:

sh University, VIC 3800, Australia

tion (ESI) available. See DOI:

f Chemistry 2021
sources) with the right combination of the electrocatalyst and
process conditions.

However, this route of methane synthesis is an early stage
technology, with very limited studies on the fundamental
mechanism or development of materials tailored for the
methanation process. Xie et al.2 were one of the rst to perform
in situ methanation using a composite of lanthanum-doped
strontium titanate (La0.2Sr0.8TiO3+d, or LST) and gadolinia-
doped ceria (Gd0.2Ce0.8O1.95, or GDC) as a cathode with
8 mol% yttria (Y2O3)-stabilised zirconia (ZrO2) (YSZ) as the
electrolyte, and a lanthanum strontium manganite (La0.8Sr0.2-
MnO3�d, or LSM) and YSZ composite anode. They also used an
additional layer of an iron catalyst placed in direct contact with
the cathode. At 650 �C, about 2.8% methane was generated at
atmospheric pressure. Bierschenk et al.3 obtained 2% methane
from H2/CO2 (4 : 1) electrolysis in a single-zone SOEC
comprising an Ni–YSZ cathode, YSZ electrolyte and LSM–YSZ
anode, where the entire cell was operated at 600 �C under
a current of 0.4 A. Li et al.4 reported a methane yield of 0.02% at
2 V and 650 �C by co-electrolysing H2O/CO2 (2 : 1) using an Ni–
YSZ cathode, scandia (Sc2O3)-stabilised zirconia (ScSZ) electro-
lyte and LSM–ScSZ anode. Recently, Luo et al.12 studied the
Sustainable Energy Fuels, 2021, 5, 2055–2064 | 2055
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effect of pressure on steam/CO2 co-electrolysis in a single-zone
SOEC comprising an Ni–ScSZ cathode, ScSZ electrolyte and
LSM–ScSZ anode at 650 �C. They concluded that increasing the
pressure from 1 bar to 4 bars increased the methane yield from
2.8% to 28.7%. However, all three groups used a Ni-cermet
cathode, which has signicant catalytic activity towards
methanation. Some researchers have shown evidence of in situ
methane synthesis in a dual-temperature-zone SOEC, where the
rst zone (SOEC) is kept at a high temperature (650–800 �C) that
gradually drops to �250 �C in the subsequent Fischer–Tropsch
(F–T) zone. The rationale here is that CO2 electrolysis, being an
endothermic reaction, is favoured at higher temperatures,
whereas methanation is highly exothermic and therefore
favourable at lower temperatures (250–350 �C). Thus, the SOEC
zone being operated between 650 and 800 �C generates suffi-
cient CO, both from CO2 electrolysis and the reverse water gas
shi reaction (RWGS), to undergo methanation in the low-
temperature F–T zone in the presence of H2. The H2 can
either be produced in situ from steam electrolysis or fed directly
to the fuel electrode as a H2/CO2 mixture. In one such design,
Chen et al.5 conducted in situ methanation using a Ni-cermet
cathode, YSZ electrolyte and LSM–YSZ anode. The SOEC zone
was operated at 800 �C at an applied potential of 1.3 V, and the
temperature was gradually decreased to 250 �C in the F–T
regime. They obtained a maximum methane yield of 11.8%. In
another study, Chen et al.6 showed that increasing the cell
pressure to 3 bar while maintaining the SOEC part at 800 �C and
the F–T zone at 250 �C increased the methane yield to 17%.
Further increases in pressure had no signicant effect on the
methane yield, due to the synergistic effect of pressure on the
methanation reaction rate and current density. Note that all
such experiments have been conducted with Ni or Fe-based
methanation catalysts, either present within the cathode (Ni-
cermet) or kept as a separate layer in the F–T zone.5,6 Thus, to
the best of our knowledge, no trace of in situ methane has yet
been reported, where H2/CO2 electrolysis or steam/CO2 co-
electrolysis has been carried out in a single-zone, high-
temperature SOEC without a subsequent F–T zone and in the
absence of any methanation catalyst. Such an investigation is
essential to better comprehend the rate-determining step/s of in
situ methanation in a single-zone, high or intermediate-
temperature SOEC.

In this work, we aimed to evaluate a composite of Ag and
10 mol% GDC (Gd0.1Ce0.9O2�d) as a potential electrode for in
situ methane synthesis using a H2/CO2 mixture and to qualita-
tively determine the role of thermodynamic equilibrium in this
process. A porous composite of Ag and Gd0.2Ce0.8O2�d previ-
ously demonstrated superior performance in CO2 electro-
reduction7 at 800 �C, but has not been tested for in situ
methanation using an H2/CO2 (4 : 1) mixture. GDC has the
following advantages: (1) it shows mixed ionic electronic
conductivity under a reducing atmosphere;8 (2) it possesses
sufficient ionic conductivity between 500 and 700 �C; (3) as ceria
is highly reducible, it increases CO2 adsorption as evidenced by
heterogeneous catalysis.9,10 We added Ag because it improves
the uniformity of the cathode microstructure,7,11 which reduces
polarisation losses and improves cell performance. Ag also
2056 | Sustainable Energy Fuels, 2021, 5, 2055–2064
improves adhesion between GDC and the most common elec-
trolyte, 8 mol% YSZ,7,11 which implies an increment in the
effective triple phase boundary (TPB) area that is likely to
improve CO2 electroreduction.

Most importantly, we avoided the use of any methanation
catalyst in this work to ensure a better understanding of the
electrocatalytic activity of Ag–GDC towards in situ methanation.
With the electrode chosen in this work, in situ methanation
from H2/CO2 electrolysis is expected to follow a complex
pathway consisting primarily of four different steps occurring at
the cathode, as mentioned elsewhere.12 They include CO2

hydrogenation to methane via methanation (eqn (1)) and to CO
via RWGS (eqn (2)); CO2 electroreduction to CO (eqn (3)); and
CO hydrogenation to methane (eqn (4)). The anodic reaction
involves oxygen evolution (eqn (5)).

At the cathode:

CO2 + 4H2 ¼ CH4 + 2H2O (DH1023K ¼ �164 kJ mol�1) (1)

CO2 + H2 ¼ CO + H2O (DH1023K ¼ 41.2 kJ mol�1) (2)

CO2 + 2e� ¼ CO + O2� (DH1023K ¼ 282 kJ mol�1) (3)

CO + 3H2 ¼ CH4 + H2O (DH1023K ¼ �206.1 kJ mol�1) (4)

At the anode:

O2� ¼ 1
2
O + 2e� (5)

Appreciable methane generation can be ascertained only
when the cathode exhibits sufficient catalytic activity for eqn
(1)–(4) to occur. This is especially the case for CO2 electro-
reduction, the kinetics of which are very sluggish.13–15 Moreover,
the accurate control of the ratio of H2 to CO in steam/CO2 co-
electrolysis is quite difficult as opposed to H2/CO2 electrolysis,
especially considering the large area of our cell (33 cm2). Thus,
we restricted our initial experiments to the electrolysis of dry
CO2 only, followed by a mixture of H2/CO2 using electrolyte-
supported, symmetric tubular cells. We used the state-of-the-
art electrolyte YSZ with an Ag–GDC composite electrode for
both dry CO2 and H2/CO2 electrolysis at 500–700 �C, as detailed
in Section 2.
2. Results and discussion
2.1 Electrochemical performance of the Ag–GDC composite
electrode for dry CO2 electrolysis

Fig. 1A shows the current–voltage (V–I) curves (corrected for lead
wire resistances) for an A-GDC/YSZ symmetric tube cell tested at
500, 600, 700 and 800 �C with dry CO2; Fig. S1B in the ESI†
shows the corresponding impedance spectra under open-circuit
conditions.

As expected, the current increased as the temperature rose,
with a maximum current density of about 140 mA cm�2 ob-
tained at an applied potential of 1.5 V at 800 �C. The increase in
current density can be attributed to the synergistic effect of
decreased electrolyte ohmic resistance (Rohm) and reduced
electrode polarisation resistance (Rpol) due to improved
This journal is © The Royal Society of Chemistry 2021
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Fig. 1 Current–voltage curves (corrected for lead wire resistance) of a tubular solid oxide electrolysis cell, recorded during electrochemical
reduction of dry CO2 at (A) 500, 600, 700 and 800 �C with the Ag–GDC composite electrode, and (B) 500, 600 and 700 �C with the bare Ag
electrode.
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kinetics. The electrochemical impedance spectroscopy (EIS)
spectra at all test temperatures (Fig. S1B in the ESI†) were
composed of two distinct arcs, which can be nominally sepa-
rated into high frequency (HF, ranging from 1000 to 5 Hz) and
low frequency (LF, ranging from 5 to 0.1 Hz). Based on previous
reports,8,13,14,16–19 the LF arc can be ascribed to slower processes
related to diffusion-limited mass transfer, dissociative adsorp-
tion of CO2, and desorption of CO or the even surface-exchange
reaction of CO/CO2 at the gas–cathode interface. The HF arc is
usually related to the less energy-intensive oxygen evolution
reaction (eqn (5)) occurring at the anode.

The analysis of Rohm values (calculated from the intercepts of
the HF arcs on the real axis) in conjunction with the V–I curves
showed that beyond 1.4 V, the increase in current as a function
of temperature was roughly proportional to the decrease in
Rohm. This indicates that in the high-temperature regime, there
was a dominating contribution from ohmic losses above 1.4 V,
whereas below 1.4 V the process might be controlled by polar-
isation. The mechanism of the reaction in SOECs is a complex
phenomenon and is not yet well understood for operation in
electrolytic mode with CO2. Considering the relatively large cell
area (33 cm2) in tubular geometry and fact that no reference
electrode was used, a deconvolution of the EIS curve would be
challenging and hence was not attempted.

At each test temperature, the tube cell was operated at 1.5 V
in a dry CO2 environment for 20 min, and the amount of CO
produced wasmeasured online using gas chromatography (GC).
As expected, CO2 to CO conversion gradually increased with
temperature, attaining a maximum value of 70% at 800 �C
(Fig. S2 in the ESI†) with a corresponding faradaic efficiency of
97%. Such a high conversion can be attributed to reduced
polarisation and activation losses that created a more reducing
environment for CO2, and possibly also due to greater adsorp-
tion of CO2 on GDC at higher temperatures. GDC is a redox-
stable, mixed ionic electronic conductor (MIEC). It is
believed18,20–22 that in a reducing environment, Ce4+ is reduced
to Ce3+, leading to the formation of oxygen vacancies in the GDC
lattice. These vacancies are then occupied by oxygen from CO2

dissociation.
Based on the above results, Ag–GDC appeared to be a prom-

ising candidate for effective CO2 electrolysis: the rst crucial
This journal is © The Royal Society of Chemistry 2021
step for in situ methanation. Note that Ag has been previously
reported to be catalytically inactive towards high-temperature
CO2 electroreduction;7,11,23 the Ag in our composite electrode
is no exception. To conrm our conjecture, CO2 electrolysis was
performed with bare Ag electrodes instead of the Ag–GDC
composite in the same temperature range of 500–700 �C. The V–
I curves are provided in Fig. 1B, and the EIS spectra at open-
circuit voltage (OCV) are shown in Fig. S3 of the ESI.† Fig. 1B
shows that although the V–I curves were similar in nature to
those of the composite electrode, the current was almost an
order of magnitude lower; the corresponding CO production
rates at 1.5 V were also�10 times less than when using Ag–GDC.
Such poor performance of the Ag electrode can be attributed to
the catalytic inertness of Ag as well as a stipulated reduction in
the TPB. Being a pure electronic conductor, Ag alone cannot
build up the electron–ion–gas TPB, which is a key to electro-
chemical reactions. In contrast, Ag–GDC is a mixed ionic elec-
tronic conductor that signicantly increases the TPBs, thereby
enhancing the electrochemical performance of the cell.

The experimental data obtained with Ag electrodes corrob-
orate the idea that Ag did not contribute to the enhanced CO2

electroreduction envisaged when using the Ag–GDC composite
electrodes and that the cardinal role was played by the versatile
material GDC. Based on these initial results, we concluded that
the Ag–GDC composite electrode was worthy of investigation for
in situ methanation.
2.2 Performance of the Ag–GDC composite electrode for
methanation

An identical tube cell was tested at 500, 600 and 700 �C with
a H2/CO2 (4 : 1) mixture. Fig. 2A–C present the open-circuit EIS
spectra at 500, 600 and 700 �C, respectively. Fig. 2D and E
demonstrate the corresponding V–I and V–I curves corrected for
wire resistance.

The magnitude of both HF (�1000 to 5 Hz) and LF (�5 to 0.1
Hz) arcs of the impedance spectra decreased with a rise in
temperature (Fig. 2A–C). As predicted from the curve tting of
the EIS spectra, the Rpol at OCV was 17.72, 6.50 and 1.02 U cm2

at 500, 600 and 700 �C respectively. At all temperatures, the bulk
of Rpol came from the LF arc, as noted by Yue et al.19 With an
Sustainable Energy Fuels, 2021, 5, 2055–2064 | 2057
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Fig. 2 Electrochemical impedance spectra at open-circuit voltage of a tubular solid oxide electrolysis cell with the Ag–GDC composite
electrode recorded during electrochemical reduction of H2/CO2 in a ratio of 4 : 1 at (A) 500, (B) 600 and (C) 700 �C, with the corresponding (D)
actual and (E) current–voltage characteristics (wire-resistance corrected). (F) CO2 conversion as a function of applied voltage at 500, 600 and
700 �C.
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increase in applied potential from OCV to 1.35 V at 600 �C, Rpol

decreased from 6.5 to 4 U cm2 due to a major reduction in the
LF arc (Fig. 2B). This can be attributed to improved cell kinetics
at higher potentials.

Another interesting observation from the EIS spectra was
a substantial drop in the open-circuit Rpol from dry CO2 to H2/
CO2 atmospheres (Table 1). At OCV, when dry CO2 is fed to the
cathode, only CO2 electroreduction (eqn (3)) occurs, whereas,
when a H2/CO2 mixture with H2 concentration as high as 80% is
introduced at the cathode, the dominant reaction is the
Table 1 Ohmic (Rohm) and polarisation (Rpol) resistances under CO2

and H2/CO2 atmospheres under open-circuit voltage conditions
between 500 and 700 �C

Gas composition
Temperature
(�C) Rohm (U cm2) Rpol (U cm2)

CO2 500 68.15 63.79
H2/CO2 (4 : 1) 500 68.15 17.72
CO2 600 13.74 50.95
H2/CO2 (4 : 1) 600 13.74 6.50
CO2 700 5.63 11.12
H2/CO2 (4 : 1) 700 5.515 1.02

2058 | Sustainable Energy Fuels, 2021, 5, 2055–2064
oxidation of H2 by the oxide ions (eqn (6)) generated from CO2

electroreduction. The latter is kinetically more active than the
former, resulting in lower Rpol.

H2 + O2� ¼ H2O + 2e� (6)

Another possibility is that the presence of a reducing gas
such as H2 increases the rate of Ce4+ to Ce3+ reduction, which
makes CO2 surface adsorption thermodynamically more
favourable and faster, as noted in recent density functional
theory studies.24 This helps to reduce the overall cell polar-
isation resistance. However, we surmise that the lower surface
diffusion resistance of smaller H2 molecules compared with
CO2 molecules might also contribute to the drop in Rpol.
Previously, Matsuzaki et al.25 observed higher impedance with
CO than with H2 while studying the electrochemical oxidation
of these two gases in fuel cell mode (solid oxide fuel cell). They
concluded that CO encounters higher diffusion resistance than
H2 while moving across the electrode surface.

GC analysis of the outlet gases evolving at the cathode
revealed that at OCV, CO2 conversions were 20, 51 and 66% at
500, 600 and 700 �C, respectively, with the corresponding CO
production rates of 3.2, 7.9 and 9.8 ml min�1. At OCV, zero
This journal is © The Royal Society of Chemistry 2021
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electroreduction of CO2 is plausible; therefore, the source of
this CO must be the RWGS reaction (eqn (2)). However, with an
increase in applied potential, more CO2 was converted (Fig. 2F)
due to enhanced electroreduction. At 500 �C, the increase was
minimal (from 21% at 1.67 V to 24.5% at 1.82 V). However, at
600 �C, CO2 conversion increased signicantly from 71% at an
applied potential of 1.55 V to 81% at 1.72 V. At 700 �C, the effect
once again decreased, possibly due to the complete consump-
tion of CO2 by H2 itself for the RWGS reaction. This is also clear
from the fact that at 700 �C, CO2 conversion reached�99% at an
applied potential of 1.48 V. This observation is in line with
literature reports26–30 for H2/CO2 electrolysis conducted with
different electrode materials, but has been shown here for the
rst time with an Ag–GDC composite.

Based on GC analysis, under all test conditions, the faradaic
efficiency was �99% and carbon balance fairly matched 100%
within the limits of experimental accuracy, signifying trivial or
no carbon deposition. This is consistent with previous reports
conrming the anti-coking properties of ceria.16,21,22,31–33

One of the key ndings of this research is the in situ gener-
ation of methane between 500 and 700 �C under an H2/CO2

(4 : 1) environment (Table 2) in the absence of any specic
methanation catalyst, such as Ni or Fe. Also, according to the
literature, Ag has absolutely no catalytic activity towards either
CO2 or CO methanation although it catalyses CO2 and CO
hydrogenation to methanol to a limited extent.34–36 The most
commonly studied catalysts for methanation carried out in
a thermochemical reactor at 1 bar and at 200–500 �C are Ni or its
bimetallic substitutes (Ni/Ru or Ni/Co or Ni/Mn), on oxide
supports such as alumina, silica, titania or zirconia.37–41

At all test temperatures, no methane was detected at OCV.
This clearly establishes that methane evolution is a purely
electrochemical phenomenon under the inuence of applied
potential. The maximum methane generation of 1.08 � 10�7

millimole s�1 cm�2 was recorded at 700 �C under an applied
potential of 1.9 V with respect to OCV. Such low methane
production can be attributed to the synergistic effect of the
thickness (0.9 cm) of the electrolyte and the insufficient cata-
lytic activity of the electrode towards H2 dissociation and H+ ion
spillover,42–45 which play pivotal roles in methanation. Thinning
down the electrolyte would increase the current density, and
thereby the methane yield. However, our intention here was not
Table 2 Volumetric percentages of CO and CH4 as obtained by gas chrom
between 500 and 700 �C using Ag–GDC composite electrodes (OCV ¼

Temp (�C) Voltage (V)
Current (mA
cm�2) CO (%) CH4 (%)

500 1.10 (OCV) 0.00 5.80 0.000
1.79 6.06 6.36 0.016
1.82 6.45 6.61 0.020

600 1.06 (OCV) 0.00 12.40 0.000
1.58 19.03 15.4 0.010
1.72 25.36 16.80 0.030

700 1.02 (OCV) 0.00 14.80 0.000
1.50 40.91 19.90 0.020
1.90 60.61 19.80 0.096

This journal is © The Royal Society of Chemistry 2021
to maximise the methane yield, but to investigate whether Ag–
GDC is electrocatalytically conducive to in situmethanation and
determine how such in situ methane synthesis is governed
purely electrochemically.

The rst trace of methane was attained at different applied
currents and correspondingly different voltages for the three
different test temperatures, as shown in Table 2 in blue font.
This indicates that the current at which methane starts evolving
is a function of the operating temperature and hence of ther-
modynamic equilibrium. The sources of in situ generated
methane include CO2 hydrogenation (eqn (1)) and CO hydro-
genation (eqn (4)), both of which are exothermic reactions and
thus less favourable at higher temperatures. On the other hand,
the methane can dissociate by two possible endothermic reac-
tions: cracking (eqn (8)) or steam reforming (eqn (7)). Steam is
also generated in situ as a methanation by-product. Thus, it is
highly likely that methane is being produced even at currents
lower than where it is initially detected, but it undergoes ther-
modynamic equilibrium-dictated dissociation until the current
is sufficiently high to electrolyse and remove steam from the
system. Since the tube was almost 30 cm long, the residence
time of nascent methane was sufficient to increase the proba-
bility of such dissociation. What further corroborated this idea
was the observation that with an increase in temperature, the
minimum current (Imin) at which methane started evolving
gradually increased, which was consistent with the gradual
increase in the equilibrium constants (Keql)46 of the methane-
dissociation reactions (eqn (7) and (8)) as shown in Table 3.

CH4 + 2H2O ¼ CO2 + 4H2 (DH1023K ¼ 164 kJ mol�1) (7)

CH4 ¼ 2H2 + C (DH1023K ¼ 74.8 kJ mol�1) (8)

However, beyond Imin, the increase in methane production
did not exhibit a linear relationship with current density. For
complex materials such as Ag–GDC endowed with mixed ionic
and electronic (MIEC) properties, a higher applied potential
both increases the current density and remarkably improves the
electrocatalytic activity towards CO2 electrolysis, as explained in
Section 2.1. This results in higher production of CO, which
further increases methane generation. Thus, at current
atography for H2/CO2 electrolysis under varying conditions of voltage
open-circuit voltage)

CO (millimole
s�1 cm�2) CH4 (millimole s�1 cm�2) SCH4 (%) YCH4 (%)

6.54 � 10�5 0 0 0
7.17 � 10�5 1.80 � 10�7 0.25 0.06
7.45 � 10�5 2.25 � 10�7 0.29 0.07
1.40 � 10�4 0 0 0
1.74 � 10�4 1.13 � 10�7 0.09 0.07
1.89 � 10�4 3.38 � 10�7 0.15 0.13
1.67 � 10�4 0 0 0
2.24 � 10�4 2.25 � 10�7 0.09 0.08
2.23 � 10�4 1.08 � 10�6 0.50 0.49
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Table 3 Equilibrium constants (Keql) and thermodynamic conversions of methanation and methane-dissociation reactions between 500 and
700 �C

Reaction

500 �C 600 �C 700 �C

Keql Conversion (%) Keql Conversion (%) Keql Conversion (%)

CO2 methanation 62.40 83.0 3.35 71.9 0.33 60.0
CO methanation 376.00 90.5 9.56 78.0 0.52 60.0
CH4 steam reforming 0.02 7.3 0.30 12.5 3.04 19.0
CH4 cracking 0.15 17.4 0.60 30.8 1.58 46.1

Fig. 3 (A) Voltage–current curves (corrected for lead wire resistance)
for a tubular solid oxide electrolysis cell with the Ag electrode recor-
ded during electrochemical reduction of a H2/CO2mixture (4 : 1 v/v) at
500, 600, and 700 �C. (B) The rate of methane synthesis (millimole s�1

cm�2) at 700 �C shows a linear trend as a function of current beyond
an applied potential of 1.85 V.
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densities greater than Imin, the increase in the methane
production rate was not directly proportional to the increment
in current density; rather, it was higher than that.

Based on all our aforementioned observations, it can be
rightly concluded that the in situ methane synthesis observed
here is a completely electrochemical phenomenon, governed by
the overall thermodynamic equilibrium of the methanation and
methane-dissociation reactions taking place while the cell is in
operation. The minimum current (Imin) at which methane
begins evolving, as well as the overall methane generation, is
also dictated by thermodynamic equilibrium. Similar observa-
tions have never been previously reported with an Ag–GDC
composite electrode or any other electrode. X-ray diffraction
(XRD) and scanning electron microscopy (SEM) results are
discussed in the ESI (Fig. S5†), since they revealed no signicant
morphological or phase changes between fresh and used
electrodes.

2.3 Possible impact of oxygen stripping on the
thermodynamic equilibrium governing electrochemical
methane synthesis

The mixed ionic electronic conductivity of GDC makes the Ag–
GDC composite a complex material. To investigate how the
thermodynamic equilibrium could be shied to increase
methane generation, we deemed it necessary to eliminate any
catalytic and/or electrocatalytic effects induced by GDC on CO2

electrolysis by virtue of its redox ability because such effects
might impact the methane generation rate under varying
conditions of temperature and applied potential. For this eval-
uation, H2/CO2 (4 : 1 v/v) electrolysis was carried out with bare
Ag electrodes on the YSZ electrolyte in the same temperature
range of 500 to 700 �C. We aimed to determine whether
methane generation was affected by the rate of oxide ion
removal from the cell.

The EIS curves recorded at OCV are provided in Fig. S4 of the
ESI.† The V–I data (Fig. 3A) show that for all three test
temperatures, the current at any particular voltage was almost
an order of magnitude lower when using bare Ag than the
corresponding values obtained with the Ag–GDC composite.
This resulted in scanty CO2 electroreduction with no metha-
nation observed at 500 �C. The rst trace of methane was ob-
tained at an applied potential of 2.3 V (1.69 � 10�7 millimole
s�1 cm�2) and 1.85 V (2.25 � 10�7 millimole s�1 cm�2) at 600
and 700 �C, respectively. The corresponding currents (Imin)
recorded were 7.88 and 9.7 mA cm�2, respectively.
2060 | Sustainable Energy Fuels, 2021, 5, 2055–2064
Interestingly, at 700 �C, when the current was increased
beyond 9.7 mA cm�2 (Imin), methane generation increased
proportionally (Fig. 3B). This indicates that above Imin, methane
generation increases in proportion with the increment in O2�

removal, since in solid oxide ion conducting electrolytes, oxygen
removal varies proportionally with current, as determined from
Faraday's law.47

This is a novel observation that has never been reported in
the literature. Similar observations at 600 �C would require cell
operation at potentials above 2.3 V, which might cause rapid
removal of O2� ions from the electrolyte (YSZ) itself, leading to
zirconia blackening.48,49 A plausible alternative is the use of
a thin YSZ electrolyte that guarantees less ohmic resistance and
thus higher current densities at lower voltages.
This journal is © The Royal Society of Chemistry 2021
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Fig. 4 Tube cell test set-up comprising a furnace, VersaSTAT and
Micro-GC. The inset at the top right corner shows a magnified view of
the tube cell positioned inside the furnace.
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It was clear from our results that the extent of methane
synthesis was directly related to the rate of oxygen removal from
the system. However, for further verication, we carried out H2/
CO2 (4 : 1) hydrogenation in a thermochemical methanation
reactor in the absence of oxygen stripping at 1 bar and two
different temperatures of 450 and 500 �C. A packed bed of glass
wool and Ag–GDC powder (0.2 g) was housed inside the reactor
(detailed set-up is described in the experimental section). The
Ag–GDC powder had the same composition as the Ag–GDC
electrodes used in our symmetric cells discussed in Sections 2.1
and 2.2. The H2/CO2 gas mixture was purged at a constant ow
rate of 50 ml min�1 through the reactor. As detected through
the online GC connected to the reactor outlet, the amounts of
CO obtained at 450 and 500 �C were �3 and 4.5%, respectively.
The value at 500 �C was similar to that observed with Ag–GDC
composite electrodes (5.8%) at the same temperature under
OCV conditions. Interestingly, at both 450 and 500 �C, the
methane produced was only around 0.001%, which was almost
an order of magnitude less than the minimum amount of
methane (0.016%) obtained at 500 �C using Ag–GDC composite
electrodes (Table 2).

All the above observations hint towards the fact that if
oxygen from the in situ generated steam (a by-product of
methanation reactions) can be removed very quickly by rapid
O2� stripping across the electrolyte, then the forward metha-
nation reactions (eqn (1) and (4)) will possibly be favoured
according to Le Chatelier's principle,50 and the dissociation of in
situ evolved methane (eqn (6) and (7)) will be inhibited. Such
a shi of thermodynamic equilibrium will be manifested by
a directly proportional increase in methane production upon
increasing current under the same applied potential.
3. Conclusion

We have tested for the rst time an Ag–GDC composite elec-
trode as a potential candidate for in situ methane synthesis in
SOECs. This electrode composition was electrocatalytically very
active at 500–700 �C towards both CO2 electroreduction (during
This journal is © The Royal Society of Chemistry 2021
dry CO2 electrolysis) and the RWGS reaction (H2/CO2 (4 : 1 v/v)
electrolysis under no-load conditions, i.e., at OCV), which are
the rst crucial steps for effective in situ methane generation.
GDC, by virtue of its mixed ionic electronic conductivity and
high reducibility, imparts a high electrocatalytic activity to the
Ag–GDC composite, whereas Ag only improves the electrode's
adhesion properties and electronic conductivity.

When H2/CO2 (4 : 1 v/v) electrolysis was carried out with Ag–
GDC electrodes at 500, 600 and 700 �C, some methane was
obtained, but only under load conditions. The generation of
methane in the absence of anymethanation catalyst, such as Ni/
Fe/Ru, leads us to conclude that the in situ methane synthesis
envisaged in this work is a purely electrochemical phenom-
enon. The maximum methane production rate was 1.08 � 10�7

millimole s�1 cm�2 at 700 �C under an applied potential of
1.9 V. Interestingly, at any temperature, the rst trace of
methane was detected at a minimum value of current density
(Imin), which increased monotonically with a rise in tempera-
ture. Based on this, we propose that H2/CO2 electrolysis is
a dynamic process during which both methanation
(exothermic) and methane-dissociation (endothermic) reac-
tions take place simultaneously. However, the thermodynami-
cally opposite nature of these reactions gradually makes
methane evolution less favourable at higher temperatures.
Thus, nascent methane produced in the SOEC environment
undergoes thermodynamic equilibrium-dictated dissociation
until the current is sufficiently high to electrolyse steam. The
steam is a by-product of the methanation reaction and leads to
methane dissociation via its reforming. Steam electrolysis
essentially implies the removal of oxygen from the cell. There-
fore, we can conclude that the extent of methane generation can
be effectively shied by increasing the rate of oxide ion removal
through the electrolyte. Further strengthening this hypothesis
is the observation that when H2/CO2 (4 : 1 v/v) electrolysis was
carried out using bare Ag electrodes, methane generation
beyond Imin increased in direct proportion with current density,
or in other words, with the rate of oxygen removal from the cell.
This is a completely new concept that is worthy of future
investigation.

4. Materials and methods
4.1 Cell fabrication

Electrolyte-supported, open-ended tube cells were fabricated
through isostatic pressing of 8 mol% yttria-stabilised zirconia
(8-YSZ) powder procured from Tosoh Corporation Japan at
170 MPa using an in-house designed die followed by sintering
in air at 1500 �C for 2 h. The nal dimensions of the tube cell
were OD 11 mm, length 340 mm and electrolyte thickness 0.45
mm. The electrode ink was prepared by mixing Ag powder (Alfa
Aesar) and gadolinia-doped ceria (Gd0.1Ce0.9O2�d) purchased
from Fuel Cell Materials Inc. (FCM) in a weight ratio of 3 : 7
along with a terpinol-based ink vehicle (FCM), followed by ball
milling the mixture for 2 h.51 The as-prepared ink was brush-
painted on the inside and outside active areas of the sintered
electrolyte tubes over a length of 12 cm and sintered at 825 �C
for 2 h at heating and cooling rates of 180 �C min�1. The nal
Sustainable Energy Fuels, 2021, 5, 2055–2064 | 2061
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thickness of each electrode was between 30 and 50 mm, with an
equivalent active area of 33 cm2. The current was collected
through silver wires that were spirally wound on both sides of
the tube spanning the electrode area. Silver paste was then used
to improve further adhesion and contact of the current collector
with the electrode.

4.2 Physical and electrochemical characterisation

Powder XRD of the Ag–GDC composite cathode aer cell testing
was performed using a benchtop XRD (Bruker D2 Phaser) with
a Cu-Ka radiation source. The diffractogram was recorded
between 10 and 80� at a scan rate of 2� min�1. The micro-
structure of the electrode was imaged using a ZEISS SEM. All
electrochemical measurements, such as V–I curves, chro-
noamperometry and impedance spectroscopy (EIS curves), were
conducted using a Princeton Applied Research VERSAStat. V–I
measurements were recorded at 5 mV s�1, and impedance
measurements were carried out in the frequency range of 1000–
0.1 Hz at an amplitude of 70 mV.

4.3 Cell performance testing

All electrochemical measurements were carried out using
symmetric tube cells fabricated in-house. In the present set-up
(Fig. 4), the test gases (dry CO2 or an 80% H2/20% CO2 mixture)
were purged into the fuel electrode (cathode), while the air
electrode (anode) was exposed to the atmosphere. The rst set
of measurements were performed at four different tempera-
tures of 500, 600, 700 and 800 �C by purging dry CO2 (industrial
grade, BOC) at a constant ow rate of 50 ml min�1 using Ag–
GDC composite electrodes and an 8-YSZ electrolyte. Next, the
same experiments were repeated under identical conditions of
temperature and ow rate, but with bare Ag electrodes. In the
next phase, electrochemical measurements for methanation
tests were performed using the Ag–GDC composite electrode
and 8-YSZ electrolyte at 500–700 �C by purging an 80% H2/20%
CO2 mixture (industrial grade, BOC) at a constant ow rate of 50
ml min�1. The same experiments were repeated for bare Ag
electrodes.

The mass-ow meters used were calibrated using separate,
certied ow meters. The temperature at the centre of the
cathode was monitored using a single K-type thermocouple and
is designated henceforth as the operating temperature. At each
temperature, aer recording the V–I curves and EIS spectra at
OCV, the cell was loaded at different voltages for 30 min and the
composition of the gases evolving at the cathode was analysed
using a GC (Agilent Micro-GC). The impedance plots were
recorded under no-load conditions (OCV). All V–I curves were
recorded against OCV obtained under the particular cell testing
conditions of temperature and gas mixture.

4.4 Ag–GDC testing in a thermochemical methanation
reactor

Ag powder (Alfa Aesar) and GDC (Gd0.1Ce0.9O2�d) purchased
from FCM were mixed in a weight ratio of 3 : 7 followed by ball
milling for 2 h. The mixture was then sintered at 825 �C for 2 h
at heating and cooling rates of 180 �C min�1. The as-prepared
2062 | Sustainable Energy Fuels, 2021, 5, 2055–2064
Ag–GDC composite powder was subsequently tested for the
CO2 hydrogenation reaction using a xed-bed, custom-
designed, stainless-steel reactor lined internally with brass
sleeves. The powder (0.2 g) was evenly dispersed into a bed of
glass wool plugged inside the reactor. The reaction temperature
was measured with a K-type thermocouple buried into the glass
wool bed. The reactor was held within a furnace equipped with
a temperature controller. The ow rates were controlled using
Bronkhorst High-Tech Series mass-ow controllers. The Ag–
GDC bed was heated at 300 �C (ramp rate � 3 �C min�1) and 1
bar pressure for 2 h under a 100 ml min�1 Ar (Air Liquide 99.9%
purity) ow. Following this, the temperature was further
increased to the desired set point while keeping the argon ow
rate constant. Subsequently, the gas ow was changed to 50
ml min�1 of H2/CO2 (4 : 1 v/v, purchased from BOC) and 50
ml min�1 of Ar. CO2 hydrogenation was conducted and the
performance of the catalysts was tested under steady-state
conditions. The reaction products were analysed online using
gas chromatography using an Agilent 7890A GC-TCD/FID tted
with HayeSep N, MolSieve 5A and Porapak Q columns. Nitrogen
was used as an internal standard for chromatographic analyses.
The gas was sampled online at intervals of �35 min for a period
of 2 h. Subsequently, the reactor was cooled under a 100
ml min�1 Ar ow.
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