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HIGHLIGHTS

GRAPHICAL ABSTRACT

e CO, methanation on Cu/BZCY in a
tubular cell configuration under
realistic conditions.

e Control of CH, production by
modifying the applied potential at
medium temperatures.

e Maximum CH, yield and Faradaic
efficiency and minimum energy
cost at —0.5V and 450 °C.

e Minimum CO selectivity associ-
ated with lower CH, purification
cost at —0.5V and 450 °C.
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This work aims contributing to develop a cathode for CO, methanation in tubular co-ionic
(H*/0?" conducting) SOECs and to cell operation optimization to decrease energy input and
costs for advancing process application. It studies the effect of temperature (325-550 °C)
and potential (from —2 to +2 V at 450 °C) on CO, conversion and selectivity to CH, and CO,
at bench scale, at atmospheric pressure and using high flowrates (42 NL/h) and realistic
compositions (4H,/CO, binary mix), over a Cu film (<2 um) coated by electroless on an
anode (Ni-BZCY)-supported solid electrolyte (BZCY) candle. CHy preferentially forms over
CO. CHy4 selectivity increases with temperature up to 97.3% at 400 °C, from which, CH, and
CO selectivity decreases and increases, respectively. The optimum potential is —0.5V, as
maximizes CH, selectivity (94.2%) and minimizes energy cost (0.002 kWh/kg CH,) with high
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Bench scale

CO, conversion (32.5%) and low CO selectivity (5.8%), resulting in higher CH, yield and

PtG lower CH, purification cost.

H, carriers
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LLC. This is an open access article under the CC BY-NC-ND license (http://
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1. Introduction

Excessive consumption of fossil fuels during the last centuries
resulted in the growing of CO, atmospheric concentrations,
linked with detrimental global warming, and in the declining
of available fossil resources. On the other hand, rapid growth
of renewable energy has resulted in a demand of new efficient
technologies that can handle renewable energy fluctuation
and enhance its integration. Conversion of carbon dioxide to
grid compatible synthetic natural gas may contribute to
diminish CO, emissions and the reliance on fossil reserves,
enabling CO, recycling as a renewable, safe and established
fuel, as well as the storage of the surplus of renewable energy
required to power the production of H, by water electrolysis
and the chemical conversion process through the so-called
Power to Gas (PtG) technology [1]. Therefore, PtG could
contribute both to the integration of renewable energy and to
the reduction of CO, emissions. This technology represents
also a way for H, chemical storage in the form of hydrogen-
rich energy carriers such as CHg, as H, can also be after-
wards extracted from synthetic natural gas, even with no
need for external energy, by auto-thermal steam reforming
[2]. In fact, the European Union has contemplated the contri-
bution of hydrogen and power to gas technologies in the long-
term strategy to achieve climate neutrality in 2050 [3].
Electrolysis of H,O and CO, is considered to be a promising
approach for renewable energy storage via sustainable pro-
duction of H, and hydrocarbon fuels [4]. CH4 can also be
synthesized in situ in solid oxide electrolysis cells (SOECs)
powered by renewable energy, which potentially enables
combining H, production by water electrolysis and CO, hy-
drogenation in a single unit making renewable energy storage
possible. In addition, given that electrolysis is an endothermic
reaction whereas methanation is a highly exothermic one, the
coupling of both reaction in SOECs can result in an enhanced
overall energy efficiency of the system [4], but this integration
is not straightforward given the dissimilar operating temper-
atures required for conventional oxygen ion conducting
SOECs (600-1000 °C) and methanation reaction (<400 °C),
which resulted in methane yields below 1% [5—7] on Ni or GDC
based cermet cathodes in single temperature zone cell
configuration at atmospheric pressure. In addition, the pres-
ence of water co-fed with CO, or produced by CO, methana-
tion shifts the reaction equilibrium to the reactants side.
Different approaches have been utilized to improve CH, yield
such as co-feeding H, with CO, and H,0 to the SOEC cathode,
decreasing operation temperature [8], introducing a metha-
nation catalyst, placed over [9], next to [10,11] or infiltrated
[7,12] in the SOEC cathode, increasing the operating pressure
[13—15] or/and using a dual temperature zone SOEC configu-
rations [9—11,14] where the low temperature zone favours the

methanation of the syngas generated by H,O and CO,
co-electrolysis in the high temperature region. All of these
innovations [8—16] enabled to reach CH, yields up to about
29%. Lately, lo Faro et al. reported a methane yield of 67% at
525 °C on a Ni—Fe based catalyst coated conventional SOEC
cathode [16]. More recently, Baxter et al. reported to achieve
CO, conversion and CH, selectivity values close to 100% at
450 °C on a commercial Ni based methanation catalyst coated
standard SOEC cathode [17]. One of the main conclusion of
these studies was that the use of an intermediate temperature
ion conducting electrolyte could be more appropriate for in
situ methane synthesis in SOECs [4,16,17]. In this way, proton
conducting SOECs are able to operate at temperatures be-
tween 400 and 600 °C. In addition, protonic SOECs enable
separate feeding of CO, and H,O at opposite electrodes, i.e.
water electrolysis and CO, methanation takes place at the
anode and cathode chamber of the SOEC, respectively,
resulting in higher methanation conversion as equilibrium is
not limited by the co-feeding of water. Moreover, in this case
CH, yield can be improved by co-feeding the cathode with the
surplus of hydrogen recycled from the anode, with no need for
an external source of hydrogen [18]. Xie et al. [19] obtained CH,
yields up to 2.4% over a composite BCZYZ and Fe electro-
catalyst in a proton conducting SOEC operating at 614 °C. Li
et al. [20] achieved CH, selectivities in the range of 92—96% on
an Ir—CeO, based cathode in a similar protonic SOEC oper-
ating at 400 °C. Duan et al. [21] produced methane with about
40% of methane yield at around 300 °C on a Ni—CeO, based
cathodic catalyst in a protonic SOEC.

Moreover, it has been reported [4,18] that the electro-
catalytic synthesis of methane from CO, in both oxygen or
proton conducting SOECs exhibits an EPOC (Electrochemical
Promotion of Catalysis) effect which gives rise to higher
methane vyield than conventional thermocatalytic CO,
methanation due to the promoting effect of oxygen ion or
proton pumping to or from the catalyst electrode surface, as
will be explained in more detail later.

Therefore, in situ methanation in SOECs is still at an early
stage of development and needs substantial research to
develop cathode electrocatalysts active for the methanation
reaction and to optimize reactor design and cell operating
conditions, such as temperature and applied potential [17].
The potential practical application of in situ CO, methanation
in SOECs would require [22—30]: (a) decrease the operating
temperature of the system, via increasing the activity and
selectivity of the catalysts and the ionic conductivity of solid
electrolytes, with consequent increase in energy efficiency
and in the stability and durability of electrocatalyst and solid
electrolytes (in the presence of CO,, H,0, etc.), by using 0>~
and H* co-conducting intermediate temperature solid oxide
electrolytes, by decreasing particle size and increasing
dispersion of catalyst or by addition of promoters or co-
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catalysts; (b) decrease the cost of the system using catalysts
based on cheaper and more easily available metals; (c) reduce
the ohmic losses by decreasing electrode thickness, by
increasing ionic conductivity of electrolytes and electronic
conductivity of electrodes and by the use of electrode sup-
ported thin electrolyte systems; (d) increase the simplicity and
scalability of the systems, for example by developing easily
scalable procedures allowing to prepare porous electro-
catalyst thin films and proper reaction configurations (tubular,
monolithic, etc.) and (e) their study under realistic conditions,
representative of potential practical application at a proper
scale, for evaluation of their technical feasibility. In addition,
the key challenges for advancing CO, conversion to fuels are
increasing the energy efficiency, decreasing the capital
(CAPEX) and operating (OPEX) costs of the process and inte-
gration of renewable energy sources [26,31]. To fulfil these
challenges high energy efficiency, reaction rates and long-
term stability are required. High energy efficiency is ach-
ieved through high activity and selectivity (high faradaic effi-
ciency in product formation) at low operation temperature
and low overpotentials to maximize product yield with a
minimum energy cost. High selectivity can result also in lower
product separation costs. On the other hand, the reaction rate
determines the reactor size and the CAPEX of the process, i.e.,
high reaction rate can result in a decrease of size and cost of
the SOEC system [26,30]. High long-term stability of the cata-
lyst is also crucial to reduce the OPEX associated with regen-
eration or replacement of the spent catalyst [30].
Electrochemically assisted catalytic CO, hydrogenation is
regarded as a ground-breaking technology to achieve these
challenges. In fact, the application of small potentials or cur-
rents between a metal catalyst deposited on a solid electrolyte
and a counter electrode results in the moving of ionic pro-
moting species, to or from the catalyst surface, enabling in-
situ modification of the relative chemisorption between the
different coexistent reaction gases (e.g. CO,, H,), which allows
enhancing the catalytic activity for the CO, hydrogenation
reaction, altering the selectivity to the preferred product (CHy)
and electrochemically monitoring the process [32]. Moreover,
in double chamber reactor configuration (SOEC), the protons
produced via H,0 electrolysis (or other H" producing reaction)
over the anode are transferred through the solid electrolyte
membrane to the cathode, where CH, can be formed by re-
action with CO,, which may enable also combining H, pro-
duction by H,O electrolysis (endothermic) and CO,
hydrogenation (exothermic) in the same reactor, making
renewable energy storage possible [33] and resulting in a more
compact and smaller system, with adequate thermal control
of the whole (with the consequent energy savings, and
reduced investment and operating costs) [34]. The latter
represent a considerable advantage over conventional fixed-
bed reactors, since the methanation reaction is very
exothermic and can lead to a temperature increase in the
catalytic bed which limits equilibrium conversion and can
cause hydrothermal deactivation of the catalyst [35,36],
making necessary the use intermediate cooling steps or gas
recycling to control catalyst overheating at the expense of
complicating the design and increasing the size of the
methanation reactor. The double chamber reactor configura-
tion (SOEC) is based on the use of solid electrolytes with

appropriate protonic (H*) or co-ionic (H" and O?7) and even
electronic (e”) conductivity at the temperature required for
the application of the specific system [28,37], such as co-ionic
02~ and H" co-conducting intermediate temperature solid
oxide electrolytes.

It has been confirmed [28,37] that electrochemically
enhanced catalytic CO, hydrogenation has some advantages
over conventional catalytic technologies, given that it may
allow: (a) shifting the equilibrium of the CO, hydrogenation
reaction (e.g. by electrochemical pumping of highly active H*
species to the catalyst surface) avoiding the use of high pres-
sures and increasing the reaction rate (e.g. by 0>  removal
from the catalyst surface enhancing CO, activation and
accelerating the CO, hydrogenation reaction), and, therefore,
the operation of the catalyst under milder pressure (atmo-
spheric) and/or temperature conditions with lower residence
times and higher conversion per pass, resulting in a decrease
in reactor size (decreasing CAPEX), energy costs (e.g. pre-
heating, pumping, compression) and OPEX; (b) altering the
selectivity to the desired product (e.g. CHy) by electrochemi-
cally adjusting H,/CO, surface coverage ratio to that stoi-
chiometrically required for the synthesis reaction (e.g. Hy/
CO, = 4 for the methanation reaction), with subsequent in-
crease in energy efficiency in product formation and decrease
in OPEX associated with product purification; (c) improving
catalyst tolerance to coexistent inhibitors or poisons by elec-
trochemically retarding their chemisorption (e.g. decreasing
surface coverage of H,0) and increasing catalyst life time by
in-situ tuning of catalyst activity/selectivity, via varying
applied potential instead of increasing temperature (which
results in a loss of selectivity) or decreasing treatment ca-
pacity (concentrated CO, stream flow rate) as typical for
conventional catalytic technologies, or by in-situ electro-
chemical regeneration, by decomposition of potentially
formed surface poisonous species (e.g. carbonates) via
reversal polarization and oxidation or gasification of depos-
ited carbon by pumping of oxygen to the catalyst surface (in
0?" or co-ionic conducting reactors) or by increasing surface
coverage of H,0, respectively, with subsequent decrease in
OPEX associated with catalyst regeneration or replacement;
(d) monitoring and controlling the reaction simultaneously
during the process, by measurement of the generated current
variation (use as an electrochemical sensor), with no need for
gas analysis, with the subsequent decrease in CAPEX and
OPEX associated with process instrumentation and control.

As Table 1 shows, the electrochemically assisted catalytic
CO, hydrogenation has been studied by other groups over Pt
on YSZ (an O?  conductor) [38—40], Pd on SCY (a proton
conductor) [41], YSZ or Na-BAl,03 (a Na* conductor) [42], Rh on
YSZ [38,43], Ru on YSZ, Na-BAl,05, K-BAlL,03 (a K™ conductor)
or BZY (a proton conductor) [44—53], free-standing and Co304
supported Ru nanoparticles on BZY [54], Ru nanoparticles or
Ni or Ru impregnated carbon nanofibers on YSZ [55], Ni on K-
BAl,O3 [56], Ni nanoparticles on YSZ [57], nanodispersed
Ru—Co on BZY [58], Fe-oxide [59] or Ru—Fe oxide [60] nano-
wires on YSZ and PdZn alloys on Na-BAl,0O3 or K-BAl,O3 [61].
However, the hydrogenation of CO, on Cu in solid electrolyte
ion conducting reactors has been less explored. It has been
studied over Cu on TiO,-YSZ [38], Cu on SrZrpsYo10s3.. (a
proton conductor) [62], and Cu nanoparticles [63] or CosO4
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Table 1 — Comparative of studies on electrochemically assisted catalytic hydrogenation of CO,.

Catalyst Electrolyte/ Coating Operating conditions XCO, (%) Selectivity Rate (mol/s) [Almax Ref.
configuration method
Pd SCY (H") disk - 450-700 °C, 1.3NL/min = 100% CO rCO=1E-09 0.3 [41]
(double chamber) CO, (0.09—-1.1%) in He (450 °C, 1.1% CO,)
(cathode)/H, (anode)
Cu SZY (H*)/disk - 550-750 °C, 1.2—1.8NL/h = 100% CO 1CO<1 E-09 2 [62]
(double chamber) CO; (0.6—2.4%) in He (600 °C, 1.1% CO,)
(cathode)/H, (anode)
Pt YSZ (0?7) tube Organometallic 650—800 °C, 1.2NL/h, —2 to 100% CO 1CO= 5E-08 10 [39]
(Fuel cell type) paste +2V (725 °C, H,/CO, = 4, -1V)
CO, (1-10%) and H, (1—10%) rCO= 20 E-08
in He (650 °C, Ho/CO, = 1, -1V)
Pd YSZ (0*") tube Organometallic 490589 °C, 2.3—18NL/h, = 100% CO rCO= 7 E-09 150 [42]
(Fuel cell type) paste —-1.2to —2.2V (589 °C, H,/CO, = 4, —2.2V,
CO; (19.3—21.5%) and H, (49 low disp. Pd, 12NL/h)
—73.3%) in N, rCO= 8 E-09
(533 °C, H,/CO, = 2, —2.2V,
high disp. Pd, 8NL/h)
Na-&-AlL0j; (Na*) 545-605 °C, 2.3—18NL/h, = 100% CO 1CO= 2 E-09 =
disk —-1.2to —2.2V (545 °C, Hy/CO, = 3.5, —1.2V,
(Fuel cell type) CO; (19.3—21.5%) and H, (49 4.4NL/h)
—73.3%) in N,
Rh YSZ (07) tube Organometallic 328—-477 °C, 0.9—3NL/h, —-0.4 - SCH;4=19% rCH,= 2.9 E-09 210 [43]
(Fuel cell type) paste to —1.6V (451 °C, H,/CO, = 1.5, 2.3NL/h, —0.6V)
CO, (1-10%) and H, (1.5
—90%) in He
Rh YSZ Sputtering 280—380 °C, 60NL/h, —3 to 5 SCH,=12% rCH,= 0.4 E-07 — [38]
(monolithic type) +3V (380 °C, -3V, H,/CO, = 5.6)
CO, (1%) and H; (5.6%) in He
Pt 380 °C, 60NL/h, —4 to +4V 2.5 100% CO 1CO=1.6 E-07 =
CO, (1%) and H, (5.6%) in He (380 °C, H,/CO, = 5.6, +4V)
Cu/TiO, 220—380 °C, 60NL/h, +3V =40 SCH,=35% rCH,= 0.9 E-06 0.3
CO, (1%) and H, (5.6%) in He (380 °C,-3V, H,/CO, = 5.6)
=30 SCH,=39%% rCH,= 1.1 E-06
(380 °C, +3V, Hy/CO, = 5.6)
220—380 °C, 60NL/h, = SCH,=100% - -
CO, (1%), H, (5.6%) & CH50H (+3V & 0.C))
(0.5%) in He
Ni-carbon YSZ disk Impregnation & 300—450 °C, 6NL/h, —1.5 to - SCH,;=15% rCH,= 4 E-08 — [55]
nanofibers (single chamber) sputtering +1.5V (440 °C, —0.7V)
(CNE) CO, (1%) and H, (5.6%) in He
Ru—CNF - SCH4=55% rCH,= 0.35 E-08 =
(440 °C, —0.24V)
Ru YSZ disk Impregnation 200—-340 °C, 12NL/h, +1V = SCH;=14% (+1V)  rCH4= 0.5 E-07 (x1V) 1000 [44]

(single chamber)

CO, (0.5-2%) and H, (0.1
—15%) in He

SCH,=6% (-1V)
(300 °C, H,/CO, = 7)

(continued on next page)
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Table 1 — (continued)

Catalyst Electrolyte/ Coating Operating conditions XCO, (%) Selectivity Rate (mol/s) AN e Ref.
configuration method
Ru K-83-Al,05 disk Impregnation 280—420 °C, 6NL/h, —0.8 to — SCH,;=98% — - [46]
(single chamber) 0.8V (420 °C, H,/CO, = 7, +0.4V)
CO, (0.25—-2%) and H,
(2—14%) in He
Ru YSZ disk Impregnation 200—-340 °C, 6NL/h, +2V SCH,=80% (+2V)  rCH4= 5.3 E-08 (+2V)
(single chamber) CO; (0.5—2%) and H, SCH4=54% (-2V)
(0.1-15%) in He (315 °C, Ho/CO, = 7)
Na-3-Al,03 disk — rCH,= 0.5 E-07 (+2V)
(single chamber) rCH,= 0.2 E—07 (-2V)
(315 °C, H,/CO, = 7)
Pt K-83-Al,03 candle Dip-coating 400 °C, 90/522NL/h, —3 to 3V 1 SCH4=32% — — [65]
(bipolar single chamber) CO; (19.9—49.9%) and H, (522 NL/h, 3V)
(49.9-79.9%) N, balance 2.5 SCH,=18% = =
(0.5%) (90 NL/h, 2V)
(400 °C, H,/CO, = 1)
10 SCH,=90% =
SCO=10%
(400 °C, H,/CO, = 2, 522NL/h, +3V)
Pt YSZ tube Dip-coating 400 °C, 90NL/h, —2 to 2V 25 SCH4=32% = = [67]
(bipolar single chamber) CO; (19.9—49.9%) and H, (H»/CO, = 2, 0.5V)
(49.9-79.9%) N, balance
(0.5%)
Ru BZY disk Impregnation 350—450 °C, 12NL/h, -1 to — SCH,=20% rCH,= 1.5 E-07 500 [47]
(single chamber) Y (+1V, 450 °C) (+1V, 400 °C)
CO, (0.25—2.5%) and H, SCH,=54%
(1-15%) in He (-1V, 450 °C)
(H,/CO, = 7)
Ni K-3-Al,05 disk Ni+a-Al,O; paste 340-300 °C, 1.2—12NL/h, -2 = SCH;=40% rCH,= 1.5 E-05 = [56]
(single chamber) to 2V (2V, H,/CO, = 20, 300 °C, 1.2NL/h)
CO, (1,5-10%) and H,
(3-30%) in N,
Ru—Co BZY disk Impregnation 250—475 °C, 12NL/h, —1.5 to — SCH,=60% rCH,= 0.6 E-07 47 [58]
(single chamber) 1.5V (+1.5V, 450 °C) (+1.5V, 450 °C)
CO, (1%) and H, (7%) in He SCH,=68% rCH,= 0.4 E-07
(~1.5V, 450 °C) (~1.5V, 450 °C)
Ru YSZ disk Impregnation 280-380 °C, 18NL/h, -2 to = SCH,=80% rCH,= 1.4 E-07 700 [49]
(single chamber) Y (340 °C, +1V)
CO; (1%) and H, (7%) in He
Ru YSZ Sputtering 220—-370 °C, 15—150NL/h, 32 SCH4 = 92% 1CH,= 26 E-07 5 [50]
(monolithic type) —2.5to +2.5V (60NL/h, 370 °C, +2.5V)

CO, (1%) and H, (7%) in He

(443"
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Ru/Fe-oxide nanowires

Ru

Ru

Ru
Co304
RU/CO304

Fe-oxide nanowires

Pt

Fe/TiO,

YSZ disk
(single chamber)

YSZ (0?7) tube
(Fuel cell type)

BZY disk
(single chamber)

YSZ disk
(single chamber)

K-83-Al,05 disk
(single chamber)

Na-3-Al,03 disk
(single chamber)

BZY disk
(single chamber)

YSZ disk
(single chamber)

YSZ (0?7) tube
(Fuel cell type)

YSZ tube
(bipolar single chamber)

Impregnation

Impregnation

Impregnation

Impregnation

Impregnation

Impregnation

Dip-coating

300—400 °C, 6NL/h, —1.5 to
+1.5V

CO; (1.5%) and H,
(1.5-10.5%) in He

200—460 °C, 12—24NL/h, —1
to +1V
CO, (1/3%) and H, (7%) in He

350-400 °C, 6-24NL/h, —1 to
1w

€O, (0.25—2.5%) and H, (1
—15%) in He

320 °C, 6-24NL/h, —1 to 1V
CO; (0.25—2.5%) and H, (1
—15%) in He

350 °C, 6-24NL/h, —1 to 1V
CO; (0.25—2.5%) and H, (1
—15%) in He

320 °C, 6-24NL/h, —1 to 1V
CO; (0.25—2.5%) and H, (1
—15%) in He

250—450 °C, 6NL/h, —1 to
1mA

CO, (1%) and H, (1-7%) in
He

300—400 °C, 6NL/h,

CO; (1.5%) and H, (1.5%) in
He

260—460 °C, 6—24NL/h, —2 to
+2V

CO; (1%) and H, (7%) in He
225-400 °C, 90—216NL/h, —2
to 2V

CO, (19.9-33.2%) and H,
(66.3—79.6%) N, balance
(0.5%)

=12

100% CO 1CO= 0.2 E-07 at +1 mA
100% CO rCO= 0.3 E-07 at -1mA
(400 °C, H,/CO, = 1)

100% CO rCO= 0.37 E-07 at +1 mA
100% CO rCO= 0.35 E-07 at -1mA
(400 °C, H,/CO, = 7)

SCH,=70% rCH,= 2.1E-07

(24NL/h, 450 °C, H,/CO, = 7, -1V)
SCH,=98% rCH,= 3.3E-07
(24NL/h, 400 °C, Hy/CO, = 7 + 0.1V)

SCH,4=50% rCH,= 1.4 E-07
(+0.5V, 350 °C, (+0.5V, 400 °C, H,/CO, = 7)
H,/CO, = 4)
SCH4=60%
(+0.5V, 400 °C,
H,/CO, =7)
SCH,;=45% rCH,= 2.3 E-07
(+1V, Hy/CO, =4)  (+1V, Hy/CO, =7)
SCH,;=80%
(+1V, Hy/CO, = 7)
SCH4=93% rCH,= 2.3 E-07
(—0.15V, Hy/ (—0.15V, Hy/CO, = 7)
CO, =4)
SCH4=80%
(—0.15V, Hy/
CO,=7)
SCH,=82% rCH,= 0.2 E-07
(—0.4V, Hy/ (+0.2V,H,/CO, = 7)
CO, =4)
SCH4;=88%
(+0.2v,
H,/CO, =7)
= rCH,= 0.2 E-07
(Ru, 1 mA, 400 °C,
H,/CO, = 4)
100% CO rCO= 1 E-08 (1 mA, 400 °C)
100% CO rCO= 1.7 E-07

(450 °C, H,/CO, = 7, -2V)

SCsHs=40% =
(325 °C, H,/CO, = 4, 90NL/h, —0.5V)

1 [60]

0.6

2.2

=50 [51]
=500

- [48]
- [54]
- [59]
- [40]
=1600 [68]

(continued on next page)
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Table 1 — (continued)

Catalyst Electrolyte/ Coating Operating conditions XCO, (%) Selectivity Rate (mol/s) AN e Ref.
configuration method
Ru YSZ disk Impregnation 250 °C, 6NL/h, 50 pA = = rCH,= 0.4 E-07 34 [53]
(single chamber) CO, (1%) and H, (7%) in He
Cu NPs YSZ disk Impregnation 250—450 °C, 6NL/h, —1.5 = 100% CO rCO= 1.5 E-07 4.14 [63]
(single chamber) —+2.5V (450 °C, +2V, Hy/CO, = 1)
CO, (0.1-1%) and H, (1—-6%) = 100% CO 1CO= 0.6 E-07 6.03
in Ar (400 °C, +2V, H,/CO, = 3)
= 100% CO rCO= 1E-07 4.99
(400 °C, +2V, Hy/CO, = 6)
Ni NPs YSZ disk Impregnation 360—420 °C, 18NL/h, -2 to = 100% CO 1CO= 1E-08 = [57]
(single chamber) 1wv (420 °C, H,/CO, = 4, 0.C.)
CO; (1-3%) and H, (1-7%) in
He
Ru YSZ Sputtering 370 °C, 60NL/h, —2.5/+2.5V =39 SCH4 = 80% rCH,= 30 E-07 =3 [52]
(monolithic type) CO; (0.2—4%) and H, (1 (+2.5V, Hy/CO, = 4)
—12%) in He =12 SCH4 = 68% rCH,= 8 E-07 =2
(~2.5V, Hy/CO, = 4)
Cu/Co304 YSZ disk Impregnation 200—400 °C, 6NL/h, -1—+2V = 100% CO 1CO= 0.6 E—07 at +2V 190 [64]
(single chamber) CO; (0.3—1%) and H, (1-6%) = 100% CO 1CO= 1.4 E-07 at -1V
in Ar (400 °C, H,/CO, = 1)
= 100% CO rCO= 1.2 E-07 at +2V 175
= 100% CO 1CO= 1.9 E-07 at -1V
(400 °C, H,/CO, = 6)
PdZn K-83-Al,05 disk Impregnation 300—340 °C, 3.6—9.6NL/h, —2 0.1 SCH;0H = 60% rCH;0OH = 0.9 E-07 250 [61]
(single chamber) to 2V SCO=40% 1CO= 9 E-07
CO, (0.25—2.5%) and H, (1 (+2V, Hy/CO, = 9, 300 °C, 7.2NL/h)
Na-13-Al,05 disk —15%) in He = = rCH50H = 7.2 E-05 =
(single chamber) 1CO= 1.8 E-06
(-0.5V, H,/CO, = 9, 300 °C, 7.2NL/h)
Cu K-83-Al,03 candle Electroless 200—400 °C, 90/522NL/h, —2 =3 SCoHgO = 45% — — [66]
(bipolar single chamber) to 4V (325 °C, H,/CO, = 3, 90NL/h, —0.5 V)
CO, (19.9-33.2%) and H,
(66.3—79.6%) N, balance
(0.5%)
Cu BZCY Electroless 325-550 °C, 42NL/h, —2 to 32.5 SCH4 = 94.2% rCH,= 9.2 E-07 5.5 This work
(co-ionic H* & 0*7) candle 4v (450 °C, H,/CO, = 4, 42NL/h, —0.5 V)
(bipolar double CO; (19.9) and H, (79.6%) N,

chamber, SOEC)

balance (0.5%)

et
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supported Cu on YSZ [64]. The main products obtained in
these studies were methane and carbon monoxide, except in
some cases where hydrocarbons, such as C,H, over Cu on
TiO,-YSZ [38], and alcohols, such as CH;0OH over PdZn on Na-
BAl,O3 or K-BAlL,O; [61] were also obtained. Among these
studies the higher values of CO, conversion (about 40%) and
selectivity to methane (almost 100%) were reported for the
CO, hydrogenation over Cu on TiO,-YSZ [38]. Moreover, most
of these studies were carried out at laboratory scale and low
gas flow rates, and using reactor configurations (discs), costly
metals (Pt, Pd, Ru, Rd, etc.), metal film preparation methods
(organometallic paste deposition or impregnation) and
simplified gas compositions (H, and CO, diluted in He or N,)
which are not representative of the potential practical appli-
cation of the technology to real CO, capture exit streams and
renewable electrolytic hydrogen.

Some works reported the study of CO, hydrogenation over
Ru [50,52] and Rh, Pt or Cu—TiO; [38] deposited by sputtering
on YSZ in a potentially scalable monolithic electropromoted
reactor (MEPR) under realistic operating conditions of pres-
sure, temperature and flowrate, which represent an inesti-
mable contribution to advance in the practical application of
the technology. However, Ru, Rh and Pt are expensive noble
metals and, in spite of using a cost-effective metal, the study
of electrochemically enhanced CO, hydrogenation on
Cu—TiO,/YSZ [38] was still carried out using H, and CO, mix-
tures diluted in Helium and relatively high H,/CO, ratios.

We have reported various bench-scale studies of electro-
chemically assisted CO, hydrogenation to valuable hydrocar-
bon and oxygenated fuels over Pt [65] and Cu [66] on K-BAl,0s,
over Pt, Niand Pd on YSZ [67] and on Fe—TiO, on YSZ [68]. These
studies were carried out at high gas flow rates, under atmo-
spheric pressure, at relatively low temperature and using gas
compositions representative of CO, capture exit streams and
tubular configurations easily adaptable to the existing catalytic
devices (conventional flow reactors) and prepared by readily
scalable procedures. In this work, the study of CO, methanation
over Cu on BZCY, a co-ionic (H" and 0%>") and electronic (e")
conductor, is addressed. Copper has been chosen as electro-
catalytic metal film, in spite that only CO and H,0 are reported
to be formed during the gas phase thermocatalytic methana-
tion of CO, over conventional copper catalysts [69], because
copper is not as prone to reoxidation or to catalyse coke for-
mation as nickel [26]. In addition, copper is well known as one
of the scarce efficient metals for the aqueous electrochemical
reduction of CO,, mainly to CH,, at atmospheric pressure
[70—72]. This unique feature of copper is related to the fact that
Cu exhibits moderate binding energy with the adsorbed CO
reaction intermediate resulting from CO, surface activation.
The subsequent reduction of the adsorbed CO intermediate
determines the selectivity to CH,, as moderate binding energies
are required for the formation of multi-electron products such
as CH,, i.e. too weak or strong binding energies can result
instead in CO desorption or hydrogen evolution, respectively,
from the copper surface [72]. In addition, the binding energy of
the adsorbed CO intermediate over Cu, i.e. the relative CO
surface coverage, can be modulated by varying applied poten-
tial [32] during the electrochemically assisted CO, hydrogena-
tion to considerably enhance CH, selectivity, as demonstrated
previously by Papaioannou et al. [38].

Unlike most previous studies in which electrochemically
assisted catalytic hydrogenation of CO, was performed at a
laboratory scale, this work has been carried out at an inter-
mediate scale (bench scale) between laboratory and pilot
plant. In general, the scale-up of a chemical process is carried
out in five consecutive steps: laboratory, bench, pilot, semi-
industrial and industrial. The concept of scaling-up refers to
the change from one scale to another, by stepwise
approaching the size, configuration and operating regime of
the process unit to those required for its potential industrial
application, in the course of the process research and devel-
opment. Unlike laboratory scale, bench scale research is less
fundamental and more technological and is carried out in an
experimental setup (including feeding, preheating, reaction,
control and data acquisition and gas analysis sections and
enabling long-term continuous operation) and equipment
(easily scalable monolithic or tubular reaction structures
prepared by readily scalable procedures) configurations and
operating conditions (high gas flow rates, concentrated CO,
and H, binary mixtures, stoichiometric H,/CO, ratios, etc.)
similar to those existing or recommended at industrial scale.
Moreover, the bench scale entails a higher level of instru-
mentation and automation than the laboratory scale.

Therefore, this work presents, to the extent of our knowl-
edge for the first time, a bench-scale study of CO, methanation
at the cathode side of a tubular co-ionic (H* and O®~ ion con-
ducting) solid oxide electrolyte cell (SOEC). Specifically, elec-
trochemically assisted CO, hydrogenation to CH, was
investigated over a non-precious, widespread and cost-
effective Cu electrocatalytic film (cathode) coated by electro-
less on a commercial (CoorsTek Membrane Sciences) anode
(Ni-BZCY)-supported solid electrolyte (BZCY) candle. The study
was carried out under atmospheric pressure at relatively high
flow rates and intermediate temperatures, and using realistic
gas compositions and an easily-scalable tubular configuration
as an approach to a potential practical application of the
technology. This work aimed to identify the most appropriate
operating conditions in order to increase energy efficiency in
CH, formation by maximizing CO, conversion and selectivity to
CH, and by minimizing energy input in CH, formation, thatis to
say to maximize Faradaic efficiency, and also to minimize
selectivity to CO and thus to reduce methane purification costs.
Therefore, this study may contribute to fulfil the main key
challenges for advancing CO, hydrogenation to fuels.

On the other hand, Kyriakou et al. [73] have already studied
hydrogen production by steam reforming at the anode side
(Ni-BZCY) of a similar cell reactor (Ni-BZCY/BZCY/Cu) and
simultaneous separation of hydrogen through the BZCY solid
electrolyte membrane, which may contribute to speed the
development of the proposed tubular co-ionic SOEC for the in-
situ production of methane from CO, and renewable
hydrogen and energy sources.

2. Material and methods
2.1. Experimental set-up

The Cu/BZCY/Ni-BZCY electrochemical cell evaluated in this
work consisted of a thin Cu electrocatalytic film (cathode)
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deposited on the outer surface of a 10-mm-i.d., 100-mm-long,
and 1-mm-thick anode (Ni-BZCY72)-supported solid electrolyte
(BZCY72) tube (CoorsTek Membrane Sciences), closed at one
end to enable the set-up of a double-chamber cell configura-
tion. The Ni-BZCY anodic electro-catalyst was considered
appropriate because it has been reported to be a highly active
support [73]. The Cu cathode was chosen as working electrode
because it is known to be effective in reactions involving
reduction of CO such as methanol synthesis, RWGS or hydro-
genation of CO, [73,74].

The copper layer was coated on the outside surface of the
anode-supported BZCY tube by electroless deposition
method, because it has been reported to improve cell perfor-
mance [75] compared to Cu electrodes coated via conventional
plating by depositing an organometallic paste of Cu on top of
the solid electrolyte membrane [73,76]. However, Patki et al.
[77,78] showed that Cu electrodes fabricated using pastes are
thick (typically 10—20 pm), present poor adhesion to the BZCY
electrolyte, are prone to delamination and exhibit an unstable
microstructure on high temperature heat treatment. This
work made use of the electroless method [79—-83], an auto-
catalytic chemical technique that allows the deposition of a
metallic film on top of insulating or conducting solid work-
pieces without the use of an external electrical power supply.
Therefore, this technique is pertinent to non-conductive
ceramic substrates, such as electrolytes. Electroless was cho-
sen because of the various advantages it presents over other
deposition techniques: allows the deposition of very thin films
of either one single metal or chemically similar metal alloys,
over any substrate geometry and either outside or inside of a
tubular support.

Substrates require previous activation by a catalyst, typi-
cally palladium, to initiate the deposition process. Copper,
among other metals, is electrocatalytic, i.e., once deposition
begins, the thickness of the film continues to increase.

On this occasion, the outer surface of the BZCY tube was
first cleaned with a mix of methanol and acetone (50/50) and
then activated with a thin Pt layer deposited by dip coating. Pt
precursor solution was prepared in accordance with a CIEMAT
European patent [84] following the procedure described in
detail elsewhere [65,67]. After platinum activation, the Cu film
was deposited by electroless following the procedure
described in detail in elsewhere [66]. To form the double
chamber reactor configuration, once the cathode Cu film has
been deposited, the tubular electrochemical cell was attached
to a 110-cm long, 10-mm inside diameter, 1-mm thick quartz
tube. The quartz tube was glued to the cell with a product
specifically designed for ceramic materials (Ceramabond 569),
but only after their surfaces were etched and smoothened
with an abrasive sandpaper and cleaned both with ethanol
and in a water bath with an ultrasound treatment for proper
bonding of the materials. With these steps finished, and after
4 h of air drying, the whole quartz tube was installed inside a
quartz reactor with 35.4 mm of diameter and 1150 mm of
length. The annular space between the two quartz tubes
conform the external cell chamber, which would then allow
the injection of gases into the internal chamber (Ni-BZCY
anode) or annular chamber (Cu cathode) of the reactor. The
double chamber reactor was placed in a concentric three-zone
electrical furnace integrated in a bench-scale plant, described

in detail elsewhere [65], which is able to process up to 20 Nm?>/
h of gas with temperatures up to 900 °C and at atmospheric
pressure. Afterwards, the cell underwent two heat treatments
of 2 h each for curing the glue: the first one conducted at 95 °C
and the second one at 260 °C (with an increasing heating ramp
of 5 °C/min and 1 °C/min, respectively).

It must be stated that due to the previous thermal
treatments conducted, the electrocatalysts underwent an
oxidation process. When oxidized, electrical conductivity of
the electrodes decreases, so a reduction process was
implemented by injecting hydrogen into the reactor. 700
NmL/min and 170 NmL/min of H, were respectively fed into
the external and internal chamber of the reactor at 450 °C
for 4 h.

After reduction, the electrical resistance of the cell was
measured and accounted for a value of 380 Q, added to the fact
that the colour of the Cu catalyst turned back to its initial one;
both being factors of adequate electrical conductivity of the
electrodes.

Both cathode (Cu) and anode (Ni-BZCY) electrodes were
connected to a potentiostat-galvanostat (Voltalab 21) through
two different stainless steel wires to allow the induction of
voltage potentials across the electrochemical cell.

Gases used in the experiments were fed from compressed-
gas bottles (Air Liquide) and were metered by a battery of
electronic mass flow controllers (Brokhorst High-Tech). Gas
samples were analysed using a gas micro-chromatograph
(Varian CP- 4900). The sampling line from the reactor exit to
the gas micro-CG was heated to avoid potential condensation
of any volatile products.

The gas micro-GC was equipped with automatic injectors
and three column modules attached to the corresponding
micro thermal conductivity detector (micro TCD) which
enabled the analysis of H,, N, CO, CH,, CO, and various light
hydrocarbons and oxygenates. Helium was used as reference
and carrier gas.

2.2. Catalyst characterisation

The cross-section and the outer (Cu film cathode) surface of
the Cu/BZCY/Ni-BZCY electrochemical cell were charac-
terised, both as prepared (after Cu deposition and calcination
in air for sealing the tube) and after H, reduction and testing,
by Scanning Electron Microscopy (SEM) coupled to Energy
Dispersive X-ray spectroscopy (EDX), X-Ray Diffraction (XRD)
and X-ray Photoelectron Spectroscopy (XPS) techniques
described previously elsewhere [66].

The morphology and thickness and surface Cu distribution
of the Cu film were examined via SEM-EDX by means of a
HITACHI $-2500 instrument of 35 A of resolution and 25 kV of
accelerating voltage.

Diffractograms of the Cu film were recorded on a PHILIPS
“Xpert-MPD” apparatus utilizing a Cu Ka. X-ray source (40 mA
and 45 kV), a step time of 2 s, a 26 range of 15—75° and a step
size of 26 = 0.03°.

The average crystallite size of the copper film was esti-
mated from X-ray line broadening analysis of the main
diffraction peak of metallic Cu for the reduced sample, by the
Debey-Scherrer equation (1) [85—88]:
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(1)

Where d. is the Cu crystallite diameter in nm, K is a constant
known as the shape factor which usually takes the value of
0.9, A is the incident X-ray wavelength in nm, B is the width at
half height (FWHM) of the most intense XRD peak of Cu metal
in radians and 6 is the diffraction angle in degrees.

The metallic dispersion of the Cu cathode film was esti-
mated using equation (2) [85].
p=21 4100 2

dc
Where D is the metal dispersion expressed in percentage and
d. is the Cu crystallite diameter obtained from equation (1) in
nm.

The surface chemical composition of the Cu film was
analysed via XPS by a PerkinElmer PHI 5400 System with a
beam diameter of 1 mm and a Mg Ka (hv = 1253.6 eV) excita-
tion source (20 mA and 15 kV). Base pressure in the analytical
chamber was about 10~° Torr. The step energy was 89.5 eV for
broad spectra (0—1100 eV) and 35.75 eV for high resolution
spectra. The energy scale was referenced to the carbon 1s
signal at 285.0 eV.

2.3. Operating conditions and procedure

The Cu cathode film was previously reduced in H, at 450 °C for
4 h and then tested at atmospheric pressure and under a bi-
nary gas mixture with a H, to CO, molar ratio of 4, as required
by the stoichiometry of the methanation reaction, and a flow
rate of 42 NL/h. CO, gas characteristics simulated those of a
CO; capture amine scrubbing industrial process (>99% purity),
while H, simulated the ones obtained from a renewable pro-
cess such as electrolysis (>99% purity). A diluted H, (10% v/v H,
in Ny) stream (6 NL/h) was fed to the inner anode chamber as a
source of H" promoter ions and to avoid the Ni anode from
oxidizing.

Firstly, open circuit experiments were performed, under
temperature programmed manner, in order to identify a
suitable operating temperature, by following the effect of
temperature (between 325 and 550 °C) on CO, conversion and
selectivity to the different products (mainly CH, and CO)
under un-promoted conditions. Then, potentiostatic electro-
promoted tests were performed to investigate the steady
state influence of polarization on the behaviour of the electro-
catalysts in closed circuit configuration. Open circuit potential
was maintained during 30 min prior to each test to define a
reproducible reference state. The effect of polarization (under
application of constant potentials from 2 to —2 V with a 0.5V
step decrease) on catalyst performance was investigated at
the temperature selected from the temperature programmed
tests (450 °C). The carbon mass balance (relative difference
between carbon mass at the reactor inlet and outlet) was
calculated for each test to gauge potential coke deposition.
The error closing the carbon mass balance resulted to be lower
than 3%.

A small quantity of N, (around 0.5%) was also added to the
H, and CO, binary mixture as an internal standard to balance

subsequent calculations. Accordingly [65], equation (3) was
applied to determine CO, conversion (Xco,).

_ (4 _[COs], x [N2]i\
XC"Z‘(l [cozhxwo) 100 @

Where [CO,); and [CO,], are the CO, molar concentrations at
the inlet and outlet of the cathodic chamber. Analogously,
inlet and outlet molar concentrations of N, are represented by
[Nz]i and [Nzlo.

Selectivity of the different products generated in the re-
action, known as “CO, free selectivity”, was defined [65] as (4):

Lk .
= [ —S™Mi)uigo @)
J-fan X Mj

j=1

Where “S;” is the selectivity, “c;” is the number of carbon atoms
and “M;” is the molar flow of product i, respectively and “n” is
the number of different products formed.

To obtain the catalytic rate of CO, the following equation
(5) was considered:

Qco, *Xco,)/100
Where rCO; is the catalytic rate in mol/s of the conversion of
COy, Qco, is the flow rate in NmL/min of CO, injected into the
system considering the utilized H,/CO, ratio of 4, and 22141 is
the molecular volume of a gas in NmL/mol.
From (5), the catalytic rate of formation of any product
generated in the reaction could be calculated as in (6):

_ TCOQ*Si
=700 (©)

Where, 1; is the catalytic rate of formation of productiin mol/s
and rCO, and S; are obtained from (5) and (4), respectively.

The effect of polarization on catalyst performance for the
CO, methanation reaction was evaluated in terms of the rate
enhancement ratio [65] defined as (7) and the apparent Fara-
daic efficiency or NEMCA (Non faradaic Electrochemical
Enhancement of Catalytic Activity) enhancement factor A
[38,68] defined from (8).

Ti
Tio

)

Pi

(ri — Tio))*E;i _ Ari(mol/s)*E;

A="F = (8)

Where 1; is the electropromoted rate (under application of a
given potential V) and rj, is the unpromoted catalytic rate
under open circuit conditions (without potential application)
of the corresponding product formation. F is the constant of
Faraday (96485C/mol), I is the applied current, Ar; is the cur-
rent- or potential-induced variation in the catalytic rate (mol/
s) and E; is the g-eq factor for each product formation reaction.
The Faraday's law predicts Ar; in g-eq/s and a g-eq is equal to
the molecular weight of the compound formed divided by the
number of electrons transferred. In this way, the number of g-
eq can be represented as moles multiplied by the number of
electrons transferred. Therefore, E; can be calculated as the
number of electrons transferred divided by the stoichiometric
coefficient in each product formation reaction. In this study, A
has been calculated for the target product (methane)
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formation (Acpua), i-e. Ecua = 8, according to the stoichiometry
of the CO, methanation reaction. The term I/F relates to the
rate of ions (g-eq/s) transferred according to the Faraday's law.
Thus, |A| = 1 denotes pure Faradaic rate enhancement, and |A|
>1 indicates electrochemical promotion. Although reactions
conducted here are governed by non-faradaic processes
—because of the electrochemical promotion effect and viola-
tion of Faraday's laws— Faradaic efficiency is still obtained to
provide an idea of the energy efficiency of the methanation
process. The Faradaic efficiency (n.) and the energy cost (Cg)
were calculated for the CO, methanation reaction upon
different applied potentials, following equations (9) and (10)
[68], correspondingly:

ne={ (moppg, )70, ) /000 ©)

Ce=V* (Ve/yp)*F / (n* M) (10)

Where, v, is the number of electrons conveyed and », is the
stoichiometric coefficient in formation reaction of each
product (i.e. for the CH, formation reaction v, = 8 and v, = 1).
Moreover, M, and m,, are the molecular weight and mass of
product each formed, respectively.

3. Results and discussion
3.1 Catalyst characterisation studies

SEM micrographs of the Cu cathode surface, both as
deposited and after reduction and testing, are shown in
Fig. 1a and b, respectively. A SEM micrograph of the interface
between the Cu cathode film and the BZCY solid electrolyte
is shown in Fig. 1c as prepared. The Cu film thickness can be
assessed from Fig. 1c and resulted to be between 1.1 and
1.5 pm.

In order to give an idea of the level of Cu dispersion, an EDX
mapping of the Cu distribution in the as prepared Cu porous
film is shown in Fig. 2.

Therefore, it can be stated that the utilized electroless tech-
nique enabled the deposition of a porous resembling and very

a

CIEMAT

e
CIEMAT
MAG: 1000 x HV: 25,0 kV

Cu-BZCY

Cu-BZCY-U
MAG: 1000 x HV: 25,0 kV

Fig. 2 — EDX mapping of Cu surface distribution in the as
prepared Cu film.

thin Cu film (<2 pm), rendering a low surface electrical resistance
(below 1 Q) and enhanced proton and oxygen ion transfer to or
from the catalyst surface and reactant/product diffusion, which
make it suitable for the electro-catalytic tests [89].

The Cu film seems to exhibits also good adhesion with the
BZCY electrolyte given that it is continuous, as can be derived
from the SEM micrograph of the interface between the Cu
cathode film and the BZCY solid electrolyte (Fig. 1c) and as
verified by electrical conductivity measurements. XRD patterns
of the Cu cathode film, both as prepared (after Cu deposition
and calcination in air for sealing the tube) and after reduction
and testing, are depicted in Fig. 3a and b, respectively.

The peaks at around 20 = 43.3, 50.45, 74.1 and 89.9 in the
used (after H, reduction and testing) sample were identified as
diffraction peaks of metallic Cu (JCPDS card no. 01-085-1326);
whereas the peaks at about 20 = 29.6, 36.5, 42.4, 52.6, 61.55,
69.79, 77.6 and 85.2 in both samples can be ascribed to Cu,0
(JCPDS card no. 01-077-0199). Upon reduction and testing, a
shift in the peaks associated to Cu oxides to 26 = 36.6, 42.6,
61.7 and 77.9 is observed, which may be ascribed to the
presence of CuO (JCPDS card no. 01-078-0428).

The average crystallite size of the Cu film was around
42 nm, as calculated (1) from X-ray broadening of the main
diffraction peak of metallic Cu (Cu (111) reflection at

CIEMAT Cu-BzCY
MAG: 20000 x HV: 25,0 KV

Fig. 1 — SEM micrographs of the Cu cathode: (a) surface as prepared, (b) surface after reduction and testing and c) Cu film.


https://doi.org/10.1016/j.ijhydene.2023.08.325
https://doi.org/10.1016/j.ijhydene.2023.08.325

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 52 (2024) 1338—1359

1349

(b)

()

Intensity (a.u.)

[ ]
‘ A R - |

.
50 60 70 80 90
26 (degree)

L ]
[ ]
*
| |
[ ]
*
b b
[ ]
[
[
30 40

Fig. 3 — XRD analysis of the Cu cathode film: (a) as prepared
and (b) after reduction and testing. Cu° (m), Cu,O (e) and
CuO ().

20 = 43.317) via the Debey-Scherrer equation [85—88]. The
metal dispersion of the Cu cathode film has been also esti-
mated (2) from the obtained crystallite diameter and resulted
to be of approximately 2.6% [85].

The Cu loading (total quantity of metallic Cu coated) was
about 0.025 g. The electrochemical active surface area (mol of
active sites) of the Cu cathode film was calculated [55] from
metal dispersion and Cu loading and was about
1.02 x 10~ mol Cu.

XPS spectra of the Cu cathode film, both as prepared and
after reduction and testing, are also shown in Fig. 4a and b,
respectively.

XPS analysis of the as prepared Cu film made evident the
presence of various surface compounds, resulting in Cu being
present as 80.6% Cu,0 and 19.4% CuO/Cu(OH),, as shown by
the appearance of peaks at binding energies of about 932.1 eV
and 934.2/936.3 eV, respectively, in the Cu 2p3/2 spectra.

It seems that exposure of the Cu catalyst film to hydrogen
and reducing testing gas environment resulted in an almost
complete reduction of Cu oxide to metallic Cu, in accordance
with XPS analysis of the used sample, resulting in almost all
(94%) Cu being present in metallic form with a small amount
(about 6%) of Cu remaining as Cu oxides as resembled by the
appearance of peaks at binding energies of about 931.9 eV and
934 eV, respectively, in the Cu 2p3/2 spectra. The appearance
of a peak at about 529.2 eV in the O1s spectra seems to confirm
the presence of metal oxides (mainly CuO) in the as prepared
and used samples. XRD results seem to confirm these findings
as resembled by the appearance of characteristic diffraction
peaks of metallic Cu in the used sample and the observed shift
in the XRD peaks associated with Cu oxides after reduction
and testing.

3.2. CO, hydrogenation tests
3.2.1. Effect of temperature

Firstly, open circuit (un-promoted) experiments were per-
formed at temperatures between 325 and 550 °C in order to

identify a suitable operating temperature. Results obtained
from these tests are shown in Fig. 5.

As it can be appreciated in Fig. 5, the only products
generated were CH, and CO. Selectivity to CH, clearly presents
a higher value than that of CO, especially at temperatures
between 350 and 400 °C (with a maximum of 97.34% at 400 °C);
which corresponds to that reported in literature [38]. High
selectivity to CH, was expected considering the ratio of 4 used,
which was chosen according to the stoichiometry of the
methanation reaction (11). However, such a high selectivity to
methane is reported not be easily achieved [47,65], especially
under open circuit conditions. Such high values may be
explained by various factors. First, although no polarization
was applied, a small potential difference was measured across
the cell (0.128 V), which could have been caused by the
different partial pressures of H, at separated sides of the cell
and the distinct composition of the electrodes. In addition, it
must be noticed that promoter ions can also thermally
migrate from the electrolyte to the catalyst surface (or vice
versa) due to the increased ionic conductivity of the electro-
lyte at high temperatures.

CH,4 was preferentially formed over CO on Cu/BZCY under
the studied operating conditions. CH, selectivity slightly
increased with temperature up to 400 °C, whereas CO, con-
version exhibited a minimum at 450 °C. At higher tempera-
tures, where methanation (exothermic) (11) and reverse water
gas shift (endothermic) (12) reaction is thermodynamically
retarded and favoured [90], respectively, CO selectivity starts
to rapidly increase up to about 21% at 550 °C, while CH, one
decreases to around 79%.

A temperature of 450 °C was finally selected for the
subsequent potenciostatic tests in order to assure high
values of electronic/co-ionic conductivity of BZCY and CH,
yield. This value was chosen as a projective measure for
future tests of CO, hydrogenation with in-situ H, produc-
tion, since main H, production processes at the anode side
of similar electrochemical cells based on BZCY co-ionic
electrolytes, such as electrolysis [91] and reforming [73]
are endothermic and thus favoured at higher temperatures.
In fact, Kyriakou et al. [73], which studies low-temperature
methane steam reforming in a double-chamber reactor at
the anode side of the same electrochemical cell (Ni-BZCY/
BZCY/Cu) as this paper, utilized an operating temperature
range of 450—600 °C.

CO, +4 H, — CH, + 2 H,0 (AHr = — 165 kJ / mol) (11)
CO, +H, — CO + H,0 (AHr = +40 kJ / mol) (12)
3.2.2.  Effect of potential

Fig. 6 shows the resulting effect of the applied potential on the
conversion of CO, and formation of CH, and CO. As it can be
appreciated in Fig. 6, there is a maximum in selectivity to CHy
of 94.2% at —0.5 V; after 0.5 V it starts to drop, reaching a value
of 90.9% at 2 V. CO, conversion presents a local minimum of
23.8% under open circuit conditions (about 0 V), but shows a
rather progressive increase from 19.7% at —2 V to 32.5% at
—0.5 V and from 32% at 0.5-34.7% at 2 V. Selectivity to CO
remains almost constant around 6% until 0.5 V, where it starts
to increase, reaching a maximum of 9.1% at 2 V. These
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Fig. 4 — XPS spectra of the Cu cathode film: (a) as prepared and (b) after reduction and testing.

conversion and selectivity variations are explained by the
migration of ionic promoters, which move across the elec-
trolyte from the cathodic electrocatalyst to the anodic one
(and vice versa) depending on the applied polarization. It must
be pointed out that BZCY is a co-ionic electrolyte, so both
oxygen ion (0%") and proton (H") promoters took part in the
electropromoted phenomena.

With increasing positive potentials, the work function of
the electrode increased by addition of O>~ promoters and
removal of H", thus facilitating the adsorption of Hy; i.e., the
electrode turns positively charged (because of a deficiency of

electrons) and favours the transference of electrons from
electron donor molecules (such as H,) to the Cu catalyst,
whereas simultaneously the adsorption of electron acceptor
molecules (such as CO,) is hindered. With increasing negative
potentials, H* promoters are pumped to and O®~ promoters
are removed from the cathode surface, diminishing the work
function of Cu and thus facilitating the chemisorption of CO,
and inhibiting the adsorption of Hy; i.e., the electrode comes to
be negatively charged (due to a surplus of electrons), favouring
transference of electrons from the Cu catalyst to electron
acceptor compounds (such as CO,) and hindering the
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adsorption of electron donor ones (like Hy) [32,92]. In this
manner, according to the relative electronegativity of the
distinct adsorbates involved in the CO, methanation reaction
and on which of them is in excess on the Cu catalyst surface,
the applied polarization, and thus the removal or supply of H*
and 0%~ promoters to the Cu surface, might have beneficial or
adverse effect on the overall methanation kinetics. Therefore,
the displayed electrochemically promoted catalytic perfor-
mance may be rationalized taking into account the influence
of changing applied potential on the chemisorption strength
of reactants, intermediates and products.

At negative potentials, pumping of H" to and removal of
0% from the Cu cathode surface enhances CO, adsorption
and activation, occasioning the formation of a very distorted
CO, molecule (CO,*) that interacts with the Cu catalyst surface
(13) and forms a strong Cu—CO,* bond [93,94].

CO, +e —CO, (ads.) (13)

Due to the removal of 0%~ ions, negative polarization also
strengthens the Cu—C bond and weakens the C—O bond,
enhancing CO, dissociation to CO (14). Considering the rules of
electrochemical promotion [38,44], CO dissociative adsorption
is less favoured at negative potentials (CO has a lower electron
acceptor capacity than CO,), subsequently resulting in CO
desorption (15) an in an increase in the selectivity to CO.
However, in this case, CO selectivity appears to decrease at
negative potentials, whereas CH, selectivity increases. This is
explained by electrochemical semi-reactions taking place at
the electrode surface which are favoured by 0> removal from
the catalyst; i.e. the weakening of C—O bond upon negative
polarization also favours dissociation of CO (16) and CO; (17),
via 0~ abstraction, into reactive surface carbon species C*
over small Cu particles, resulting in a decrease in CO selec-
tivity [95].

CO;” (ads.)+e~ — CO" (ads.) + 0%~ (14)
CO" (ads.)—>CO (15)
CO" (ads.) +e~ — C" (ads.) + 0*" (16)
CO, (ads.)+4e” — C" (ads.) +2 0% (17)

Taking into account reactions (16) and (17), it can be
seen that negative polarization favours the formation of
CH, precursor species (C*). In addition, under a stoichio-
metric H,/CO, ratio of 4, hydrogen coverage at the elec-
trode surface should be higher enough for C* adsorbed
species (CH,4 precursor species) to be further hydrogenated
to CH4 as in (18) [85,95]. Moreover, despite hydrogen evo-
lution reaction (19) (which may limit the CO, hydrogena-
tion) is favoured at negative potential, pumping of H* to
the Cu catalyst surface upon negative polarization may
contribute also to an increased hydrogen surface coverage
improving CO, methanation [28,37]. Thus, the reduction of
CO species (16) (before desorption) or total CO, reduction
(17) could be the reason for the observed behaviour at
negative potentials.

C" (ads.) (CH, precursors) + O (ads.) + 6 H (ads.) —» CH, + H,0
(18)

2H™ (ads.) +2e” —H, (19)

The application of positive potentials give rise to a migra-
tion of oxygen ions to the catalyst surface and a removal of H*
from the catalyst surface, favouring H, (electron donor)
dissociative adsorption (20) on the Cu surface and resulting in
an increase of the surface coverage of hydrogen and in a
decrease in CO, coverage, being CO, (electron acceptor)
adsorption the reaction limiting step.
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H, — 2H"' (ads.)+2e” (20)

In addition, according to literature [96], at positive poten-
tials CO, dissociative adsorption over Cu is thought to be
improved by coadsorbed hydrogen (21). CO adsorbed species
formed by CO, dissociation can desorb in the gas phase (15) or
can be progressively hydrogenated resulting finally in CH,
formation, expressed as (22).

CO, (ads.)+e +2H™ (ads.) > CO" (ads.) + H,0 (21)

CO’ (ads.) +6 H (ads.) — CH, + H,0 (22)

Even though that the electropromoted experiments were
carried out at a H,/CO, ratio of 4 —which corresponds which
that stoichiometrically required for CH, formation— at high
positive potentials (higher H, adsorption region) hydrogen
coverage should be higher than that of CO adsorbed species
resulting from CO, dissociation, and, thus, the latter species
gradually hydrogenated to CH,, eventually resulting in an
increment in CH, selectivity. However, on increasing poten-
tial, hydrogen is pumped away from the Cu catalyst surface,
resulting in a lower hydrogen surface coverage and therefore
in a decrease of CH, selectivity. Moreover, CO adsorption is
also limited at high positive potentials (CO is a weaker elec-
tron donor than H,) and it tends to desorb (15), which explains
the increase in CO selectivity.

Although applied negative potentials enhance chemi-
sorption of electron acceptor molecules and methane for-
mation, it must be highlighted that excessive pumping of H*
to the Cu catalyst surface can also inhibit CO, adsorption,
which explains the decrease in CO, conversion. Therefore,
in this work, at high negative potentials migration of H* to
the catalyst represents an inhibiting factor for CO, conver-
sion to CH4. On the contrary, it can be seen that CO, con-
version gradually increases with increasing positive
potentials. This happens because, despite carbon dioxide
adsorption being less favoured at positive potentials (due to
02~ pumping to the catalyst surface), a higher amount of
hydrogen is adsorbed, thus increasing CO, conversion,
either to CHy at lower potentials, or to CO at higher poten-
tials due to excessive hydrogen removal from the surface, as
explained previously.

Therefore, it can be reasonably concluded that there is a
shift in methanation pathway upon switching from positive
potentials (associative mechanism) to negative potentials
(dissociative mechanism). The mechanism of thermocatalytic
CO, methanation has been proposed to proceed through the
formation of either intermediate species (HxCO), from the
adsorbed CO generated by CO, dissociative adsorption, or
surface carbon species (C*), by rupture of the C—O bond
without intervention of CO as intermediate, and subsequent
hydrogenation of the corresponding intermediate species to
CH, [69]. In addition, two competitive pathways have been
proposed for the CO, hydrogenation to methane on Cu based
electrocatalysts, depending on applied potential [97]. The first
one takes place through the sequential hydrogenation of
adsorbed CO (CO*), deposited by the CO, dissociative
adsorption, to CHO* (formyl) intermediate and finally to
adsorbed methoxy intermediate CH;0* [5,70—72,97]. Hydro-
genation of the methyl group of CH3;0* results in the

formation of CH,. The second mechanism proceeds instead
through progressive CO, electrocatalytic reduction to adsor-
bed CO (CO*) and finally, via COH* (hydroxymethylidyne) in-
termediate, to carbon surface species (C*) which are finally
hydrogenated to CH, [5,71,72,97,98]. This route is also call as
coking pathway as can result in coke formation.

Various studies have postulated that the first route pro-
ceeds from adsorbed CO (CO*) to CH30* through C—H bond
formation via stepwise hydrogenation by surface adsorbed
hydrogen species, resulting finally in CH,; formation
[70—72,97], which is consistent with the associative metha-
nation mechanism proposed at high positive potentials
(equations (20) to (22)), and that the selectivity to CH,4 results
from the facility of the Cu (111) surface to concurrently house
CO* and H** coverages [99,100]. At more negative potentials,
the second route has been proposed to take place through the
COH* intermediate via formation of a O—H bond, by proton-
ation of CO*, and subsequent rupture of the C—O bond to give
surface carbon species (C*) which are finally hydrogenated to
CH, [71,72,97,98], which is consistent with the dissociative
methanation mechanism proposed at negative potentials
(equations (14) to (18)). These findings suggested the existence
of a change in the nature of the CO, methanation mechanism
from chemical, via reaction of coabsorbed CO and hydrogen,
to electrochemical, via reduction of adsorbed CO by the pro-
tons pumped to the Cu surface, at a given value of applied
potential [99].

To bring some evidence on the potentially formed surface
carbon intermediate species, the Cu cathode film, both as
prepared and after reduction and testing, was characterized
by XPS. Three different types of carbon species were identified
in the C 1s XPS spectra of both as prepared (Fig. 7a) and used
(after reaction) (Fig. 7b) Cu samples.

The presence of carbon in the as prepared sample can be
due to sample contamination or resulting from the used
deposition procedure. The main XPS C 1s peak at binding
energies around 284.75 eV, which could be attributed to
graphitic-like carbon (C—C or C—H) [101,102], decreased in the
used sample, indicating no substantial deactivation by coking
[97]. Two additional shoulder peaks appear, together with the
main peak, in the C 1s spectrum of the as prepared sample, at
binding energies at about 288.18 and 286.35 eV which may be
assigned as carboxylic groups (C=0) and ether groups (C—0),
respectively. The increase in the contribution of both car-
boxylic (C=0) and ether (C—O) groups (from 2.3% to 9.9% and
from 5.8% to 6.8%, respectively) and the shift to a higher
binding energy (288.37 and 286.5 eV, respectively) in the used
sample, suggest the formation of reactive surface carbon
species. More specifically the peak at 286.5 eV in the Cls
spectra of the used sample has been associated with the for-
mation of the CH;0* feature (methoxy radical or activated
methanol species) [103,104], which seems to be confirmed by
the appearance of a XPS peak at about 531.2 eV in the Ols
spectra of the used sample [105].

Ma et al. [105] studied the formation of intermediates on
the Cu,0O/Cu (111) surface during CO, hydrogenation over a
copper based catalyst. According to these studies, the Cls
peak in the binding energy range of 286.1-286.5 eV can
attributed to different species based on oxygenated hydro-
carbons (HxCO) such as CO*, CH;0*or *H,CO on Cu-oxide and
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Fig. 7 — G 1s XPS spectra of the Cu cathode film: (a) as prepared and (b) after reduction and testing.

metallic Cu surfaces, with methoxy intermediate (CH;0%)
being the predominant at temperatures higher than 327 °C,
which can be also the reason for the observed in-usual high
value of selectivity to CH, at positive potentials, as it has been
reported that the presence of adsorbed CH;OH may block
active sites for CO production via the RWGS reaction while
forming adsorbed intermediates species (such as CH;0%)
which enhanced the methanation reaction [38]. The C1s peak
in the binding energy range of 288—290 eV was ascribed
instead to the presence of CO,*/HCOO*, CO3%~ or HxCO, with
the latest oxygenated hydrocarbon (coke) based species, such
as COH*, which is thought to be the reaction intermediate at

negative potentials, being predominant at temperatures
above 327 °C [105].

Fig. 8 shows the effect of applied potential on the rates of
formation of CH4 and CO on the Cu cathode film.

Normally, methanation reaction exhibits an electrophobic
electrochemical behaviour, i.e. the rate of CH, formation di-
minishes with potential decrease, whereas Reverse Water Gas
Shift (RWGS) reaction tend to be electrophilic, i.e. the rate of
CO formation increases with decreasing applied potential over
both proton (BZY) [47,54,58], and oxygen ion (YSZ) [50] con-
ducting solid electrolytes. However, due to the co-ionic nature
of the BZCY electrolyte, the electrochemical reactions
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Fig. 8 — Influence of applied potential on the rates of (8) CH,
and (m) CO formation over the Cu cathode film. (1 bar, 42 NL/
h, Hz/COz = 4, 450 OC).

conducted in this work seem to present both behaviours,
which vary upon polarization. The system seems to exhibit an
“inverted volcano” electrochemical behaviour on CO, hydro-
genation to both CHy and CO, showing a local minimum at
around open circuit conditions (around 0V). Thus, it can be
stated that both formation reactions show electrophobic
behaviour at positive potentials (increase in catalytic rate at
increasing positive potentials) and an electrophilic behaviour
at negative ones (increase in catalytic rate at decreasing
negative potentials). However, at highly negative potentials
(<-1V), the catalytic rate of CH, and CO formation diminishes
on decreasing applied potential, supposedly due to the pre-
viously commented inhibiting effect of the excess of surface
hydrogen coverage on the CO, hydrogenation reaction.
Kalaitzidou et al. [48] carried out a comparative study of the
electrochemical promotion of CO, hydrogenation on Ru using
proton (BZY) and oxygen (YSZ) ion conducting solid electro-
lytes. They analysed also the effect of applied potential on CHy
and CO selectivity and conversion rate. By comparison with
the results presented in this work, it can be noted that the
electrochemical behaviour for methanation reaction dis-
played using a co-ionic (H" and 0%") ion conducting solid
electrolyte (BZCY) (this work) almost resemble an intermedi-
ate situation between those reported using BZY and YSZ [48].

Fig. 9 shows the variation of the rate enhancement ratio of
CH,4 (pCH,) with the applied potential.

It can be observed that negative potential application, i.e.
H* supply to, and O~ removal from the Cu catalyst surface,
leads to rate enhancement ratios of about 1.1-1.2, whereas
positive potential application, i.e. proton removal from, and
migration of oxygen promoters to the Cu catalyst surface,
leads to a slight more pronounced electropromotion obtaining
higher p values of 1.2 or 1.4 at 1.5 and 2 V, respectively. Values
of p > 1is a distinctive attribute of electrochemical promotion
vs. electrocatalysis [32]. In addition, the bigger the p value, the
bigger the NEMCA effect.

1.4
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O 124
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1.0 1
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Fig. 9 — Influence of the applied potential on rate
enhancement ratio (p) of CH,. (1 bar, 42 NL/h, H,/CO, = 4,
450 °C).

The Cu catalyst exhibited an “inverted volcano type” elec-
trochemical behaviour, i.e., CO, methanation rate enhance-
ment ratio shows a minimum under open circuit conditions
(at around 0 V) [32] (Fig. 9). This behaviour can be attributed to
the increase of CO, (electron acceptor) and hydrogen (electron
donor) chemisorptive strength and surface coverage under
negative and positive polarization, correspondingly, as pre-
dicted by the rules governing electrochemical promotion
[38,44]. The variance in the rate enhancement ratio of CH, in
Fig. 9 upon positive and negative polarization can be ascribed
to the different tendency to chemisorption of CO, and H, on
Cu. H, is less easily adsorbed on Cu in comparison with CO,
[106], therefore, the improvement of H, chemisorption by
application of positive potentials is anticipated to have a more
substantial impact on the CO, methanation rate. However, at
highly negative potentials (V < —1 V), the CO, methanation
rate enhancement ratio diminishes on decreasing applied
potential, supposedly due to the previously commented
inhibiting effect of the excess of surface hydrogen coverage on
the CO, hydrogenation reaction.

Fig. 10 shows the variation of apparent faradaic efficiency
(|A]) of CH4 with applied potential, under the same conditions.

As can be observed in Fig. 10, |A| > 1 at all applied potentials
apart from —2V, the highest values of |A| can be appreciated at
—0.5and 2V and resulted to be 5.5 and 5.9, respectively. Values
of |A| > 1 is a differentiating attribute of electrochemical pro-
motion vs. electrocatalysis [32]. In addition, the bigger the |A|,
the bigger the NEMCA effect.

Vayenas et al. [92] have reported to achieve NEMCA factor
values of 74000 and rate enhancement ratios of 100. However,
it must also be highlighted that their studies were conducted
at very small-scale electrochemical cells with current values
of 1 puA, which consequently leaded to faradaic rates in the
order of 107! and 10~** mol/s, and thus to very high A (ac-
cording to (8)). Other hydrogenation studies similar to the one
presented here, such as that of Kalaitzidou et al. [47], claim to
achieve Acpa values of above 500 and pcpq of up to 4. Yet again,
conditions applied in their work are far from realistic ones.
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h, H2/COZ = 4, 450 OC).

Experiments were carried on a lab-scale disk electrochemical
cell using H, and CO, diluted in Helium and fed into the
reactor at very small partial pressures (CO, at 0.25—2.3 kPa and
H, at 1-15 kPa). In other words, considering they were con-
ducted at atmospheric pressure (=1 bar), flow rates repre-
sented between 0.25 and 2.3% for CO, and 1-15% for H, of the
total gas injected into the reactor. Analogously to the studies
conducted by Vayenas et al. [92], the utilization of such small
reaction configurations allowed the induction of currents in
the range of 400—800 pA and thus, higher values of A and p. On
the contrary, a recent study by Chatzilias et al. [50] on CO,
hydrogenation using high gas flow rates and a monolithic
reaction configuration, reported values of Acuys up to about 5
and of pcus up to around 1.4, more in line with those obtained
in the present work.

Fig. 11 shows the influence of applied potential on the
Faradaic or current efficiency (n), in parts per unit, and on the
energy cost (Cg), in kWh per kg of methane.

The electrical energy required for producing methane can
be assessed from the values of current efficiency (9) and en-
ergy cost (10) calculated for CH, formation. As can be derived
from Fig. 11, the maximum value of Faradaic efficiency was
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Fig. 11 — Influence of the applied potential on Faradaic
efficiency (m) and energy cost (e). (1 bar, 42 NL/h, H,/CO, = 4,
450 °Q).

obtained for —0.5 V and resulted to be 33.5, which corresponds
to the minimum value of energy cost (0.002 kWh/kg). Ac-
cording to these results, —0.5 V is the optimal voltage potential
for CH, formation from an efficiency and cost-reduction point
of view.

4, Conclusions

CO, methanation was investigated over a Cu cathode catalyst
in a tubular co-ionic Solid Oxide Electrolyte Cell. In compari-
son to conventional fixed bed catalytic methanation reactors,
the proposed reaction configuration potentially combines the
advantages anticipated for the electrochemically assisted CO,
methanation and for co-ionic (H*/0?~ conducting) interme-
diate temperature electrolyte membrane reactors. The former
would allow shifting the reaction equilibrium at atmospheric
pressure, via electrochemical proton pumping to the catalyst,
instead of using high pressures, in the range of 1-100 bar,
typical for conventional reactors; increasing the reaction rate,
by electrochemical O®~ removal from the catalyst, rendering
higher conversion per pass and lower residence time, reactor
size (CAPEX) and energy costs for preheating or compression
(OPEX); enhancing the selectivity to CHy, by electrochemically
tuning H,/CO, surface ratio, resulting in higher energy effi-
ciency and lower purification costs (OPEX); increasing catalyst
poison tolerance, by electrochemically retarding their chem-
isorption, and catalyst life time, by in-situ electrochemical
tuning of catalyst activity/selectivity or regeneration, reducing
the cost associated with catalyst regeneration or replacement
(OPEX) and in-situ process control and monitoring (use as an
electrochemical sensor), lowering CAPEX and OPEX associated
with process instrumentation and control. Moreover, the
double chamber reactor configuration (SOEC) would allow the
integration of H,O electrolysis or other hydrogen producing
reaction (endothermic) and CO, methanation (exothermic) in
the same system, enabling renewable energy storage in a
more compact and smaller system, with adequate thermal
control of the whole, resulting in energy savings and reduced
CAPEX and OPEX against conventional fixed-bed reactors,
where intermediate cooling steps or gas recycling are used for
controlling methanation temperature.

The Cu electrocatalytic film (cathode), active for CO,
methanation, was successfully coated by electroless on a
commercial (CoorsTek Membrane Sciences) anode (Ni-BZCY)-
supported solid electrolyte (BZCY) candle and afterwards
characterized, both as prepared and after testing, by SEM-EDX,
XRD and XPS. Characterization results revealed that electro-
less technique allowed the deposition of a thin Cu film
(<2 um), rendering a low electrical resistance and enhanced
proton transfer to the cathode surface and reactant/product
diffusion.

Electrochemically assisted CO, methanation was studied
under atmospheric pressure, at intermediate temperatures
(ranging between 325 °C and 550 °C), using relatively high gas
flowrates (up to 42NL/h) and a realistic gas composition (4H,/
CO, binary mixture), representative of concentrated CO,
capture exiting streams and renewable electrolytic hydrogen,
and in an easy-scalable tubular cell configuration. CH, pref-
erentially forms over CO under the utilized operating
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conditions. CH, selectivity increases with temperature up to
97.3% at 400 °C. At higher temperatures, CH, and CO selec-
tivity decreases and increases with temperature up to 79% and
21%, respectively. A temperature of 450 °C was finally selected
to assure high values of co-ionic conductivity of BZCY and CHy
yield. The control of CH4 production can be carried out by
modifying the applied potential, existing an optimal potential
value, of about —0.5 V, which maximizes CH, selectivity
(94.2%). In addition, under these conditions, high values of CO,
conversion (32.5%) were obtained together with a maximum
in Faradaic efficiency (33.5) and a minimum in energy cost
(0.002 kWh/kg CH,) and with a low selectivity to CO (5.8%),
which results in greater production of CH, with a higher pu-
rity, which implies also a lower cost associated with the pu-
rification of the product.

Therefore, this study addresses some aspects, such as
operation at high gas flow rates and, under atmospheric
pressure and using representative gas compositions and
easily scalable tubular cell configurations, based on a non-
precious, widespread and cost-effective Cu cathode catalyst
and commercially available solid electrolyte supports, and
prepared by viable techniques, which may contribute to the
development of effective cathode materials for CO, metha-
nation in SOECs and to the optimization of cell operating
conditions, such as temperature and applied potential, for
increasing the energy efficiency and decreasing the costs of
the process in order to fulfil the key challenges for advancing
the process application. However, there are still research op-
portunities to improve the performance of the proposed co-
ionic SOEC configuration towards CO, methanation, such as
increasing the activity, selectivity and stability of the cathode
electrocatalyst, by decreasing its particle size and increasing
its dispersion or by addition of promoters or co-catalysts;
reducing the ohmic losses by decreasing the thickness and
increasing the electronic conductivity of the cathode electrode
and the study of the long-term performance of the cathode
catalyst under realistic conditions at a proper scale.
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