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Protonic electrochemical cells
operated at 450°C and 30 bar
enabled CO, methanation

Pressurized proton pumping and
Ni-based electrocatalysis led to
CHy yields >99%

High-pressure operation and
CO,-rich atmosphere boosted
electrochemical performance

Energy storage is crucial for transitioning from fossil fuels to sustainable resources.

Converting intermittent electricity into chemical carriers like hydrocarbons eases
storage and transport. Sustainable methane generated from electricity leverages
existing natural gas infrastructure, serving as energy storage and a
decarbonization solution for transport and industry. In methane synthesis,
integration of hydrogen production and CO, conversion in a single step will lead to
higher energy efficiency. Here, a pressurized, electrochemically driven reactor
transformed CO; into methane with yields greater than 99%.
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SUMMARY

Power-to-methane technology enables storage of renewable elec-
tricity in chemical energy, which can be transported and converted us-
ing existing infrastructure. The moderate energy efficiency of this pro-
cess is associated with high reactor exothermicity and complex thermal
integration. Proton-ceramic electrochemical cells (PCECs) enable ther-
mal combination of methanation and electrochemically driven H, steps
via endothermic reactions, boosting energy efficiency and heat man-
agement. Here, we report single-step methane production from CO,
in a tubular PCEC at 450°C and less than 30 bar. The H, reactant is sup-
plied by electrochemical pumping of protons from H, in the external
chamber. The electrochemical cell consists of an ~25-um-thick electro-
lyte (BaZrg.gCeo.1Y0.103.5) supported on a BaZrg sCeg 1Y0.103.5/Ni com-
posite acting as a methanation catalyst. The reaction was studied as a
function of total pressure, H,/CO, ratio, and current density, reaching
CH, yields greater than 99% above 20 bar. High pressure and a CO,-
rich atmosphere ameliorated the electrochemical behavior because
of higher electrolyte hydration and boosted electrode kinetics.

INTRODUCTION

Nowadays, more than 80% of our energy demand is covered by fossil fuels—mainly
crude oil, coal, and natural gas." The continuous rise in world population coupled
with an increasing global energy demand has led to extensive use of fossil fuels,
which has two main problems: (1) fossil fuels are limited and not renewable, and
(2) CO, emissions from the combustion process contribute to global warming. These
aspects highlight the importance of developing an alternative technology for CO»-
free power generation.” Renewable energy sources like solar and wind energy are
bound to take over,® but the fluctuating nature of such renewable sources makes
it difficult to balance the energy produced and consumed. Solutions to couple the
energy demand with the energy produced are hence vital to ensure a stable energy
sup|c>|y.1'3'5 In recent years, incorporating energy storage systems into the electricity
grid has been chosen as one of the most credible solutions. The current solutions
mainly include pumped-storage hydropower plants, batteries, flywheels, and com-
pressed air energy storage. Each of these technologies has its own advantages
and disadvantages, but none offers a solution on a sufficient scale yet. Another
promising alternative is power-to-gas technology,”®’ which consists of conversion
of electricity into gas chemical energy carriers such as hydrogen, methane, or
ammonia. This concept allows storage of energy in the form of chemical energy,
which is reconverted into electricity when required. Regarding power-to-hydrogen
technology, the main challenges that need to be faced are its low volumetric energy
density, the need for solutions to achieve safety and reduced cost for its transport,
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THE BIGGER PICTURE

Transformation of intermittent
electric power into chemical
carriers like NH; and
hydrocarbons will facilitate energy
storage and transport.
Sustainable methane produced
from electricity can utilize the
existing infrastructure for
distribution and large-capacity
energy storage. Carbon-neutral
methane can be used in current
production processes, supporting
progressive decarbonization of
transport and industry. In
methane synthesis, integration of
hydrogen production (e.g., by
water electrolysis) and CO,
hydrogenation in a single step will
lead to higher energy efficiency.
Here, we propose a pressurized,
electrochemically driven reactor
that can transform CO; into
methane and integrates a
protonic ceramic membrane that
can extract protons from H; or
H,O and inject the protons. The
reactor at 450°C produced a
methane stream at 30 bar with
yields greater than 99%,
illustrating the potential of
process intensification for
catalytic conversion of CO5 in
electrified reactors.
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and its limited compatibility with the existing infrastructure.® On the other hand, po-
wer-to-methane technology is often preferred because it can be used directly with
the existing natural gas infrastructure.’

Power-to-methane technology is based on a two-step process: hydrogen produc-
tion via steam or water electrolysis and subsequent CO, methanation to produce
methane. Electrochemical water splitting is a well-known technology that can be
performed at low and high temperatures (Equation 1):'°

2 Hzo 22 H2 + 02 (Equation 1)

CO; methanation is an exothermic process with a volume decrease composed of
different reactions, mainly CO, methanation (Sabatier reaction [Equation 2], CO metha-
nation [Equation 3], and reverse water gas shift RWGS] reaction [Equation 4]). Then, to
promote CH,4 formation, and according to Le Chatelier’s principle, CO, methanation
should be performed at low temperature (typically between 200°C and 400°C"") and
high pressure. High temperature shifts the equilibrium toward reactants, decreasing
CO; conversion and favoring CO production via the RWGS reaction.'%'%"3 |n addition,
high pressure improves reactant conversion and, subsequently, CH, yield. The H,/CO,
ratio is another parameter affecting the performance of the reaction. Different studies
proved that H,/COy ratios between 4 and 7 (above the stoichiometric ratio) improve

CO, conversion and prevent coke formation.'*'*

To improve the performance of the CO, methanation reaction, because a low tem-
perature favors the thermodynamics of the reaction but limits the kinetics, many cat-
alysts have been developed over the last few years. These catalysts are typically
based on active metal particles (Ni, Fe, Rh, Co, Pt, W, or Mo) dispersed on metal-ox-
ide supports (Al;O3, SiO, or TiO,):"®

CO; + 4 Hy2CHy +2 H,O (Equation 2)
CO + 3H,2CHy + H,O (Equation 3)
CO, + H,2CO+H,0O (Equation 4)

One of the main drawbacks of power-to-methane technologies is that, currently, they
are not economically competitive compared with natural gas, mainly because of the
high cost of H, production by electrolysis.'® The CO, methanation reaction can be
carried out by applying different technologies, such as thermocatalysis, photocatal-
ysis, electrocatalysis, and biocatalysis. Thermocatalysis is a mature technology and
one of the most common forms of catalysis because of its high efficiency and appli-
cability to industrial processes. At low temperatures, CO, can be hydrogenated to
produce CHy4 by photocatalysis, electrocatalysis, and plasma catalysis, but these
technologies are still immature, and CH, selectivity and efficiency should be
improved."~"? Regarding the mechanism of CH, production via CO, reduction
with H, over heterogeneous catalysts, extensive theoretical and experimental works
have been published.”®"*? It has been reported that CO, hydrogenation follows the
next route on Ni-based catalysts:** CO,* activation (where * refers to adsorbed inter-
mediate species) forms CO* and O*, then the smallest-barrier and lowest-energy
pathways for surface-catalyzed CO* transformation proceed through HCO*, and
thereafter, different elementary steps that include formation of CH,* can be fol-
lowed. Formation of HCO* has been identified as the rate-limiting step (RLS) of
CH,4 formation by a microkinetics model.”* On the other hand, the same study reports
that the selectivity of catalytic CO, conversion into CO and CHy4 on transition metals
such as Pt, Pd, Ni, Rh, and Ru can correlate with the oxygen binding energy: weaker
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oxygen binding metals only converted CO, mildly to CO, as is the case for Ptand Pd,
whereas for Ni, Rh, and Ru with stronger oxygen binding, higher conversion to CHy is
obtained. In the same microkinetics model, it was deduced that higher H* surface
coverage is obtained with higher temperatures and pH,, which improves the CH,4
production rate. In contrast, higher CO,* coverage leads to lower rates. Therefore,
working at higher temperatures and local pH; favors CH4 production.

In recent years, power-to-methane technology has been coupled with solid oxide elec-
trolysis cells (SOECs). This concept is based on process intensification, joining steam
electrolysis and the methanation reaction in a single-step process.”” Heat integration
between the exothermic (methanation reaction) and endothermic (steam electrolysis)
processes leads to higher energy efficiency.”® Conventional oxygen-ion conduction-
based SOECs require operation at 650°C-900°C because of the low ionic conductivity
of the electrolytes, such as yttria-stabilized zirconia, at lower temperatures. High tem-
peratures cause operational problems related to the lifetime and degradation of the
stack components®’ in addition to low methane yields.”®*? Proton-ceramic electrolysis
cells (PCECs) are good candidates to overcome these limitations because of their
higher ionic conductivity at intermediate temperatures (400°C-650°C),*° enabling
operation at lower temperatures and, thus, favoring the methanation reaction.’’
Over the last years, proton-conducting ceramic membranes have been studied for
many applications, such as hydrogen pumping,®*° methane conversion into aro-
matics,”’ or intensified steam-methane reforming at high pressure.”**®

Different works on power-to-methane applications at atmospheric pressure using
PCECs have been published recently. Xie et al.*” used a planar membrane based
on BaCeq 5Zrg.3Y0.16ZN0.0403-5 as an electrolyte to produce CH, from CO; and H,
(provided by hydrogen pumping), reaching a methane and CO production
rate of 0.07 mL min~' em~2 and 3.25 mL min~" cm~?, respectively, at 614°C. On
the other hand, CH, production by CO, and H,O co-electrolysis using
BaCeg 7Zr0.1Y0.1Ybo 1035 and BaCeg.4Zrg4Yo.1Ybo 103.5 has also been studied,
reaching a methane yield of 7.5% at 500°C applying —1.625 A (0.5 cm? active
area) and of 34.6% at 450°C, respectively.?’:*°

To the best of our knowledge, pressurized methanation production combined with
solid-oxide electrochemical cells has not been reported. Tubular cells have the
advantage of being able to operate at high pressure as well as with large pressure
differences between the two chambers, as proven in previous studies.”®***! In this
work, direct CO, conversion into CH,; mediated by electrochemically driven H;
pumping in a 16-cm? tubular protonic membrane is performed at pressures up to
30 bar and 450°C. The catalytic and electrochemical performance of the protonic
cellsis evaluated by current density-voltage (i-V) curves and impedance spectroscopy
analysis in coupled H,-pumping and methanation operation. The performance of
electrochemical cells is boosted under pressurized conditions as a result of the higher
proton conductivity because of the higher partial pressure of H,O (and the associated
electrolyte hydration degree) and the improved surface kinetics and mass transport
of the electrodes. CO, conversion and CH4 and CO selectivity are investigated as
a function of the total pressure, H,/CO5 ratio, and the CO, feed flow rate.

RESULTS AND DISCUSSION

Cell performance and pressure effect in H, pumping mode

The methanation reaction occurs following Equation 2, and depending on the Hy/
COy; ratio, temperature, and pressure, CO formation is also expected by the
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Figure 1. Electrochemical reactor architecture and operation

Shown are schematics of the reactor configuration for the methanation reaction. Top: SEM image of
the membrane assembly comprising the microstructure of the cathode Ni-BZCY72/electrolyte
BZCY81/anode Ni-BZCY72. Bottom: H, pumping mechanism and chemical and electrochemical
reactions.

RWGS reaction (Equation 4). In this work, CO; is fed in the reaction chamber (internal
chamber), whereas H, is fed in the external chamber. The H, needed for the metha-
nation reaction was obtained by H, pumping, as shown in Figure 1. This mimics the
intensified methanation process, where protons are extracted either from water via
steam electrolysis or from an Hy-bearing industrial waste stream. The H; injected by
pumping protons into the reaction chamber reacts with the CO,, producing CHa.
The internal Ni-based electrode acts as a catalyst for the methanation reaction.

First, the electrochemical properties of the cells were characterized at 450°C and pres-
sures ranging from 1-30 bar feeding a humidified gas stream (2.5% H,0) composed of
40 mL min~" of Hy and 30 mL min~" of N in the outer chamber and dry 10 mL min~" of
H, and 80 mL min~" of N in the reaction chamber. Figures 2A and 2C show the electro-
chemical impedance spectroscopy (EIS) spectra obtained as a function of the pressure
and the corresponding distribution of the relaxation time (DRT), respectively. Three
different contributions at 2.5-5 x 107, 7-9 x 1073, and 4-8 x 107" s can be observed
up to 5 bar, while at higher pressures, the contribution around 5 x 107" s is eliminated.
The latter can be attributed to gas diffusion because of its strong pressure dependency
and high time constant (low frequency).**** The resistance of the peaks at 2.5-5 x 10™*
and 7-9 x 1073 s decreases with system pressurization, but the time constants (1)
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Figure 2. Characterization of the proton-pumping operation

(A) EIS spectra at 450°C and different operation pressures (from 1-30 bar).

(B-D) Ohmic and polarization resistance extracted from the EIS fittings (B), corresponding DRT
analysis (C), and i-V curves (D).

In all measurements, a humidified (2.5% H,0) atmosphere composed of 10 mL min~" H, and

80 mL min~" N, was fed to the inner chamber, and a mixture of 40 mL min~" H, and 30 mL min~' N,
was fed to the outer chamber.

increase and remain nearly constant, respectively. We attribute this to the increased
capacitance associated with a higher charge-carrier concentration on the electrode
surface and/or a higher surface coverage of charged adsorbates. Based on the
DRT analysis, the impedance spectra were fitted with the equivalent circuit
LRo(R1CPE+)(R2CPE,)(RsCPE3) and LRo(R1CPE{)(R,CPE,) depending on the pressure,
where 1, 2, and 3 correspond to peaks P1, P2, and P3 in Figure 2C. The capacitance
associated with P1 and P2 ranges from 3-6.8 x 107¢ F cm 2 and 5.5 x 1073 to
6.8 x 1072 F cm™2, respectively, in agreement with the shift observed in the DRT
analysis. The capacitance associated with P3 was around 1.6 F cm™2, typical for mass
transport processes within the electrode. Figure 2B shows the ohmic and polarization
resistance as a function of the total pressure obtained from fitting of the EIS spectra.
Ohmic and polarization resistance decrease with pressurization of the electrochemical
cell. The polarization resistance is improved significantly from 10.7 @ cm? at 1 bar to
4.6 Q cm? at 30 bar. The decrease in ohmic resistance is related to the higher protonic
conductivity of the electrolyte because of the higher pH,O under pressurized condi-
tions. This improvement with increasing pressure allows working at higher current den-
sities, and, indeed, the lower voltage reached is consistent with the polarization
behavior shown in Figure 2D. By applying a voltage of 1.2V, the tubular cell worked
at a current density of —155 mA cm™ at 30 bar, whereas at atmospheric pressure, it

decreased to —115 mA cm 2.

In summary, the improvement of the cell performance under pressurized operation
can be ascribed to two different phenomena: (1) higher partial pressure of H,O
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Figure 3. Analysis of resistive contributions in electrochemcial proton pumping

(A and C) Nyquist plot (A) and the corresponding DRT analysis (C) as a function of the applied
current density at 450°C and 30 bar during the H, pumping tests.

(B and D) Fitted ohmic and polarization resistance (B) and H; flow (D) as a function of the pressure

and applied current density.
For all the measurements, 80 mL min~" N, was fed in the inner chamber and a humidified (2.5% of

H,0) atmosphere composed of 40 mL min~" H, and 30 mL min~" N, in the outer chamber.

leading to higher electrolyte hydration and protonic conductivity and (2) improve-
ment of the surface kinetics and mass transport of the electrodes that give rise to
lower polarization resistance.

For quantification of H, pumping through the electrolyte and evaluation of the
faradic efficiency, the reaction chamber feed was changed to 80 mL min~" of dry
N;. Figure 3D plots H, pumping from the outer chamber to the inner chamber
as a function of pressure (from 1-30 bar) and applied current density (up to
—180 mA cm~?). The plotted values are the average of the H, flow obtained during
30 min when applying a constant current density (pumping step). An H; flow of
22 mL min~" was obtained at the maximum applied current density. In addition,
~100% faradic efficiency was reached under all conditions. The faradic efficiency
(nF; Equation 5) was calculated from the theoretical H, production defined in Equa-
tion 6 (F(Hz)h), where n is the number of transferred electrons and F the Faraday con-
stant and the obtained H; flow quantified by gas chromatography F(Hz)exp:

F(H2)rp .
nF = 7F(H2)th (Equation 5)
where
F(Hz2)y, = # (Equation 6)
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Figure 4. Methanation performance in the electrochemical reactor
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(A-C) CO, conversion (A) and CHy (B) and CO selectivity (C) as a function of the pressure and the H,/CO5 ratio at 450°C. Dry 150 mL min~" of an

atmosphere composed of 2% CO, and 4% He diluted in Ar were fed in the reaction chamber.

The electrochemical performance of the cell was also evaluated during the H, pump-
ing experiments, with EIS measurements performed at the end of each step.
Figures 3A and 3C show the EIS spectra obtained as a function of the applied current
density and the corresponding DRT at 30 bar, respectively. Two different contribu-
tions are observed at 30 bar, in agreement with the results shown in Figure 2C. The
peaks shift to a higher time constant, and resistance decreases when increasing the
applied current density, indicating an increase in the capacitance of the two pro-
cesses. The associated capacitance shifts from 6.7 x 10 °to 5.2 x 10 ° F cm 2
and from 2.2 X 107210 6.9 x 1072 F cm~2 for P1 and P2, respectively. This increase
is associated with surface-related effects; i.e., a higher charge carrier and/or charged
adsorbate concentration on the electrode surface.*® The same behavior, a decrease
in resistance with the applied current density, is also observed for the rest of the
pressures studied, as shown in Figures 3A and 3B.

Cell performance in the methanation reaction

The methanation reaction was evaluated at 450°C, feeding CO5 (3 mL min~ ") in the
reaction chamber and controlling the H,/CO; ratio by varying the applied current
density. Figure 4 plots the CO, conversion (Figure 4A) and the selectivity to CH,4 (Fig-
ure 4B) and CO (Figure 4C) as a function of pressure and the H,/CO; ratio obtained
in the reaction chamber. The plotted values are the average of all data obtained at
steady state (at least 50 min on stream). The molar flow rates obtained in the reaction
are given in Tables S3-S9 for the different conditions evaluated. It is observed that
the higher the pressure, the better the performance, as postulated by Le Chatelier's
principle, improving CO, conversion and CH, yield. The CO, conversion increases
from 45% to 86% with a stoichiometric H,/CO; ratio of 4 when the pressure increases
from 1 to 30 bar. CH, selectivity increases from 50% at 1 bar to greater than 99% at
30 bar. The most significant improvement is observed between 1 and 5 bar, where
CHy selectivity rises from 50% to 85%. On the other hand, the reaction performance
improves with the H,/CO; ratio, as reported previously, because it increases CO,
conversion and prevents coke formation.'*'* This improvement comes at the
expense of increasing the process operating cost related to the higher electric cur-
rents and downstream separation. Therefore, the H,/CO, ratio can be adjusted by
applying different current densities to achieve the best operating conditions in terms
of performance and cost. Coke formation was calculated by carbon mass balance,

Chem Catalysis 3, 100766, October 19, 2023 7
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and coke production was only detected at low H,/CO; ratios (below 3), with the
maximum coke selectivity ~15% C at atmospheric pressure. More information on
cell performance during the methanation reaction can be found in Figure S2, where
CO;, conversion, CHy selectivity, and cell potential at 20 bar are plotted as a function
of the applied current density. It should be pointed out that, at —150 mA cm™2, the
cell’s voltage is below 1.2 V. The methanation reaction was also evaluated with
different CO; flow rates in the feed (up to 5 mL min~"), obtaining a similar perfor-
mance as observed in Figure 4. Use of higher CO, flow rates was limited by the H,
flow pumped to maintain the stoichiometric H,/CO; ratio of 4, not by the catalytic
activity of the electrode, as inferred from Figure S3.

In addition, the methanation reaction was performed by co-feeding H, and COy in
the inner chamber of a protonic electrochemical cell (without electrochemical H;
pumping). Figure S4 shows the comparison between the results obtained in both
modes, co-feeding and H, pumping at 1 and 5 bar. An improvement of 10 points
in the CH, yield can be observed when the reaction is performed in H; pumping
mode. Under the studied conditions, CO, reaches the catalytic bed (the internal
electrode) by diffusion, and H; reaches the electrode by diffusion in co-feeding
mode or is generated in situ in H, pumping. Therefore, the pH, in co-feeding
mode is lower and, consequently, decreases the kinetics reaction.

In this work, the high methanation activity at high pressure in a protonic electro-
chemical membrane reactor is demonstrated. In addition, the presented methana-
tion reactor provides a solid concept for thermally integrated electrochemical CO,
conversion and in situ separation of gases. In fact, combination of the methanation
reaction (exothermic reaction) with an endothermic reaction such as water electrol-
ysis, to provide the H, needed in the reaction, in a single electrochemical membrane
reactor will lead to efficient energy integration: the heat generated at the exothermic
reaction is locally and instantly consumed by the endothermic processes; e.g., water
splitting. Hence, heat valorization is optimized, which reduces the need for an
external energy supply and causes the entire process to achieve exceptional energy
efficiency and process compactness. Finally, to increase CH,4 productivity and make
the process viable on an industrial scale, electrochemical cells with larger areas are
needed. Fabrication of such cell assemblies on a larger scale has recently been
demonstrated.®

Under the practiced conditions, the reaction yield is limited by the thermodynamic
equilibrium, as can be inferred from the comparison between the experimental CH,
yield and that corresponding to the thermodynamic equilibrium (calculated for the
same conditions as the testing procedure: 450°C, 20 bar and feeding 2% CO,)
plotted in Figure 5A. Oxide-ion extraction and subsequent H,O extraction could
allow surpassing the CH, yield given by the thermodynamic equilibrium.*¢ To eval-
uate the influence of steam extraction on the reaction, CO was fed instead of CO, to
mimic a water extraction of 50%. The CH,4 yield strongly increases to 99.7% when CO
is fed to the reaction chamber (Figure 5B). A kinetics model of the reaction was built,
utilizing experimental results using a fixed-bed reactor using the Ni-based cell’s sup-
port as catalyst and enables analysis of the elemental steps of the reaction; i.e.,
absorption and preferred surface reaction pathways. The kinetics model and fitting

results are described in Figure S5. The results reveal?®

that the cell’s support mech-
anistically behaves as a conventional Ni-based catalyst despite the much lower sur-
face area of this catalytic support. Namely, CH, is produced via hydrogenation
of CO; or CO (produced by the RWGS reaction). CO hydrogenation is a faster reac-

tion than CO, hydrogenation. However, CO production has much lower kinetic
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Figure 5. Experimental and (thermodynamic-equilibrium) theoretical CH, yield
(A and B) Experimental CH, yield feeding CO, or CO to the system as a function of the H,/CO, ratio
at 450°C and 20 bar.

coefficients, which limits the yield of the reaction. Therefore, by extracting oxide
ions, CO formation will be promoted and boosts the CH, yield in addition to the
thermodynamic equilibrium shift triggered by the simultaneous water extraction.

The electrochemical performance of the cell was also evaluated during the methana-
tion reaction at 450°C and 30 bar Figure 6D shows the i-V curves obtained, showing
an improvement of the cell performance under pressurized conditions and
compared with the results obtained in H, pumping mode (Figure 2D). In fact, current
densities of =125 mA cm 2 and —160 mA cm~2 were reached at 1 bar and 30 bar,
respectively, by imposing a voltage of 1.2 V. EIS measurements were performed
at the end of each reaction step (after 50 min under steady-state conditions) to eval-
uate the different transport processes taking place. Figures 6A and 6C show the
impedance spectra and corresponding DRT analyses as a function of the applied cur-
rent density (0/—150 mA cm~?). The ohmic and polarization resistance decreases
with increasing current density, as shown in Figures 6A and 6B. Two peaks are
observed in the DRT analysis, and they shift to higher constant time with increasing
applied current density, in agreement with the results shown in Figure 3C, indicating
an improvement of the surface exchange kinetics. Figure 6B shows the ohmic and
polarization resistance up to 30 bar as a function of the applied current density dur-
ing H, pumping and the methanation reaction. Ohmic and polarization resistance
decreases under the methanation reaction compared with the H, pumping mode.
We attribute the ohmic contribution improvement to steam formation in the metha-
nation reaction, which increases electrolyte hydration, boosting protonic conductiv-
ity. As reported, the decrease in polarization resistance is ascribed to the improve-
ment of surface exchange/dissociation and gas diffusion/adsorption caused by the
presence of CO,."’

Postmortem analysis

The electrochemical cells were in operation for more than 2 months (>1,500 h) with
no significant degradation of electrochemical characterization or reaction perfor-
mance. After completing all operational tests (including electrochemical character-
ization, H, pumping, and methanation reaction), microstructural analysis of the
tubular ceramic membranes was carried out by scanning electron microscopy
(SEM). Figure 7 shows cross-sectional SEM images of the postmortem membrane
(C2 cell measured up to 30 bar). The cross-sectional image of the interface of the
BaZrp.gCep.1Y0.103.5 (BZCY81) electrolyte and BaZrp;Cep2Y0.103.5 and 60 wt % of
NiO (Ni-BZCY72) porous electrodes shows good attachment after all measurements
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Figure 6. Analysis of resistive contributions in electrochemcial methanation operation

(A and C) Nyquist plot (A) and the corresponding DRT analysis (C) as a function of the applied
current density at 450°C and 30 bar during the methanation reaction.

(B and D) Ohmic and polarization resistance (B) and i-V curves (D) as a function of the pressure and
applied current density.

In all measurements, dry 150 mL min~" of an atmosphere composed of 2% CO, and 4% He diluted in
Ar and humidified (2.5% H,0) 30 mL min~" N, and 40 mL min~"' H, were fed in the inner and the
outer chamber, respectively.

and electrochemical measurements (Figure 7A). The Ni-BZCY72 external electrode
or anode showed a uniform porous thickness of 15 um; minor agglomeration of
nickel was observed, which can be attributed on one hand to the non-optimized
dip-coated layer and on the other hand to the long-term test carried out. The dense
electrolyte membrane shows a thickness of 25-30 um. Figure 7C shows the micro-
structure of the Ni-BZCY72 substrate or cathode where the methanation reaction
occurred. The BZCY72 grains show a clean surface, and the nickel grains show a
high density of small precipitates (also present in the Ni-BZCY72 cathode but at a
lower concentration). Figure 7D shows a larger magnification of a representative
nickel particle from the substrate after the methanation tests, where the precipitates
and grape-shaped small aggregates of 200-500 nm can be observed (not detect-
able atthe external electrode, as shown in Figure 7B, or in the fresh sample, as shown
in Figure S5), which might be related to minor formation of coke at low H,/CO5 ra-
tios. Figures 7E-7H show the EDS mapping of the internal electrode after perform-
ing all reaction tests. A homogeneous distribution of the two phases (Ni and
BZCY72) is observed, and no impurities are detected, indicating integrity of the pro-
tonic cell after at least 1,500 h of operation. The stability of the cell structure/micro-
structure agrees with the stable catalytic activity during the reaction. This stable pro-
duction can be observed in Tables S3-59, where the molar flows of CH4, CO, and
CO;, are listed for the different experiments made with the two different cells. Addi-
tional microscopy images for fresh and tested membranes are shown in Figures S6
and S7, respectively). X-ray diffraction (XRD) diffraction measurements were

10 Chem Catalysis 3, 100766, October 19, 2023



Chem Catalysis

¢? CellPress

OPEN ACCESS

' 25um :

Figure 7. Postmortem SEM cross-sectional analysis of the tubular membranes showing the electrode-electrolyte interface

(A-D) External electrode (A) or anode (B), and internal electrode (C) or cathode (D) after performing all reaction tests.
(E-H) EDS map of Ni (E), Zr (F), Ba (G), and Ce (H) of the internal electrode after performing all reaction tests.

performed to evaluate the stability of the crystalline structure under the reaction
conditions. Figure S8A shows the XRD patterns of a fresh cell and the C2 cell after
the measurements. For this analysis, a piece of each tubular cell was ground. No sec-
ondary phases related to carbonates or hydroxide species after operation under
CO;- and H,O-containing atmospheres were detected, and only peaks related to
the Niand BZCY phase were detected. Note that BZCY phase includes both compo-
sitions, BZCY81 and BZCY72 as the cell was ground and the electrodes and electro-
lyte have different stoichiometry. Rietveld analysis (Figure S8B) was carried out in the
C2 cell after the measurements, and the Ni concentration obtained was 65.8 wt %,
which is in line with that obtained by X-ray fluorescence (XRF) spectroscopy analysis,
61.2 wt %. Additionally, thermogravimetric measurements were made under an
N,-CO, gas flow for two samples, BZCY72 and BCY10 (as a reference). BZCY72
did not show any sign of carbonation, whereas the cerate BCY10 showed first a
typical carbonation process (mass gain from 400°C) and second, above 850°C, a sig-
nificant mass loss, which is ascribed to carbonate decomposition (Figure S9).

Conclusions

The CO, methanation reaction was carried out for the first time in a tubular PCEC at
high pressure of up to 30 bar. The H; required for CO, hydrogenation was supplied
by electrochemically pumping H; from the external chamber through the protonic
electrolyte into the inner reaction chamber. The tubular cell consisted of a
BZCY81 electrolyte and metallic electrodes formed by Ni-BZCY72. The BZCY72-Ni
of the inner cathodic support also acted as a methanation catalyst. The H,/CO; ratio
in the reaction was controlled by the applied current density. The protonic cell
reactor was electrochemically characterized by i-V curves and impedance spectro-
scopic analyses in H; pumping and methanation modes. The pressurized operation
enabled improvement of the methanation performance in both modes, and this is
attributed to (1) the higher steam partial pressure, enhancing hydration of the
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ceramic electrolyte and, consequently, boosting protonic conduction, and (2) pro-
motion of the electrode surface kinetics by increasing the surface coverage of react-
ing and intermediate species, as inferred from DRT analysis. The methanation yield is
strongly influenced by total pressure and H,/CO; ratio. Pressurization of the cell led
to a notable rise in CH, yield, reaching values of ~80% at 20 bar at the stoichiometric
H2/CO; ratio of 4, in line with the thermodynamic equilibrium yield. To further boost
the methanation yield, the in-situ extraction of the water was mimicked by feeding
CO instead of COy, reaching CH, yield values close to 100%, highlighting the para-
mount importance of the water extraction function in the CO, methanation reaction.
Notably, no performance degradation was observed in either the catalytic or elec-
trochemical properties of the protonic cell reactor after at least 1,500 h of operation.
These results evidence the great potential of tubular PCECs in intensification of CO,
hydrogenation processes, allowing high-pressure operation with high reaction
yields and heat integration. The proposed concepts will enable coupling of the
COg,-to-methane reaction with either water electrolysis or H, recovery from industrial
streams.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-
filled by the lead contact, Jose M. Serra (jmserra@itq.upv.es).

Materials availability
This study did not generate new materials.

Data and code availability

There is no dataset or code associated with this publication. All relevant experi-
mental data and procedures are provided in the main article and the supplemental
information.

Fabrication of tubular ceramic membranes

Tubular ceramic protonic membranes were prepared by sintering a coated and
extruded substrate as support.”**®* The extruded supports consist of a mixture
of ceramic powders, with BaSO,4, CeO,, ZrO,, and Y,O3 as precursors; NiO as a
sintering aid; and an aqueous binder system (aqueous methylcellulose [Methocel
E10M, DuPont], starch [Redisol, Tate & Lyle], and polyethylene glycol as rheology
modifier [PEG400, Sigma-Aldrich]). The molar ratios between the precursors were
fixed to produce BaZrg 7Ceq 2Y0.103.5 (BZCY72). After that, the precursors’ mixture
was blended with the NiO (IP Grade, Sumitomo) to obtain the extruded compo-
sition of 40 wt % of Ni-BZCY72. After extrusion of the mixture, the ceramic seg-
ments were dried for 24 h, and the electrolyte was spray coated using a slurry
composed of binders and organic solvent (methyl methacrylate binder [Elvacite
2927, Mitsubishi Chemical], pentyl acetate organic solvent [Sigma-Aldrich], and
terpineol as a rheological additive [Sigma Aldrich]) and a stoichiometric mixture
of BaSO,, CeO,, ZrO,, and Y03 to yield BZCY81. The outer electrode was
applied by dip coating using a slurry with the same composition as the extruded
mixture (Ni-BZCY72). Then, the ceramic tubes were sintered at 1,610°C for 15 h in
a furnace to densify the sample fully. Then the tubular cell was treated at 1,000°C
for 24 h in a flow of 5% H, to reduce nickel oxide. Finally, each ceramic segment
was sealed to a cap and a riser on the respective sides using ceramic glass seal-
ings. A schematic of the tubular membranes and a typical SEM cross-section im-
age are shown in Figure 1. The ceramic segment sealed to the cap and riser is
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depicted as three-cell components (support Ni-BZCY72/electrolyte BZCY81/outer
electrode Ni-BZCY72).

Reactor setup

The set-up consisted of an external tubular steel shell with a VCR®-Swagelok-based
system to provide electrical contacts and feed-through for the thermocouples and
gas streams. The tubular assembly with the electrochemical cell is placed inside
the tubular steel shell and fixed with VCA-Swagelok and graphite connections to
seal the internal chamber from the external chamber.

A thermocouple was placed inside the tubular cell to optimize temperature control.
An alumina multibore liner was placed inside the tube to feed the gas from the cap-
ped side of the tube. Two copper wires were inserted into this alumina multibore
liner asinternal current collectors. Nickel wool was wrapped around the alumina mul-
tibore liner to ensure contact between the ceramic membrane and the copper wires.
The outer tube current collector was made by wrapping copper wire around the
ceramic membrane. The setup is equipped with different mass-flow controllers
that allow working in different atmospheres, a water bubbler, and two back-pressure
regulators (BPR) to operate at up to 30-bar pressure. The gas outlet in the inner
chamber (reaction chamber) was analyzed using a Micro-GC 490 (Agilent) gas chro-
matograph equipped with Molsieve 5A and PoraPlot-Q glass capillary modules.

CO;, conversion and the selectivity of the different products were evaluated on a car-
bon basis. First, the molar concentration of the different detected compounds was
obtained from the chromatographic areas and the response factors (calibration
curves and response factors are shown in Figure S1). The CO; conversion (Xco,)
was calculated using Equation 7, where nf, and n§y* are the CO, molar flow rates
in the inlet and the outlet of the inner chamber, respectively:
nés, — nes;. 100

Xco, = (Equation 7)

-in

Nco,

Product selectivity (CH4 and CO) was calculated by applying Equation 8, where n; is
the corresponding product molar flow rate, and nc, ¢ is the molar flow of the
methane reacted (Equation 9). Finally, product yield is obtained by using

Equation 10:
n; )
Si = ——-100 (Equation 8)
Nco,r
Neor = NEo, = NGy (Equation 9)
_ SiXeo, )
Yi = 100 (Equation 10)

EIS in a range of frequencies from 1 MHz to 0.03 Hz and an alternating current (AC)
signal of 30 mV and i-V curves were recorded using Solartron 1470E equipped with a
1455A frequency response analyzer (FRA) module and an Autolab potentiostat with
a FRA32M module. To analyze and fit the impedance spectra, the ZView software
was employed. In contrast, computing the DRTs from impedance spectroscopy
data was done by a MATLAB open code toolbox.*

Protonic electrochemical reactor (PER) experiments
Methanation experiments were conducted in the reactor setup described above. All
experiments were carried out at 450°C and pressure from 1-30 bar. Two different
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tubular cells were employed for the study; the first was operated up to 10 bar, and
the second worked in the experiments performed from 10-30 bar. The different ex-
periments carried out with the two cells (C1 and C2) are summarized in Tables S
and S2.

Both cells’ electrochemical characterizations were compared to investigate their
reproducibility and electrochemical performance (Figure S1). For all experiments,
the gas mixture fed to the external chamber was composed of 30 mL min~" of N
and 40 mL min~" of H, humidified at room temperature (2.5% H,0). In the case of
the internal chamber, different flows were employed, depending on the operation
mode: H, pumping evaluation or CO, conversion reaction tests. In the case of
the H, pumping evaluation, a dry atmosphere composed of 10 mL min~" H, and
80 mL min~' N, or 80 mL min~' N, was fed. For the methanation experiments,
150 mL min~" of a water-free atmosphere composed of CO,, He and Ar was fed to
the reaction chamber. Two gas cylinders were used during the experiments; one
with a mixture of 5% CO, and 10% He in Ar and the other with a mixture of 15%
CO; and 10% He in Ar. He was employed as a leak tracer and analytic internal stan-
dard. The Hy/CO; ratio was controlled by varying the applied current density. The
CO, feed rate was maintained constant in the inner chamber of the protonic cell.
Then, by increasing the current density applied to the cell, the H,/CO, ratio was tuned
because H; injection is proportional to the current density (considering 100% nF). Pre-
vious to the reaction step, the H; flow rate was evaluated under a CO,-free sweep-gas
stream. These results allow experimental calculation of the current density needed to
maintain the different ratios during the reaction. In addition, during the methanation
experiment, the experimental molar flows (determined by gas chromatography
[GC]) of the produced CH4 and CO and the remaining (unreacted) H; in the inner
chamber allows us to quantify the reached H,/CO; ratio. This ratio is also compared
with the previous H, pumping results under CO,-free atmospheres.

Postmortem analysis

The microstructure of the electrodes and the electrode-electrolyte interface after the
reaction tests was investigated by field-emission (FE) SEM (Carl Zeiss Ultra 55) before
and after the electrochemical tests. Possible coke deposition on the internal elec-
trode was evaluated by Raman spectroscopy with a Renishaw Raman spectrometer
(New Mills, UK). Analyses were conducted at room temperature with a 514-nm laser
equipped with an Olympus microscope and a charge-coupled device (CCD) detec-
tor. The C2 cell was also characterized by XRD and XRF spectroscopy. The XRD mea-
surements were carried out by a PANalytical Cubix fast diffractometer using Cu Ka.1,2
radiation (a1 = 1.5406 A, \a2 = 1.5444 A, 12/11 = 0.5) and an X'Celerator detector in
Bragg-Brentano geometry. The XRD patterns were recorded from 20 = 15°~100° and
analyzed using X'Pert Highscore Plus software. The materials were measured at room
temperature in an XRF spectrometer (Zetium 4 kV, provided by Malvern-Panalytical)
equipped with an X-ray source with an Rh cathode. Measurements of the powder
samples were performed under a He atmosphere.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/].checat.
2023.100766.
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