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Methane synthesis from CO, and H,O with concentrated NaOH-
KOH electrolyte at 200-250°C using electrochemical Pd-Ag
membrane reactor

Wakana Seki, Raisei Sagara, Aika Hirata and Jun Kubota*

The synthesis of hydrocarbons from CO, and H,0 using electricity derived from renewable energy sources has attracted
considerable attention. However, there is currently no direct electrochemical method capable of selectively producing
specific hydrocarbons from CO, reduction at low overpotentials. By employing an electrochemical membrane reactor that
combines water electrolysis with thermocatalytic methanation, methane can be selectively produced at a cell voltage
comparable to that of conventional water electrolysis. In this study, methane synthesis from CO, and H,O was investigated
using an electrochemical membrane reactor equipped with a 30 wt%-Ru/C catalyst, Pd-based alloy membrane, and a
NaOH-KOH eutectic electrolyte operating at approximately 250°C. At 250 mA cm2 based on cathode geometric area and
250°C, the methane and hydrogen production rate was 290 and 120 nmol s cm, corresponding to a current efficiency of
91 and 9%, respectively. However, when the current density exceeded 250 mA cm??, the total current efficiency suddenly
deviated significantly from 100%, indicating a decrease in current efficiency due to product cross-leak. At 300 mA cm??,
significant evolution of H, was detected in the anode-side exhaust gas. This cross-leak was also pronounced during
operation below 200°C. Impedance measurements determined that the specific resistance of the electrolyte at 250°C was

0.50 S cm™. The current efficiency and related characteristics of this methane synthesis method were discussed in detail.

1. Introduction

Achieving a carbon-neutral society requires the establishment
of an energy system independent of fossil fuels. At present,
there is no doubt that the most practical and abundant
alternatives capable of meeting global energy demand are
power generation technologies based on hydropower, solar,
wind, geothermal, and tidal energies.'? Since these electrical
energy sources exhibit significant temporal fluctuations and
geographical unevenness across the globe, it is desirable to
convert them into chemical fuels.3¢ Using these electricity
sources to convert the large amounts of CO, generated from
waste incineration or biomass fermentation into fuel can be an
effective approach to obtaining carbon-neutral fuels.?- It should
be emphasized that, in pursuit of a carbon-neutral society,
research on the synthesis of chemical fuels from electrical
energy
conversion of chemical fuels into electricity using fuel cells.

is far more crucial than studies focused on the

This is because chemical fuels can generate electricity without
the use of fuel cells, utilizing conventional combustion engines
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and generators with comparable efficiency.” In contrast, the
synthesis of chemical fuels from electricity can only be
achieved through the integration of electrochemistry and
catalysis, as purely mechanical systems are incapable of
producing fuels.

The electrochemical reduction of CO, has long been
studied.®13

established. Electrochemical CO, reduction using aqueous or

However, a practical method has yet to be
polymer electrolytes near room temperature can selectively
produce CO when an Ag cathode is used.'? While CO serves as
a raw material for methanation, methanol synthesis, and
Fischer-Tropsch synthesis, CO itself is difficult to consider as a
fuel. Using Cu and related-alloy cathodes, CO, can be
electrochemically  converted into  hydrocarbons  and
alcohols.® 1113 However, the selectivity for a specific product
cannot be increased to a practical level, such as 90%, and the
cathodic overpotential is also significant, requiring around —
1.5 VgyE, in compare to the hydrogen evolution around 0 Vgyg.
Here, RHE denotes potentials referenced to the reversible
hydrogen electrode. This implies that approximately twice the
voltage required for hydrogen production via water electrolysis
is necessary. Among the possible products, methane'* or
ethylene!’ synthesis via electrochemical CO, reduction has
been reported to achieve a selectivity of around 50—60%.
However, from an

energy technology perspective, the

selectivity and overpotential are unlikely to be sufficient for
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practical application. Formic acid can frequently be produced
with relatively high selectivity. However, in many cases,
formate is generated instead of formic acid when using a basic
electrolyte. In such cases, formate, unlike formic acid, cannot
readily be used directly as a hydrogen source. As described
above, it is difficult to obtain specific hydrocarbons by reducing
CO, at an electrochemical interface. In contrast, when a
thermocatalytic reaction is employed, the hydrogenation of CO,
to produce methane, the so-called Sabatier reaction, is one of
the relatively simple thermocatalytic reactions with few side
reactions.
Against this background, we are working on CO,
and N, ammonia synthesis'®?® in the
temperature around 200-270°C by
integrating water electrolysis with catalytic hydrogenation

methanation!6-18
intermediate range
reactions using electrochemical membrane reactors. It has been
summarized in review articles that electrochemical membrane
reactors can perform hydrogenation reactions very effectively.?!
The use of thermocatalysts enables the selective conversion of
CO; into a variety of hydrocarbons, alcohols, ethers, and so on
with high selectivity.??2¢ It has been argued that the direct
electrochemical reduction of CO, or N, is indispensable for
efficient conversion. However, in high-temperature solid oxide
electrolyte fuel cells, for example, methane or ammonia can be
used directly as fuels. In these cases, methane steam reforming,
water-gas shift, or ammonia cracking reaction mostly occurs
thermocatalytically, rather than electrochemically, at the anode
of fuel electrode, generating H,, which serves as the actual
fuel.?-30 There
undergoes direct electrochemical oxidation, nor is such a
process necessary.
temperature solid electrolytes, the electrodes possess numerous
solid—gas
impossible to occur. At solid—gas interfaces, Faradaic reactions

is no evidence that methane or ammonia

In electrochemical cells using high-

interfaces, where electrochemical reactions are
cannot take place because of the absence of an ionically

conductive medium required for electrochemical charge
transfer. Electrochemical potential is defined only at the
interface between an electrolyte and an electrode, and is absent
at a solid—gas interface. Instead, thermocatalytic reactions tend
to dominate at these interfaces. At intermediate to high
temperatures, it is important to combine thermocatalytic
reactions with electrochemical reactions occurring at the
electrode—electrolyte interface, and direct electrochemical
reduction of CO, or N, is not necessarily indispensable. Our
fundamental concept for methane synthesis from CO, and H,O
using electricity is based on performing the exact reverse
process of that occurring in direct methane-type fuel cells, also
known as internal reforming-type fuel cells. It should be noted
that this approach does not involve the direct electrochemical
reduction of CO,. Furthermore, it is essential to implement a
design that preserves the gas—solid interface required for the
thermocatalytic reaction, ensuring that it remains unimpeded by
the electrolyte.

Based on this we began

electrochemical system for synthesizing methane from CO, and

concept, researching an

water at 270-200°C. This is because, in electrochemical cells
operating above 500 °C, the equilibrium shifts toward the

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

decomposition of methane rather than its formagion.! o We
reported a method using a phosphaelbasEFo/ Borhplsite
electrolyte that enabled methane synthesis at atmospheric
pressure with an approximately 95% current efficiency.!%!7
Initially, we used a Pd hydrogen-permeable membrane as the
electrode and placed a CO, methanation catalyst on the
backside.!® However, a subsequent study reported a method for
forming a catalyst layer in which the electrocatalytic region, in
with  the the
thermocatalytic region, where thermal methanation occurs, by

contact electrolyte, is separated from
employing a polytetrafluoroethylene (PTFE) membrane filter.!”

Water electrolysis and methane synthesis have also been
conducted below 120°C using fluoropolymer-based solid
electrolytes such as Aquivion.'® A Pd hydrogen-permeable
membrane was found to be unnecessary even for the cell
utilizing this solid polymer electrolyte. However, when the
temperature exceeds 120°C, the polymer electrolyte undergoes
severe degradation, while at 120°C the reaction rate of the
thermocatalytic process remains insufficient.!8

Phosphate-based electrolytes were considered promising
because phosphoric acid fuel cells have already been
commercialized, and our electrolyte was a further solidified
version of this system. However, a significant issue for water
electrolysis was the corrosion of the anode. While stable
operation for several weeks was possible at a current density of
10 mA cm2, degradation occurred within a few hours when the
current density was increased to around 50 mA ¢m™2.1920 It has
been revealed that anode materials such as Pt/Ti and IrO,/Pt/Ti
do not possess sufficient stability for oxygen evolution under
phosphate environments at temperatures above 200 °C.

To address this, we found that for ammonia synthesis, a
concentrated solution of NaOH-KOH molten salt electrolyte
with added moisture could serve as an effective electrolyte in
the 250-200°C range.??33 As far as we are aware, excluding our
works, no studies have been reported on the synthesis of
ammonia with water

methane or electrolysis in an

+ e Ni anode

NI < 40H-—0,+2H,0+4e
| <— Eutectic molten NaOH-KOH
2H,0+2e"—2H,, +2OH
§ — Pd-Ag cathode
2H,4 — H,
CO, +4H, — CH, +2H,0

ads

Ru catalyst

X, P -

Fig. 1 Schematic representation of an electrochemical
membrane reactor using a eutectic molten NaOH-KOH
electrolyte and a Ru-based methanation catalyst. The
chemical reaction equations at each interface are shown.

This journal is © The Royal Society of Chemistry 20xx
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electrochemical membrane reactor employing a Pd-alloy
separate

reaction zone with a molten NaOH-KOH electrolyte. This

hydrogen-permeable membrane to the catalytic
concept was further extended to methanation in the present
the
electrochemical membrane reactor, in which the chemical
indicated. When
attempting the electrochemical reaction of CO, in an alkaline

study. Fig. 1 shows a schematic illustration of

reaction equations at each surface are

electrolyte, CO, is normally absorbed by the electrolyte and
converted to carbonate. However, in the present cell, the Pd-Ag
CO,
permeation, preventing the formation of carbonates in the

hydrogen-permeable membrane completely blocks
alkaline electrolyte. The Ni electrode appears to exhibit
sufficient resistance to the NaOH-KOH electrolyte, and no
degradation of the electrochemical cell was observed during a
test period of approximately one month.33 Therefore, in this
paper, we demonstrate the possibility of using NaOH-KOH
molten salt as an electrolyte for CO, methanation. The
objective of this study is not to identify a fundamentally new
reaction pathway, but to propose a simple and efficient

(A) Ar+H,0

+02

Ni tubing

Insulating washer

Ni anode vessel

Ni anode supporting column —
Foamed PTFE sheet

ode disk

NaOH-KOH electrolyte
samed PTFE shest

SUS perforated plate
Ru/C catalyst

SUS cathode vessel ———=| | TEeeeeeeem T

SUS tubing
CO, f | +CH,+H,+CO
(B)
f PP Ar
H.O 150°C
MFC 2 Oven sv
cv Electrochemical
Ar E_C cell Exhaust Exhaust
GC-TCD
COZ?—&P@]
H, »—&»—E—I ¥ Exhaust

illustration of electrochemical
and process flow diagram of
methanation (B). The abbreviations are as follows:
(SUS), polytetrafluoroethylene (PTFE),
plunger pump (PP), mass flow controller (MFC), check
valve (CV), evaporation chamber (EC), sampling valve (SV),
and gas chromatograph equipped with a thermal
conductivity detector (GC-TCD).

Fig. 2 Cross sectional
membrane reactor (A)

stainless steel

This journal is © The Royal Society of Chemistry 20xx
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2. Experimental

The sectional view of the methane synthesis cell is shown in
Fig. 2A. The methanation catalyst consisted of 0.20g of
30 wt%-Ru/C. A Pd-Ag membrane (75:25 atomic ratio),
0.10 mm thick with an active area of 20 mm in diameter, was
employed as both the cathode and hydrogen-permeable
membrane. A mixture of 0.20 mol NaOH and 0.20 mol KOH
was dissolved in 20 mL of H,O, and approximately 5 mL of
this solution was introduced into the cell. The anode was a Ni
disk with a diameter of 10 mm and a thickness of 5.0 mm. The
anode vessel of the cell was fabricated from Ni, whereas the
cathode vessel was made of stainless steel. The gasket between
the anode and cathode vessels was a foam made of PTFE
(GORE Hypersheet, Gore Japan), which is reported to be
usable over the temperature range from —240 to 315°C in the
manual. Although the diameter of the Ni anode disk was 10 mm,
the side surface of the disk is also exposed to the electrolyte,
making the precise electrode area indeterminate. As described
in the first section of the results and discussion, the NaOH-—
KOH electrolyte absorbs water upon humidification, and its
volume varies depending on the conditions, making it difficult
to determine the exact configuration inside the cell. When only
the end face is in contact, the anode electrode area is 0.79 cm?;
however, it is highly likely that the side surface also contacts
the electrolyte, giving a total electrode area of 2.4 cm? when
both the end and side surfaces are considered. Owing to the cell
structure, the effective anode area therefore lies flexibly
between these values. Therefore, given that the active area of
the Pd—Ag cathode in contact with the electrolyte was a 20 mm
diameter surface (3.14 cm?), the electrode area of the cell was
defined based on the cathode area. Accordingly, the electrode
area used to determine the current density, formation rate, and
gas flow rate was normalized to 3.14 cm?.

Ru/C catalysts were employed in this study because, due to
their conductive support, they are considered suitable for the
future design of catalyst layers integrating both electrocatalytic
and thermocatalytic functions. The Ru/C catalyst was prepared
from tetrahydrofuran solution of Ru3(CO);, (TANAKA
Kikinzoku Kogyo K.K.). A carbon black (Vulcan XC-72R,
Cabot Co.) powder was immersed in the tetrahydrofuran
solution of Ru3(CO);, for 4 h at room temperature, followed by
removal of the solvent using a rotary evaporator under reduced
pressure at temperature below 40°C. The resulting Ruz(CO);,/C
was decomposed under vacuum at 400°C and subsequently
reduced under a H, flow at 400°C.

The process flow diagram is illustrated in Fig. 2B. CO; at a
predetermined flow rate was supplied to the cathode side, while
Ar and liquid water were introduced to the anode side after
being vaporized through an evaporation chamber. The flow
rates of the gases were controlled using mass flow controllers,
and the water flow rate was regulated using a plunger pump.
The gas flow rate was expressed as the volumetric flow of gas
at standard temperature and pressure (STP; 0°C and 101.3 kPa)
per minute per unit electrode area (3.14 cm?) of the cell as

J. Name., 2013, 00, 1-3 | 3
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mLgrp min! cm2. The cathode exhaust gases were analyzed
using a gas chromatograph (Model 4200, GL Sciences Inc.)
equipped with a thermal conductivity detector (GC-TCD).
Methane production rates were calculated from the peak area
ratios in the gas chromatograph traces, assuming a carbon
balance with respect to the CO, feed rate. That is, the amount of
by-produced H; is quantified such that the total amount of CH,,
CO, and CO, exiting the electrochemical cell equals the amount
of CO, introduced.

The CH,; formation rate was determined based on the
inlet CO, and the carbon-
containing products detected in the outlet gas. Because this

carbon balance between the

approach relies on gas chromatographic quantification and the
assumption that the major carbon-containing products are
detected, the calculated methane formation rate contains an
uncertainty associated with the analytical precision of the gas
analysis and possible undetected minor products. Therefore, the
quantitative values reported here should be interpreted within
the uncertainty inherent to the carbon-balance-based analysis.
For this reason, the formation rates of CHy, H,, and other
products are calculated from the inlet flow rate of CO,, and
therefore uncertainties in the CO, inlet flow rate strongly affect
the calculated formation rates. In the present study, the CO,
flow rate was at a level below 1 mLgrp min~!, and it should be
recognized that flow rates in this range may contain errors of
approximately 1-10% even when measured using a mass flow
controller.

This approach relies on the assumptions that there is no gas
leakage from the system and that no carbon-containing products
other than CH4, CO, and the feed CO, are present. However,
from a thermodynamic standpoint, the formation of other
carbon-containing products in the Sabatier reaction is unlikely,
and numerous previous studies support this understanding.3!

Detailed descriptions of the gas chromatograph sensitivity
and calculation methods are provided in the Electronic
Supporting Information (ESI). In addition, the ESI includes
results showing that no methane was produced in the absence of
the catalyst. Photographs of the actual apparatus corresponding
to Fig. 2 are provided in Fig. S2 of the ESI.

Although the sum of the current efficiencies of each product
100%,
uncertainty in the present study is on the order of +£10% for

does not always exactly equal the experimental
each value. This uncertainty mainly arises from the limited
accuracy of the CO, flow rate, which serves as the basis for all
formation rate calculations and 1is only accurate to
approximately £10% at such low flow rates. Consequently, a
small deviation of the total current efficiency from 100% is
considered to fall within the experimental error.

For reference, when the cell was operated without loading
Ru/C and the cathode side consisted only of a Pd-Ag
membrane, hydrogen was the only electrochemically generated
product, and the outlet gas contained only the feed CO, and H,.
for this

experiment are provided in ESI. In addition, the linearity of the

The examples of original gas chromatograms

GC sensitivity and a table of the response factors for each gas
are also provided in the ESI.

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

Electrochemical impedance measurements werg. carried,Qut
using an electrochemical measurement sy§teh?- EfaippePRith
an impedance analyzer (HZ-7000, Meiden Hokuto Co.).

The transmission electron microscope (TEM)
measurements were performed with JEM-2100, JEOL Ltd. at
Analytical Instrument Facility, Graduate School of Science,
The of Osaka. (XRD)
measurements were performed with XRD-6100, Shimadzu Co.

University X-ray diffraction

3. Results and discussion
3.1 NaOH-KOH electrolyte

The NaOH-KOH electrolyte employed in this electrochemical
cell is described, as in our previous literature. NaOH and KOH
have melting points of 318°C and 360°C,
however, a eutectic mixture consisting of 51.5 mol% NaOH

respectively;

and 48.5 mol% KOH exhibits a significantly reduced melting
point of approximately 170°C. In this electrochemical cell, the
electrolyte is exposed to the anode gas, which consists of a
mixture of Ar at 10 cm3grp min'! and liquid H,O supplied at
5 uL min-!, corresponding to a steam concentration of 38 vol%.
According to the literature, the Henry constant of water vapor
in the NaOH-KOH mixture is
0.0095 atm mol-!' kg at 250°C.3435 Under atmospheric pressure,

reported to be

when the anode gas described above is supplied, it is estimated
that water corresponding to 72% of the mass of the NaOH—
KOH mixture is dissolved in the NaOH-KOH mixture. The
NaOH—-KOH eutectic mixture remains in a molten state above
170°C; however, it is presumed that under the present operating
conditions it simultaneously absorbs humid steam, resulting in
the formation of a highly concentrated aqueous phase.
Electrochemical cells utilizing NaOH or KOH at around 200°C
have been reported in several studies.36-37

This journal is © The Royal Society of Chemistry 20xx
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The NaOH-KOH exhibits very little
degradation when a Ni anode is used; however, it should be
noted that there is an intrinsic issue in methane synthesis from
CO; and H,0. Because CO; is an acidic gas, it is absorbed into
the NaOH-KOH electrolyte and neutralizes it, which
necessitates the use of a Pd alloy hydrogen-permeable
membrane. Since Pd is a rare material, in methane synthesis
from CO, and H,0, phosphate electrolytes have been used in
combination with hydrophobic PTFE membrane filters instead
of Pd-alloy membranes, and polymer electrolyte systems have
been developed without membrane separation.!” These
approaches were feasible because the electrolytes were acidic.
In contrast, for the present alkaline NaOH—KOH electrolyte, the
use of a Pd alloy hydrogen-permeable membrane is
indispensable to completely prevent the absorption of CO, into
the electrolyte.

electrolyte

3.2 Temperature dependence

The temperature dependence of rate of formation of
methane between 90 and 250°C at 50 mA cm? based on
cathode geometric area was examined as shown in Fig. 3. The
numerical data underlying this graph are provided in ESI. At
250°C, rate of formation of methane and hydrogen were 61.9
and 10.0 nmol s! cm?2, respectively, which corresponding to
the current efficiencies of 95.5 and 3.9% respectively. No
carbon monoxide was detected at this temperature. The
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Fig. 3 Formation rate of CH4, H,, and CO, along with their

respective current efficiencies, as a function of
temperature. A secondary axis was added on the right to
indicate the current efficiency. The current density was
50 mA cm??, the CO;
0.088 mLstp min't cm2. All currents, formation and flow

rates are normalized to the cathode geometric area. based

and flow rate was

on cathode geometric area.

deviation of the sum of 95.5% and 3.9% from 100% was
attributed to experimental error.

This journal is © The Royal Society of Chemistry 20xx
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At this point, it is necessary to define, the cuerent
efficiency. The current efficiencies for métRAnE; IRAFOEER] @rfd
carbon monoxide (CEcnps4, CEwy, and CEco, respectively),
expressed as percentages, are defined by the
equations. The current efficiency for methane synthesis via CO,

following

hydrogenation is calculated based on an eight-electron reaction;
it is not defined on the basis of allocating four electrons to
produced methane and four electrons to produced water, for
example.'o- 18

8X X,

CEcpa= jCH“ 100 (1)
2XFx

CEy=—— 2 100 )
2xFx

CEco= j”co 100 3)

Where rcas, 7co, and ryp are rates of formation of methane,
hydrogen, and carbon monoxide, respectively, in mol cm 2 s™!.
F and j are Faradaic constant (96500 s A mol!) and current
density in A cm2, respectively. The current efficiency is often
referred to as the Faradaic efficiency; however, in this
electrochemical membrane reactor, the products are not directly
formed through charge-transfer reactions (Faradaic reactions),
and therefore the term of Faradaic efficiency was not used.

At 250 and 230°C, CEcy4 and CEy; were about 96 and 4%,
respectively. The thermodynamic equilibrium conversion of
CO, to methane in the stoichiometric ratio of reactant is 97%,
indicating that the reaction has nearly reached the equilibrium.
However, with decreasing temperature from 210 to 150°C,
CEcn4 was drastically decreased. If the catalytic reaction rate is
insufficient to produce methane at low temperatures, the
formation of unreacted H, should increase compensatorily;
however, CEy, also decreases. In other words, at temperatures
below 210°C, the overall current efficiency decreased with
decreasing temperature, indicating that the electrochemical
membrane reactor does not function properly under these
conditions.

In addition, carbon monoxide began to be detected among
the products below 170°C, and its formation rate increases as
the temperature decreases. Although thermodynamic
equilibrium does not allow the presence of CO at such low
temperatures, the insufficient catalytic reaction rate suggests
that CO is released as an intermediate formed during the
hydrogenation of CO,. Because CO is not detected at elevated
temperatures, it is clear that the catalytic activity is insufficient under
the conditions where CO formation is observed.

J. Name., 2013, 00, 1-3 | 5
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The overall current efficiency deviates from 100% below
210°C, indicating that the electrochemical membrane reactor
with the NaOH-KOH electrolyte does not operate properly
under these conditions. In the temperature range of 150-200°C,
the electrolyte approaches its melting point and is therefore
considered to lose its ability to effectively separate the anode
and cathode due to changes in viscosity. Without the gas-
tightness provided by the liquid phase between the anode and
cathode, the oxygen generated at the anode can easily migrate
to the cathode as a cross-leak, where it reacts with hydrogen in
the Pd alloy, resulting in a decrease in the overall current
efficiency. Conversely, H, that is not absorbed into the Pd-Ag
membrane cathode does not permeate to the catalyst layer side
but is released to the electrolyte side, which also constitutes one
of the causes of cross-leakage. Cross-leakage is discussed in
section 3.6.

3.3 Current density dependence

Fig. 4 shows the behaviors of the formation rates and

w
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Fig. 4 Formation rate of CHs and Hz (A), along with their
respective current efficiencies (B), as a function of current
density. For clarity, the current efficiency of H, is also
shown with a fivefold magnification. The temperature was
250°C and the CO; flow rate was proportional to the
current density, with a ratio of 0.18 mLstp min-t cm2 per
100 mA cm2. All currents, formation and flow rates are
normalized to the cathode geometric area. based on
cathode geometric area.

current efficiencies of methane and hydrogen with increasing
current density at 250°C. The numerical data underlying this

6 | J. Name., 2012, 00, 1-3
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graph are provided in ESI. The formation rates of both methane
and hydrogen increased monotonically wiR!iHt€481RgSEutpent
density up to 250 mA cm2, based on cathode geometric area.
With respect to current efficiency, CEcy4 slightly decreased
from 97% at 50 mA cm? to 91% at 250 mA cm2. Conversely,
CFEyy increased from 5.1% to 9.0% with increasing current
density, showing a compensatory relationship. Thus, it was
found that the overall current efficiency remained nearly 100%
up to 250 mA cm?, and the slight decrease in CEcps with
increasing current density was attributed to insufficient
catalytic activity.

When the current density exceeded 250 mA cm™, further
increases did not result in higher formation rates of either
methane or hydrogen. Correspondingly, the current efficiencies
for both products decreased, leading to a deviation of the
overall current efficiency from 100%. Such a deviation
that

transported to the anode and consumed, or anode-generated

indicates either cathode-generated products were
products were transported to the cathode and consumed. It is
reasonable to attribute this behavior to the phenomenon known
as cross-leakage or crossover. Two possible explanations can
be considered: either oxygen bubbles generated at the anode
reached the cathode, or the Pd alloy hydrogen-permeable
membrane could not fully absorb hydrogen, resulting in
hydrogen evolution on the electrolyte side. The issue of cross-

leakage is discussed in section 3.6.

This journal is © The Royal Society of Chemistry 20xx
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3.4 Current-voltage properties

Before discussing the issues related to cross-leakage, we
would like to first address the electrical characteristics of the
cell and the electrolyte resistance. Time courses of cell voltage
at various current densities are shown in Fig. SA. The
electrochemical cell was operated in the constant-current mode
using a power supply. The time-averaged cell voltages are
plotted against current density in Fig. 5B. As shown in Fig. 4,
when the current density exceeded 250 mA cm=2 based on
cathode geometric area, the current efficiencies for methane
and hydrogen suddenly ceased to increase, and the total current
efficiency deviated from 100%. However, no abnormality was
observed in the
250 mA cm2.

The cell voltage remained stable over 180 min regardless of

current-voltage characteristics beyond

the current density. It has also been reported that a similar cell
can operate stably for approximately 30 days. However, at a
current density of 250 mA cm based on cathode geometric
area, the cell voltage was 3.2 V, which is nearly three times
higher than the thermodynamic equilibrium cell voltage
(1.02 V) calculated from the standard Gibbs free energy of
reaction (AG")), assuming that both the reactants and products
are in the gaseous phase. For detailed values of the
thermodynamic parameter such as AG"; and AH',, we would
like to refer the reader to our earlier work.!”

At current densities up to 100 mA cm™, the cell voltage
remains below 1.8 V. The standard enthalpy change (AH",) for
methane synthesis from CO, and H,O corresponds to 1.17 V,
indicating that a cell voltage of 1.8 V yields a voltage efficiency
of 65%. Because the calculations are based on AH',, water is
treated as liquid water in the energy balance, and the values
therefore correspond to the higher heating value (HHV). Given
that the current efficiency at 100 mA cm2 based on cathode
geometric area is 95%, the overall gross energy efficiency for
converting CO, to methane reaches 62%. This energy
efficiency is based on physicochemical considerations derived
from the electrical power input and methane production, and
does not account for the energy required for cell heating or the
energy required for methane liquefaction.

Methane synthesis from CO, and H,O can be described as a
two-step process consisting of water electrolysis followed by
the Sabatier reaction. Because the Sabatier reaction is
exothermic, its apparent energy efficiency can exceed 100%
when the released heat is recovered and utilized. Consequently,
the overall process efficiency is effectively governed by the
energy efficiency of the water electrolysis step. The efficiency
of water electrolysis has been widely summarized in the
literatures.83° Reported efficiencies are 62-82% (HHV) for
alkaline electrolysis and 67-84% for polymer electrolyte
membrane (PEM) electrolysis in the literature.’® The methane
synthesis efficiency obtained in this study almost falls within
this range, demonstrating that methane can be produced with an
efficiency comparable to that of hydrogen production by water
electrolysis.

Fig. 5B shows a linear relationship between current density
and cell If the were

voltage. activation overpotential

This journal is © The Royal Society of Chemistry 20xx
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dominating the cell voltage, current density and,cgll.violage
should follow the Tafel equation aP! {RI§I¥RRAIBIHEHN
exponential relationship. Therefore, the overpotential with
respect to the theoretical equilibrium potential is unlikely to be
largely due to activation overpotential.

An example of the long-term cell voltage during 15 days of
operation at various current densities is shown in Fig. 5C.
Although some minor fluctuations in the cell voltage were
variations attributable to cell

observed, no significant
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Fig. 5 Time courses of cell voltage at various current
densities (A), and time-averaged cell voltage plotted
against current density (B). The long-term cell voltage
during 15 days of operation at various current densities is
shown in (C). The cell temperature was 250°C. The current
density was defined as based on cathode geometric area.
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degradation were detected. Although some minor fluctuations
in the cell voltage were observed, no significant variations
attributable to degradation of the electrochemical properties
were detected. However, the deterioration of the methane
formation rate over the catalyst was not evaluated in this study
and remains a subject for future investigation. While this was in
the context of ammonia synthesis, we have previously reported
stable operation for 28 days using an electrochemical cell with
an identical structure,® demonstrating that this electrolyte and
these electrodes are not merely able to withstand short-term
experiments of two or three days, as is often the case in
university laboratories.

3.5 Impedance measurements

In order to elucidate the origin of the high overpotential
observed at current densities above 100 mA cm? based on
cathode  geometric area, impedance
spectroscopy (EIS) measurements were performed on the cell.
The obtained Nyquist plots at 1.0 and 1.2 V of cell voltage at
250°C are presented in Fig. 6. As is clear from the applied
voltage conditions, the EIS measurements were conducted to
determine the conductivity of the electrolyte and were
performed at low voltages, not under the conditions used for
methane synthesis. This was done to evaluate the electrolyte
conductivity under conditions free from the influence of
bubbles or other effects. The solid lines in the figure represent
the fitted curves obtained using the equivalent circuit composed
of resistors and constant phase elements (CPE), as also shown
in Fig. 6.40 The detailed fitting parameters of EIS are provided
in Table 1. The cell consists of two electrodes, an anode and a
cathode, and it is difficult to assign the resistance of R, and R,
and CPE, and CPE, in the Nyquist plot to specific parts of the
cell. While these R and CPE undoubtedly reflect information on
reaction kinetic resistances and electric double layers at both
the anode and cathode, accurate assignment is challenging
without conducting separate half-cell measurements using a
three-electrode setup. Thus, only the solution resistance of the
electrolyte could be assigned with certainty. The solution
resistance (R[J,[]) was nearly identical at cell voltages of 1.0
and 1.2 V, with values of 0.304 and 0.336 Q, respectively. The
average solution resistance was 0.32 Q , and assuming an
electrode area of 3.14 cm? and an inter-electrode distance of
0.5 cm, the specific conductivity of the electrolyte was
calculated to be approximately 0.5 S cm!. Indeed, in this cell it
is difficult to define the anode area accurately, and it is also
unclear to what extent the side surface of the anode is in contact
with the electrolyte. For these reasons, the conductivity has
been discussed only as an approximate value, on the order of
0.5 S cm’!, with a precision of roughly one significant figure.

The absence of suitable electrolytes in the 200400 °C
range is referred to as the Norby gap,*! and many
electrochemical systems operating in this temperature range are
still under development.*? Indeed, in fuel cells, the advantage of
solid electrolytes is evident for maintaining efficient triple-
phase boundary. However, in electrolysis, where the reactants
are liquids and the products are gases, there is less need to insist
on solid-state electrolytes as in fuel cells. The electrolyte used

electrochemical

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

in this study exhibited a conductivity of 0.5 S cmy;l,at:250 3G
which lies within the so-called Norby gap!: iRdiSaineEHa /it
possesses a sufficiently high ionic conductivity. As in industrial
hydrogen production via alkaline water -electrolysis, the
usefulness of liquid electrolytes is well established.

If the solution resistance was 0.32 Q, the voltage drop
across the electrolyte was estimated to be 0.050—0.35 V for cell
currents of 157-1099 mA (50-350 mA cm2). This voltage drop
is negligibly small compared to the cell voltage shown in
Fig. 5B,
dominate the high voltage observed at higher current densities.

indicating that the solution resistance does not

At current densities of several hundred mA cm?, a large
amount of oxygen bubbles is expected to be generated during
electrolysis, and the detachment of bubbles from the electrode
is likely to constitute a significant resistance factor. In this
study, planar electrodes were used; however, the incorporation
of porous electrodes such as Ni foam will be necessary in the
future to reduce overpotentials under high current density

conditions.
4.0
:— Rso\ ; R; 12 E ;Rzz
Y CPE,  CPE,
L 1.0V "
G o
N 20F g \
E r
10F
0 r 4
0 1.0 2.0 3.0 4.0
Re Z/Q

Fig. 6 Nyquist plots of the methane synthesis cell at 250 °C
under cell voltages of 1.0 and 1.2V. The solid lines
represent the fitted curves obtained using the equivalent
circuit shown in the figure. R and CPE represent the
resistance and constant phase element.

Table 1 Parameters of the equivalent circuit fitted to the
Nyquist plots in Fig. 6.

Volt. Ryl R, CPE, R, CPE,
\4 Q Q T* o* Q T* a*
1.0 0.304 0.500 0.00273 0.957 352 0.235 0.543
1.2 0.336 1.41 0.157 0.773 415 0.858 1.00

*: The impedance of a CPE is given by Zcpg = 1 / [T(jw)*] where j and @
denote the imaginary unit and the angular frequency. The parameters T
and a are summarized in this table.

This journal is © The Royal Society of Chemistry 20xx
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3.6 Discussion in the cross-leakage

The phenomenon in which the overall current efficiency
does not reach 100% when the temperature is lowered below
200° C or when the current density exceeds 250 mA cm? is
considered to be due to so-called cross-leakage. Two possible
explanations can be considered: either oxygen bubbles
generated at the anode reached the cathode, or the Pd alloy
fully
hydrogen, resulting in hydrogen evolution on the electrolyte
side.

Therefore, the hydrogen permeability of Pd-Ag is first
estimated based on previously reported permeability data,

hydrogen-permeable membrane could not absorb

followed by a description of the results of the analysis of the
gas on the anode side.
3.6.1 Hydrogen permeability

One possible reason for the decrease in overall current
efficiency below 210°C or above 250 mA cm™? based on
cathode geometric area is the limited hydrogen permeation
through the Pd-Ag membrane. Therefore, the hydrogen
permeability was discussed as follows.

The hydrogen permeation through a Pd-Ag (75%-25%
atomic ratio) membrane between 150-300°C was reported in a
literature.> The hydrogen flux due to diffusion obeys the
following equation.*?

)

where J is the hydrogen flux in molm?2s!, P, is the
permeability in mol m! s'! Pa%3, d is the membrane thickness
in m, and p; and p, are hydrogen partial pressures in Pa at the
hydrogen absorption and desorption interfaces, respectively. P,
is also the product of the solubility coefficient and the diffusion
coefficient. From the experimental results reported in
reference,*! the permeability P, was averagely determined to be
2.16 x 108, 1.55 x 108, and 8.29 x 10 mol m'! s'! Pa-05 at 250,
200, and 150°C, respectively.

In this experiment, since the hydrogen conversion is
approximately 90%, p; and p, are assumed to be 101.3 and
10.13 kPa, respectively, and the membrane thickness is taken as
0.10 mm. From these values, the hydrogen fluxes were
calculated to be 0.047, 0.034, and 0.018 mol m2 s’! at 250, 200,
and 150°C, respectively. When expressed per cm?, these
correspond to 4.7, 3.4, and 1.8 umolcm?s’,
respectively. However, this calculation is based on the simplest
diffusion model, and some deviation should be expected when
effects such as surface resistance are also taken into account.?’

In Fig. 4, the production rate of methane at 250 mA cm?
based on cathode geometric area reaches 290 nmol s™' cm2,
which corresponds to a consumption of 1160 nmol s! cm? of
hydrogen. Since the hydrogen flux through the Pd-Ag
membrane calculated at 250 °C is approximately four times
higher. Therefore, at that stage, it was considered that there was
still some margin in the permeability of Pd-Ag.

3.6.2 Anode gas analysis

The GC-TCD that had been connected to the cathode side

was reconnected to the anode exhaust to analyse the gas from

values

This journal is © The Royal Society of Chemistry 20xx
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the anode side. A large amount of H,O for watey glectrolysis
was introduced to the anode side, so el eXhAi¥PLE91%45
analysed after condensing and trapping the H,O at room
temperature. The carrier gas for the anode H,O vapor was Ar,
but since the GC carrier gas was also Ar, it was not detected.
Only O, and H, were detected, and the amounts of H, relative
to O, at various current densities are shown in Fig. 7.

First, at 50 and 100 mA cm2, slightly less than 1% of H,
relative to O, was detected. However, at 300 mA cm™, as much
as 47 percent of H, relative to O, was detected from the anode
side.

As shown in Fig. 4, at 300 mA cm? the overall current
efficiency on the cathode side was more than 20% short of
100%,
concluded that this deficiency was due to the release of H, from

indicating a significant deficit. It was therefore
the anode side. Although H; in the anode exhaust amounted to
as much as 47% relative to O,, if part of the H, and O,
recombined and the current efficiency for O, was therefore less
than 100%, this amount can be considered to correspond to the
deficit observed on the cathode side.

In the previous section, we estimated the hydrogen
permeability of the Pd-Ag membrane and suggested that there
was sufficient margin in the hydrogen permeation rate.
However, in practice, at current densities exceeding
approximately 250 mA cm2, H, evolution was observed on the
electrolyte side of the membrane, suggesting that the hydrogen
permeation rate may approach its practical limit under these
conditions.

In the earlier estimation, the H, partial pressure in the
catalyst layer was assumed to be 10.13 kPa, based on an H,
conversion of approximately 90% for CH4 synthesis. In reality,
however, H, could accumulate on the catalyst-layer side of the

Pd-Ag membrane surface, which may lead to a higher H,

50 [

40

H,/O, ratio / %

0.78 0.64

50 100

300

Current density / mA cm™2

Fig. 7 GC analysis of the anode exhaust gas for the current
density at 50, 100, and 300 mA cm2 at 250°C. The current
density was defined as based on cathode geometric area.
The fraction of H, when the amount of O, is taken as
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partial pressure than that assumed in the calculation.
Alternatively, it is also possible that the effective permeation
rate was reduced due to contamination or surface modification
of the Pd-Ag membrane.

The presence of H, in the anode exhaust, which consists
mainly of O,, poses a significant safety concern and must be
avoided. At the laboratory scale, there is no major safety issue
if the anode gas is promptly vented to the atmosphere. However,
for practical-scale systems, it is necessary to construct a system
that prevents such conditions from occurring. If the H, level is
below 1% in the current efficiency, as in the case of current
densities of 100 mA cm™ or less, it is considered that the issue

would not be serious.
3.7 Comparison to our previous studies

We summarized our previous studies combining water
electrolysis and methanation in Table 2. Instead of aiming for
methanation through direct electrochemical CO, reduction,
there are very few studies that take the perspective of
integrating catalytic methanation with water electrolysis under
the same temperature and pressure, with the goal of proposing a
practical device. In principle, the performance of methanation
primarily depends on the catalytic activity of the catalyst layer,
and thus is largely independent of the electrolyte used. Similar
methanation activity has been observed for Ru/ZrO,, Ru/Al,0;,
and Ru/C catalysts, whereas Ru/TiO, exhibits lower methane
formation rates, indicating that careful selection of the Ru
catalyst support is required.!¢-!8

Solid polymer membranes, such as those used in polymer
electrolyte membrane (PEM) water electrolysis, can be
expected to function similarly; however, operation at 120 °C
results in significant degradation, yielding only approximately
70 % methane current efficiency at 30 mA cm™2, highlighting
that the temperature is insufficient. For phosphate electrolytes,
although noble metal anodes such as Pt are employed, the
leaching of Ti-based substrates is severe, leading to a rapid
increase in cell voltage after 2—3 weeks of operation, ultimately
preventing stable operation.

Considering these factors, the NaOH-KOH eutectic molten
salt electrolyte currently offers significant advantages.

Table 2 Comparison to our previous studies using
phosphate and polymer electrolytes for methane
synthesis.

Electrolyte Phosphate Polymer NaOH-KOH
Typical operation 250 120 250
temperature (°C)

Electrolyte state Liquid/Solid Solid Liquid
Anode Pt/Ti IrO,/Pt/Ti Ni
CEcna (%)™ 95 70 95
Life time A few weeks ~ 1 weeks > 1 month*
Degradation Anode Electrolyte Not detected
Reference 16, 17 18 This work

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

3.8 Catalyst characterization View Article Online

XRD and TEM analyses were con(?l%:telg'l g?/Dtﬁ%EOﬁ%S/é
catalyst. The XRD patterns of the 30 wt%-Ru/C sample and the
carbon support are shown in Fig. 8. Broad features at 25° and
43° were observed for both Ru/C and the carbon support,
corresponding to diffraction from carbon black containing
graphitic crystallites. In addition, intense diffraction peaks at
38.4,42.2,44.0, 58.4, 69.5, and 78.5° were observed for Ru/C,
which were assigned to the (100), (002), (101), (102), (110),
and (103) planes of hexagonal Ru metal, respectively.*> These
six peaks were deconvoluted, and the full width at half
maximum (FWHM) of respective peaks were estimated. The
crystallite size was estimated using the Scherrer equation, as
shown below .46

K 2

b= pcos O @

where, D is the crystallite size in nm, K is the Scherrer constant
(0.900), A is the X-ray wavelength (0.154 nm, Cu Ka), g is the
FWHM of peaks in radians, and € is the Bragg angle in radians.
From the Bragg angles and FWHM of respective peaks, the
crystallite size was calculated to be 2.1-4.1 nm, and the average
crystallite size was estimated to be approximately 3.1 nm.

The peaks at 28.0, 35.0, and 54.3° were assigned to RuO,.4
Because the 30 wt%-Ru/C sample was handled in air before
XRD measurements, and a portion of Ru nanoparticles is
considered to have been oxidized to RuO, when the reduced
sample was taken out into the ambient air. Literature reports
indicate that oxidized Ru species can be reduced by H2 at
approximately 200 °C.#7#8 This suggests that the observed
RuO; likely formed upon exposure of the catalyst to air. During
operation of the present electrochemical cell, the catalyst is
continuously exposed to a hydrogen-containing reducing
environment, and thus RuQO, is expected to be reduced to
metallic Ru.

This journal is © The Royal Society of Chemistry 20xx
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The TEM images of 30 wt%-Ru/C and carbon support are
shown in Fig. 9. The bright spherical particles with a diameter
of approximately 30-40 nm correspond to carbon black,
whereas the dark particles with diameters of approximately
3nm correspond to Ru metal. Since the crystallite size
described above is consistent with the size of the Ru particles,
the particles observed in the TEM images can be considered
representative of the average particle size.

Conclusions

A method for synthesizing methane from CO, and H,O at
250 °C using a NaOH-KOH electrolyte in an electrochemical
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Fig. 8 XRD patterns of 30 wt%-Ru/C and carbon support.
Dashed lines are deconvoluted peaks to the diffraction
patterns of Ru and RuO,. Reference patterns were
obtained from reference.*?
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Pd—Ag membrane reactor was proposed in this waogk,, At.2500¢
and a current density of 250 mA cmPbaed3My>TdtHode
geometric area, the current efficiency for methane formation
reached 91%, demonstrating that methane can be produced
much more efficiently than by direct electrochemical reduction
of CO,. Although the cell voltage remains below 2 V at current
densities up to approximately 100 mA cm2 based on cathode
geometric area, it increases linearly at higher current densities,
and the reduction of this overpotential remains a challenge for
future work. The electrolyte exhibited a high conductivity of
0.5 S cm! at 250 °C, superior to other electrolytes used in this
temperature range, such as phosphate-based electrolytes. The
hydrogen permeation rate of the Pd alloy membrane was
estimated, suggesting that it is sufficient to sustain the applied
current densities.
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