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Low-temperature Conversion of Carbon Dioxide to Methane in an Electric Field
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CO; methanation was conducted at low temperatures with
an electric field. Results show that 5wt%Ru/CeO, catalyst
exhibited high and stable catalytic activity for CO, methanation
with the electric field. The kinetic investigations and in-situ
DRIFTS measurements revealed that Ru/CeQO, catalyst pro-
moted CO, methanation and Ru at the Ru—CeQ, interface (low-
coordinated Ru sites) contributes to the reverse water gas shift
reaction at low temperatures in the electric field.
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Conversion of CO, to valuable chemicals such as CO, CHy,
and CH3;OH, has drawn great attention for use in supporting
carbon capture and utilization (CCU).'™ One established CO,
conversion process is CO, methanation (eq (1)), known as the
Sabatier reaction.

CO, + 4H, — CHy + 2H,0  AH95 = —164.9kImol™' (1)

Methane (CHy) can be used not only as fuel but also as a
hydrogen carrier via transportation in existing infrastructure for
town gas.>® Especially in Germany, some plants have already
been launched based on the concept of “Power to Gas”.”*

Moreover, CO, methanation is operated industrially using
Ni-based and Ru-based catalysts at temperatures of 523-673 K
with pressures of 1-300 bar.”~!> Considering the thermodynamic
equilibrium, operation at low temperatures is favorable to im-
prove CO, conversion and CHy selectivity because reverse reac-
tion (steam reforming of CH,) and side reaction (reverse water
gas shift: RWGS, eq (2)) are suppressed at low temperatures.

CO;+H, > CO+H,O AH%9 =41.2kImol™"  (2)

However, the dissociation of CO, has a high activation
barrier because of the high thermodynamic stability of CO,."3
Recently, to decrease the reaction temperature, unconventional
reaction systems such as electrocatalysis and photocatalysis have
been applied intensively to CO, methanation.!*!7

Earlier, we demonstrated that CO, is activated even at low
temperatures by application of a direct current electric field (EF)
to heterogeneous catalyst supported on a semiconductor for some
reactions: dry reforming of methane, '®2> RWGS,? and oxidative
coupling of methane using carbon dioxide.?* Regarding dry
reforming of methane, Ni-supported on La-ZrO, catalyst ex-
hibited high catalytic activity, even at 423 K in EF. Investigations
of isotope effects and in-situ DRIFTS measurements suggest
that proton conduction on the catalyst surface occurs in EF and
that it contributes to CO, activation.

This work revealed that Ru catalyst supported on CeO,
showed good activity for CO, methanation, even at low
temperatures in an EF. We studied the role of EF in the reaction
by comparison with conventional (not imposing an EF) catalytic
reaction. We demonstrated that imposing an EF activates CO, in
a non-conventional catalytic mechanism.

Ru-supported on CeO, catalysts were prepared using an im-
pregnation method. First, Ru precursor (Ru(acac);) was dis-
solved in acetone followed by adding CeO, powder (JRC-CEO-
1). After stirring at room temperature for 2 h, the suspension was
heated to 423 K for the evaporation of solvent. The obtained
powder was dried at 393 K overnight and was heated to 723 K
for 2 h under a reducing atmosphere (50%H; flow). The prepared
catalyst was sieved into 355-500 um particles. Activity tests
were performed in a fixed bed flow-type reactor (quartz tubes,
6mm i.d., §mm o.d.). Two stainless steel electrodes (2 mm o.d.)
were inserted contiguously to the top and bottom of the catalyst
bed to impose an electric field. The catalyst (80 or 100 mg) was
reduced at 723K in Hy:Ar=1:3 (100 SCCM total flow rate)
before the reaction. Direct current of 5.0 mA was imposed to the
catalyst bed using a DC power supply. The applied voltage
profile, as measured using an oscilloscope (TDS 3052B;
Tektronix Inc.), was stable (150V), not forming discharge/
plasma during the reaction. The reactant feed gases were carbon
dioxide, hydrogen, and argon in the ratio of CO,:H,:Ar = 1:4:5
(100 SCCM total flow rate for the screening tests; 200 SCCM
for the other tests). In the activity tests for the evaluation of
partial pressure effects for CO, and H,, the reactant feed gases in
various H,/CO, ratios were arranged to the total flow rate of 200
SCCM by diluted Ar. Gaseous products including CO, CHy, and
CO, were analyzed using GC-FID (GC-14B; Shimadzu Corp.)
equipped with a Porapak N packed column and a methanizer
(Ru/AlL,O3 catalyst). A cold trap was placed at the exit of the
reactor to condense water that formed. The respective calcu-
lation formulae for CO, conversion, CHy selectivity, and CO,
consumption rate are shown below (eq 3-5).

CO; conversion (%) = (Fco.out + Fena,ou)/ Feozin X 100 (3)
CHy selectivity (%) = Fcna,out/ (Fcoou + Feraou) X 100 (4)
CO;, consumption rate, r = Fcoout + FcHd.out %)

In these equations, F,,, denotes the product formation rate; F;,
denotes the reactant supply rate. Calculated carbon balances were
almost 100%. Only CO and CH,4 were detected as carbon-con-
taining products, indicating the carbon deposition as negligible.

In-situ DRIFTS measurements were conducted using a FT-
IR spectrophotometer (FT/IR-6200; Jasco Corp.) equipped with
an MCT-M detector and a ZnSe window. The sieved catalyst
(150 mg) was charged in a DRIFTS cell made of Teflon with two
pinholes to insert electrodes, as described in an earlier report.?
Before measurement, the catalyst was reduced at 573K in H,
flow for 120 min and was then purged in Ar flow for 30 min. The
background spectra were recorded under Ar gas (15 SCCM) at
343 K with EF or at 493 K without EF. All spectra were recorded
with 4cm™! resolution and 20 scans. The applied current was
5.0mA. The response voltage was about 0.20kV.

Table 1 presents results of activity tests conducted over
various metal catalysts supported on CeO, in an EF at 343K
furnace temperature. The catalyst bed temperature was measured
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Table 1. Results of activity tests over various metal-supported
catalysts in an electric field

Temp Current Voltage Power CO, Conv. CHgSel.  CO sel
catalysts

/K /mA /kV /W /% /% /%
Swt%Ru/CeO, 416 5 0.17 0.84 17.4 96.4 3.6

0.5wt%Ru/CeO, 405 5 0.17 0.83 7.5 26.9 73.1
Swt%Ni/CeO, 428 5 0.23 1.13 11.2 63.6 36.4
5wt%Co/CeO, 406 5 0.18 0.90 5.2 9.1 90.9
Swt%Cu/CeO, 396 5 0.16 0.79 3.7 0.0 100.0
Swt%Fe/CeO, 394 5 0.16 0.80 4.1 0.0 100.0

COy:Hy:Ar = 1:4:5; 100 SCCM total flow rate; 5.0 mA input current;
100 mg catalyst weight; 343 K furnace temperature

directly using a thermocouple attached to the bottom of the
catalyst bed to consider the Joule heat and reaction heat. Results
show that CO was formed over all the tested metal catalysts,
whereas CHy was formed over Ru, Ni or Co supported catalyst.
Especially, 5wt%Ru/CeO, catalyst showed the highest CO,
conversion and CHy selectivity (17.4% and 96.4%, respectively)
among the tested metal catalysts. 0.5wt%Ru/CeO, catalyst
showed much lower CHy selectivity than 5wt % Ru/CeO, did.
Table S1 (in Supporting information) shows the relationship
between Ru loading and Ru particle size. Actually, CHy selec-
tivity is known to depend strongly on the Ru particle size.®?’
Small clusters or isolated species of Ru are favorable to form CO
with high selectivity. Therefore, 5wt%Ru/CeO, (denoted as
Ru/CeQ,) is a suitable catalyst for CO, methanation in EF.

To elucidate the effects of EF on the activity of Ru/CeO,
catalyst for CO, methanation, catalytic activity tests were
conducted with and without EF at various temperatures
(Figure 1). The CO, methanation proceeded at 340K with an
EF, whereas it proceeded at temperatures higher than 430K
without an EF. The CHy selectivity increased to approximately
98% from 340 to 445 K with an EF. Then it reached a plateau at
higher temperatures. However, without an EF, the CHy4 selec-
tivity was almost 100% below 570K and CO was detected over
570K. Figure 2 shows Arrhenius plots of CO, consumption
rates with and without an EF under kinetic conditions. The
apparent activation energy E, with an EF (12.5kJ/mol) was
much lower than that without an EF (86.7 kJ/mol). These results
indicate that CO, methanation is promoted at low temperature
by imposing an EF via a different mechanism from that of the
conventional catalytic reaction without an EF. In addition, the
catalytic stability of Ru/CeO, with or without an EF was
evaluated at almost identical initial CO, conversion (Figure S1).
The activity with an EF was stable until at least 90 min whereas
that without an EF decreased gradually. One can infer that
reaction intermediates derived from CO, strongly adsorb on the
Ru surface and that they inhibit the reaction without an EF.

Next, we investigated the reaction pathway in CO,
methanation with EF. Figure S2 shows the effects of the contact
time (W/F) on catalytic activity over Ru/CeO, with an EF.
As the contact time increased, the CH, selectivity increased.
This finding demonstrates that CO is an intermediate in CO,
methanation with an EF.

Then, the influence of H,/CO; ratio of the reactant gas on
CH; and CO formation rates was investigated under kinetic
conditions (Figure 3). The CH, formation rate with an EF
reached a maximum under a stoichiometric ratio for CO,
methanation (H,/CO, = 4). Thereafter, it decreased as the H,/
CO, ratio decreased. Moreover, the CO formation rate increased
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Figure 1. Temperature dependence of catalytic activity and
selectivity with and without the electric field over Ru/CeO,
catalyst (CO,:Hy:Ar = 1:4:5; 200 SCCM total flow rate; 5.0 mA
input current; 100 mg catalyst weight).
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Figure 2. Arrhenius plots for CO, hydrogenation reaction
over Ru/CeQ, catalyst with and without the electric field.
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Figure 3. CH,4 and CO formation rates over Ru/CeQO, catalyst
under various H,/CO, ratios (a) with EF at 343 K or (b) without
EF at 493 K (CO,:Hy:Ar = (1-5):(9-5):10; 200 SCCM total flow
rate; 100 mg catalyst weight).

concomitantly as the H,/CO, ratio decreased. However, in the
reaction without an EF, CO was not detected in any H,/CO,
ratio, even though the CH4 formation rate decreased monoton-
ically with decreasing H,/CO; ratio. These results indicated that
the H,/CO, ratio affects CH, selectivity with an EF, and it
affects CO, conversion rate without EF.

Figure 4 presents the effects of the partial pressures of CO,
and H, on the CO, consumption rate with and without EF. The
CO; consumption rate denoted as r is assumed as the following
equation (eq 6) using CO, and H; partial pressures.

r = kPco® Puo? (6)
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Figure 4. Effects of partial pressures of CO, and H, on the
CO, consumption rate over Ru/CeQ, catalyst (a) with EF at
343K and (b) without EF at 493 K (80 mg catalyst weight).

The reaction orders of the CO, and H, partial pressures for
the CO, consumption rate without an EF were, respectively,
—0.24 and 0.40. According to earlier reports for Ru/CeO,
catalyst, the negative order of CO, partial pressure is attributable
to strong CO adsorption on the Ru surface.’>* In contrast, the
CO; consumption rate with an EF was correlated positively with
the CO, partial pressure. Therefore, the hindrance of adsorbed
CO is eliminated by imposing an EF. Additionally, the reaction
order of CO, partial pressure (0.69) was larger than that of H,
partial pressure (0.51) with EF, which suggests that the CO,
consumption rate depends on the RWGS reaction rate. This
demonstrates that CO, is converted to CO via RWGS reaction,
and then CO is hydrogenated to CHy. It is inferred that CO
methanation proceeds faster than RWGS reaction with EF, so
high CH, selectivity is achieved over Ru/CeO,.

To elucidate the reaction mechanism in CO, methanation
with an EF further, in-situ DRIFTS measurements were con-
ducted. Figure S3 shows the DRIFT spectra measured during the
reaction (H,/CO, = 4) with and without an EF. The broad band
assigned to carbonyl species adsorbed onto the Ru particle
surface was observed around 2070-1870 cm™". Tt can be divided
to three peaks (Table S2).283° To investigate the H,/CO, ratio
effects on adsorbed species over Ru/CeO, with or without an
EF, DRIFT spectra were recorded after 20 min of the reaction
with or without an EF under different H,/CO, ratios (Figure 5).
Without an EF, no significant difference was found by changing
the H,/CO,; ratio. However, with an EF, the intensities of the
bands assigned to the adsorbed CO on low-coordinated Ru sites
(1975 cm™') and gaseous CO (2100-2200 cm™") increased as the
H,/CO; ratio decreased, which suggests that the low-coordi-
nated Ru site is active for RWGS reaction with an EF. Based on
the positive order of CO, partial pressure, it is also inferred that
CO adsorption on the Ru surface is weakened in an EF so that
the low-coordinated Ru site is active for CO, conversion via
RWGS reaction. CO desorption from Ru could bring low CHy4
selectivity. Hence the rate of CO methanation in EF is also
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Figure 5. In-situ DRIFT spectra after reaction under different
H,/CO; ratios (1 or 4) over Ru/CeO, catalyst with EF (5 mA) at
343 K or without EF at 493 K (CO,:H;:Ar = 2:8:5 or 5:5:5; 15
SCCM total flow rate).

important. CO methanation is known to proceed above 473K
over Ru/TiO, catalyst in the conventional catalytic system
(without an EF).3! With an EF, Ru/CeO, catalyst exhibited high
CHy selectivity (96.4%) at 416 K. That indicates an EF also
accelerates CO methanation.

To ascertain the active CO species on the Ru surface in the
reaction, the spectra were recorded during H, flow after the
reaction gas exposure under H,/CO, = 1 (Figure 6). In the reac-
tion without EF, only CO adsorbed onto highly coordinated Ru
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Figure 6. In-situ DRIFT spectra during H, flow after the
reaction under H,/CO, = 1 over Ru/CeO, catalyst (a) with EF
(5mA) at 343K and (b) without EF at 493K (CO,:Hy:Ar =
5:5:5 or 0:5:10; 15 SCCM total flow rate).
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sites (2025 cm™") decreased rapidly. Reportedly, CO, methana-
tion is a structure-sensitive reaction because the turnover frequen-
cy increases concomitantly with increasing Ru particle size.?®*?
This result indicates that low-coordinated Ru sites, i.e. small
clusters of Ru or the Ru at Ru—CeO, interface, are less active for
CO; methanation. However, two CO species adsorbed onto high-
coordinated and low-coordinated Ru sites (2025 and 1975 cm™")
were converted with an EF, which indicates that these adsorbed
species are reactive for the reaction in an EF. Therefore, in CO,
methanation with an EF, not only large particles of Ru (high-
coordinated Ru sites) but also small clusters of Ru and Ru at the
Ru-CeO, interface (low-coordinated Ru sites) contribute to the
reaction and thereby achieve high activity at low temperatures.

In summary, CO, methanation was conducted by imposing
an electric field. Screening tests revealed that 5wt %Ru/CeO,
catalyst is a suitable catalyst for CO, methanation with the
electric field. The electric field promoted the reaction over Ru/
CeO, catalyst even at low temperatures such as 340K via a non-
conventional catalytic mechanism. The kinetic investigations
and in-situ DRIFTS measurements revealed that CO, methana-
tion with the electric field proceeds not only over highly
coordinated Ru sites but also over low-coordinated Ru sites by
virtue of the promotion of RWGS reaction at low-coordinated
Ru sites. Ru/CeO, catalyst exhibits high and stable activity for
CO, methanation without the hindrance of CO adsorbed onto the
Ru particle surface.

Supporting Information is available on https:/doi.org/
10.1246/c1.190930.
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