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Selective CO methanation has been attractive as a CO removal technique from reforming 

gases in polymer electrolyte fuel cell systems. The catalysts for the title reaction require the 

following two features: (i) high CO methanation activity at low temperatures and (ii) low 

CO2 methanation activity at high temperatures. In this review, we surveyed numerous 

studies of selective CO methanation using heterogeneous catalysts, and discussed its 

plausible mechanism. Furthermore, we summarized how the activity and selectivity of CO 

methanation can be affected by particle size of active metal, support materials, and additives. 

 

Introduction 

Polymer electrolyte fuel cells (PEFCs) produce electric energy 

via the oxidation of hydrogen with high power density and 

conversion efficiency, and are expected to be in the practical 

applications such as the portable power source for electric 

vehicles, mobile phones, and so on. Especially Japan, South 

Korea, Germany, and the U. S. lead the world in the research 

and development of PEFC systems. 
1
 In Japan, for example, 

PEFC systems have been commercially available by the name 

of ENE-FARM since 2009, and it was expected that 50,000 

units would be installed by the end of fiscal year 2013. The 

retail price of PEFC is gradually decreasing to 25,000 USD per 

kW, but remains expensive for domestic facilities. In order to 

spread PEFC systems, it is necessary to manufacture PEFC at a 

low cost and in large numbers. The following 4 topics have 

been studied all over the world for the significant cost reduction 

of the full-fledged commercialization of residential PEFC co-

generation systems: a development of durable electrolyte 

materials, a development of CO tolerant anode catalysts, a 

development of CO removal processes from reformates, and a 

method to estimate the influence of impurities on fuel cell 

performance. As will be seen, this review focuses on the CO 

removal processes by selective CO methanation. 

 In the future hydrogen could be made from water 

electrolysis using renewable energy resources, while hydrogen 

is presently made mainly from fossil fuels. The schematic 

diagram of the fuel processing for conventional PEFC systems 

is shown in Fig. 1 (A). As one of the problem for the systems, 

the concentration of CO in the hydrogen-rich gas must be 

reduced to < 100 ppm before feeding the hydrogen-rich gas to 

the PEFC anode.2 Otherwise a small amount of CO poisons the 

Pt catalysts on the anode. The CO concentration can be reduced 

from ca. 10 % to 0.2-2 % by the water gas shift reaction (WGS 

reaction, CO + H2O → CO2 + H2), and then to < 100 ppm by 

preferential oxidation of CO in the presence of excess H2 

(PROX, CO + 1/2O2 → CO2). However, during PROX 

hydrogen is inevitably oxidized in the presence of oxygen, 

leading to a decrease in the PEFC energy conversion efficiency. 

CO + 3H2 → CH4 + H2O   ∆H298
o
 = -206 kJ mol

-1

  
(eq.  1) 

CO2 + 4H2 → CH4 + 2H2O (g) ∆H298
o
 = -165 kJ mol

-1

  
(eq.  2)

 

CO2 + H2 → CO + H2O (g)  ∆H298
o
 = 41 kJ mol

-1

  
(eq.  3) 

 
Fig. 1 Fuel processing for PEFC systems with a unit of (A) preferential oxidation of 

CO (PROX) and (B) CO methanation. 

 Another alternative is CO methanation (eq. 1) carried out in 

the presence of excess CO2 (Fig. 1 (B)). Methanation of CO has 

the advantages that the reactants are already present for this 

reaction (CO and H2) in the reformates, and that the produced 
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CH4 can be recycled as a heating fuel for the reforming unit. 

High selectivity for CO methanation is important in the 

elimination of CO by methanation, otherwise simultaneous CO2 

methanation (eq. 2) and the reverse water-gas shift reaction 

(RWGS reaction, eq. 3) can give rise to extremely large 

consumption of produced H2 as well as runaway of the 

methanation reactor due to the highly exothermic nature of the 

CO2 methanation reaction. To obtain a wide operating 

temperature window for selective CO methanation, suitable 

catalysts must be developed that carry out CO methanation at 

low temperatures and do not favor CO2 methanation and the 

RWGS reaction at high temperatures. 

 In the early stages of selective CO methanation study, a lot 

of researchers attempted to choose suitable active metals for 

selective CO methanation. Traditionally Ru, Rh, Ni, Co, and Fe 

catalysts have been used as industrial catalysts for CO and CO2 

methanation and Fischer-Tropsch synthesis. However, the 

metal catalysts with high activity of CO methanation normally 

promote undesirable CO2 methanation. Therefore the choice is 

very important for those who study and design selective CO 

methanation catalysts. Panagiotopoulou et al. surveyed the 

performance of supported noble metal (Ru, Rh, Pt, and Pd) 

catalysts for selective CO methanation, and methanation 

activity of Ru and Rh catalysts was higher compared to Pt and 

Pd catalysts.3 Takenaka et al. investigated the catalytic nature 

of active species (Ru, Co, Ni, Fe, Pd, and Pt) on SiO2 as well. 4 

Over Ru, Co, and Ni on SiO2, CO was converted at the 

temperature below 380ºC, while over Fe, Pd, and Pt on SiO2, 

CO remained unreacted. In spite of high CO conversion, Co 

species does not seem to be suitable active species because Co 

catalysts improve not only an activity of CO hydrogenation but 

also an activity of WGS reaction.4-6 In consequence, recently a 

lot of researchers have studied Ru3, 4, 7-25 and Ni 4, 5, 26-29 

catalysts. 

 Three comprehensive reviews about CO removal processes 

from reformates, published in 2009, 30 2011, 31 and 2013, 32 

focused partly on selective CO methanation, and covered a few 

studies. Accordingly there is no review featuring only the title 

reaction. In this review, articles on selective CO methanation 

published mainly in this decade will be discussed. Initially, we 

will first discuss in section 2 the plausible mechanism of CO 

and CO2 methanation under CO and CO2 coexisting condition. 

After that, we will show the effect of particle size (section 3) 

and electron density (section 4) of active species on selective 

CO methanation. As will be shown in section 5, we will discuss 

the suppression of CO2 adsorption or conversion to CO in the 

title reaction. 

2. Mechanistic study of CO or CO2 methanation 

2.1 CO methanation 

 The reaction pathway of methanation of CO is often proposed. 

It is reported that CO methanation over supported metal 

catalysts proceeds via the dissociation of CO on the metal and 

the successive hydrogenation of the resultant surface 

carbonaceous species. 33-35 Methanation of CO under CO and 

CO2 coexisting condition is also considered to take place at the 

active metal surface.12, 16 Panagiotopoulou and coauthors 

precisely analysed the nature of Ru species on TiO2 during CO 

and/or CO2 methanation using in-situ DRIFT and TPD 

technique.16, 17 Under CO methanation condition, the following 

CO species were observed: linear and bridged CO on metallic 

Ru (Rux-CO), multicarbonyl species on partially oxidized Ru 

(Run+(CO)x), and Ru-CO located at the metal-support interface 

((TiO2)Ru-CO). The presence of Run+(CO)x may indicate the 

dissociative adsorption of CO.14, 36 The authors concluded that 

hydrogenation of surface carbon produced by dissociative 

adsorption of CO on metal Ru (eqs. 4-6) was much faster than 

that of (TiO2)Ru-CO, and the main route of CO methanation at 

low temperature (< 300 ºC).  

CO + Rux ↔ Rux-CO  (eq.  4) 

Rux-CO + Ru → Rux-C + Ru-O (eq.  5) 

Rux-C + 4H(a) → Rux + CH4 (eq.  6) 

2.2 CO2 methanation 

 The mechanism of CO2 methanation has been mainly 

investigated using Ni 29, 37-40 and noble metals (such as Ru,41, 42 

Rh,43 and Pd 44) as active species supported on various metal 

oxides. As for CO2 methanation over supported metal catalysts, 

it is well accepted that CO2 adsorbed on the catalyst surface 

reacts with H2 on the metal to produce methane. However, there 

still exists argument that the active sites of the conversion from 

CO2 to CO over supported catalysts are the metal surface 29, 37, 

39, 40, 43 or interface between the metal and the support. 38, 41 In 

this section, we would like to show recent findings about CO2 

methanation mechanism with a focus on IR data. 

 
Fig. 2 (A) DRIFT spectra for CO2 adsorption and hydrogenation over unmodified 

Ni–Al oxide catalyst added under flowing (a) CO2, (b) CO2 and H2, (c) H2 for 5 min, 

and (d) H2 for 30 min. (B) DRIFT spectra for CO2 and CO adsorption over 

unmodified Ni-Al oxide under flowing (a) CO2, (b) CO2+CO, (c) CO2, (d) He. These 

measurements were carried out sequentially at 230°C. Reproduced from Ref. 

[45]. 

 Miyao and coauthors examined CO2 adsorption and 

hydrogenation over Ni-Al oxide using in-situ DRIFT, as 

illustrated in Fig. 2 (A). 45 After dosing CO2 to the chamber, the 

peaks attributed to CO adsorbed on metallic Ni appeared at 

2014 and 1844 cm-1 (Fig. 2 (A-a)). Furthermore H2 was 

subsequently added to the CO2 flow, and the peaks of CO grew 
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and the peaks of formate (1601 and 1390 cm-1) and C-H 

vibration (ca. 3000 cm-1) emerged (Fig. 2 (A-b)). After 

switching CO2/H2 gas mixture to H2, the CO peaks disappeared, 

and the peaks of formate and C-H vibration slightly decreased 

(Fig. 2 (A-c, d)). Accordingly, they suggested that CO2 was 

converted to CO not via the formate route (as mentioned 

below), but via the following steps: CO2 adsorbed on Ni sites 

can be dissociated to Ni-CO and Ni-O, and additional CO via 

RWGS reaction adsorbed on the vacant Ni sites. Moreover they 

attempted to identify the predominant cites for CO2 conversion 

to CO, and dosed CO on the CO2-modified catalyst surface 

(Fig. 2 (B)). Thereupon the peak area of adsorbed CO twofold 

increased (Fig. 2 (B-a, b)). Next they stated that adsorbed CO 

species were almost unchanged after exchanging the gas 

mixture to CO2, and subsequently to He (Fig. 2 (B-c, d)). 

 We, however, considered that after switching the dosing gas 

from CO2/CO mixture to CO2 and then to He, the peaks of CO 

in Fig. 2 (B) were red shifted due to a decrease in CO surface 

coverage, in other words, CO desorption (Figs. 2(B) b-d). 46 It 

is expected that CO was not produced but desorbed from the 

catalyst in spite of CO2 introduction to the chamber. 

Furthermore, the CO2 dissociation did not oxidize the Ni 

surface; otherwise the peaks of Ni+−CO would appear at ca. 

2150 cm-1 in Fig. 2 (B-b).47 These can indicate that the reaction 

sites of CO2 conversion are almost different from the 

adsorption ones of CO. Several researchers proposed that CO2 

conversion to CO should take place at the metal-support 

interface because most of CO2 adsorbs not on active metal but 

on support material.9, 16, 17, 38, 41, 48-50 

 
Fig. 3 DRIFT spectra recorded during 1000 min on stream at 190°C (equilibration 

of surface species) over the Ru/zeolite (left panels) and the Ru/Al2O3 catalysts 

(right panels) in CO2-rich reformate and subsequent change to 
13

CO2 containing 

reaction atmosphere: From bottom to top: 0, 1, 2, 3, 5, 6, 7, 10, 15, 20, 25, 30, 

35, 45 min. Reproduced from Ref. [12]. 

 In order to reveal the mechanism of CO2 methanation, it is 

also quite necessary to consider what the intermediates of CO2 

methanation are. Eckel and coauthors employed steady-state 

isotope transient kinetic analysis (SSITKA) IR measurements, 

as shown in Fig. 3. 12 After 1000 min reaction test of CO2 

methanation over Ru/zeolite and Ru/Al2O3, the gas mixture 

(12CO2/H2) switched to that including isotope labelled 

isotopomer (13CO2/H2). Then 12C-containing formate species 

(1590 cm-1) somewhat disappeared, and 13C-containing formate 

species (1550 cm-1) gradually appeared. In addition, 12C-

containing species of CO (ca. 2000 cm-1) and C-H vibration (ca. 

3000 cm-1) were also exchanged to 13C-containig species. From 

these results they considered that the CO cannot be formed via 

formate species derived from RWGS reaction but CO2 

dissociation to CO. As mentioned above in Fig. 2 (A), Miyao 

and coauthors concluded that formate species is not an 

intermediate of CO2 methanation under CO and CO2 coexisting 

condition. Noteworthily, both studies ignored bare 

disappearance of formate species. 

 
Scheme 1 CO2 methanation over Ru/TiO2 catalyst. Abbreviations of S, M, and I 

mean support, metal, and metal-support interface, respectively. Reprinted from 

Ref. [41]. 

 
Fig. 4 Decrease in FTIR peak area ratio to the initial peak area at the respective 

wavenumbers under 5% H2/Ar flow at 200°C as a function of reaction time. 

These data were recorded after a switch from the model gas mixture (CO2/H2 = 

1/9) to 5% H2/Ar. Catalyst: 2%Ru/CeO2. Reprinted from Ref. [49] 

 Based on computational chemistry, debates still exist on the 

intermediate of CO2 conversion to CO. Computational 

chemistry predicted the following three intermediates: formate 

species (HCOO), 51-53 hydrocarboxyl species (HOCO), 54, 55 and 

no intermediate (CO dissociation).53 According to experimental 

observations, moreover, formate species seem to hardly react 

with H2 on reported catalysts with low CO2 methanation 

activity, such as Ru/Al2O3,
12, 49 Ru/zeolite,12 and Ni-Al 

oxides.45 On the other hand, formate species on Ru/TiO2 
41, 48, 56 

and Ru/CeO2/Al2O3 
49 disappeared in H2 flow. Marwood and 

coauthors investigated and suggested the mechanism of CO2 
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methanation using DRIFT techniques, as shown in Scheme 1. 41 

A pathway involving hydrogen carbonate (HCO3
-) is presented 

for the formation of the formate species (HCOO-). The formate 

species adsorbed at the interface between metal and support is 

expected to be decomposed to H2 and hydroxyl groups. As for 

Ru/CeO2 we attempted to compare the hydrogenation rate of 

carbonate and formate species.49 These species were observed 

as the peaks at 1580, 1530, 1470, 1370, 1330, and 1290 cm-1 in 

the FTIR spectra. The peak areas after desired time of reaction 

with H2/Ar were defined as A, and the initial areas as A0. Fig. 4 

shows the peak area ratios (A/A0) as a function of time-on-

stream after switching to H2/Ar. The bands at 1580 and 1330 

cm-1 rapidly decreased at an identical rate, and are derived from 

disappearance of bidentate carbonate species on CeO2.
57, 58 

Interestingly, the three curves for A/A0 at 1530, 1470, and 1370 

cm-1 were nearly coincident: the ratios of 1530, 1470, and 1370 

cm-1 decreased from 1 to ca. 0.6 in 60 min, and then remains. 

The peaks at 1530, and 1370 cm-1 are ascribed to O-C-O 

asymmetric vibration and C-H in-plane bending vibration in 

formate species, respectively, while the band at 1470 cm-1 are 

assigned to monodentate carbonate.57 The ratio drops indicate 

that a part of formate still remained without reacting with H2 or 

being desorbed from the catalyst. Furthermore, thermal stability 

of the carbonate and formate was also investigated. Under N2 

atmosphere the carbonate peaks (1580 and 1330 cm-1) gradually 

disappeared, while the formate peaks (1540 and 1390 cm-1) 

were unchanged. Thus, what follows these results are: (i) the 

carbonate and a part of the formate species react with H2, (ii) 

the carbonate species on Ru/CeO2 are decomposed or desorbed 

at high temperature such as 200 ºC, and (iii) the formate species 

on Ru/CeO2 are thermally stable at 200 ºC. 

 
Scheme 2 Plausible mechanism of CO2 methanation over supported metal 

catalysts under CO and CO2 coexisting condition. 

 Thus we would like to suggest a reaction scheme, as shown 

in Scheme 2. Firstly CO2 absorbs on a support material, leading 

to carbonate species on the support material (Scheme 2 (B)). In 

addition, CO and H2 adsorb on an active metal surface (Scheme 

2 (C)). Next the hydrogen spillover from the metal enables the 

carbonate conversion to formate species (Scheme 2 (D)). It is 

also reported that the carbonate species should react with gas-

phase H2, leading to formate formation.41 After that, only the 

formate species in contiguity with the metal are decomposed to 

CO along the metal-support interface, and the residual (as 

indicated by a dotted square) are not (Scheme 2 (E)). Finally, 

the CO adsorbed on metal reacts with H2 to CH4 (Scheme 2 

(F)). This scheme can explain the following phenomena as 

discussed above: (i) Gas-phase CO adsorbed on the active 

metal whose surface was partly occupied CO formed via CO2 

decomposition, and (ii) a part of formate species remain 

without reaction. 

3. Particle size effect 

As for selective CO methanation, the catalytic performance of 

heterogeneous catalysts is expected to depend on the size of 

active species. This is because basically hydrogenation reaction 

of COx is known to be structure-sensitive. Based on density 

functional theory (DFT) calculation, dissociation of CO, known 

as a dominant step of CO methanation, takes place at step-edge 

sites of metallic Ru, 59-61 Rh, 61, 62 and Ni.61, 63 On the other 

hand, Kowalczyk et al. suggested that the turnover frequency of 

CO hydrogenation was enhanced over Ru catalysts as the Ru 

dispersion incresed.64 Therefore these studies seem to predict 

the optimum metal particle size for CO methanation. The COx 

hydrogenation mechanism on heterogeneous catalysts has been 

still debated, and no consensus on the particle size effect has 

been reached,37, 43, 65, 66 since the effect seems to depend on 

reaction conditions and natures of methanation catalysts. 

 
Fig. 5 Effect of crystallite size for a 3% Ru metal loading catalyst on CO and 

CO2 conversion (feed composition: 0.9% CO, 24.5% CO2, 68.9% H2, 5.7% H2O, 

SV = 13,500 h
−1

). Ru crystallite size:  (■, multiple-step impregnation) = 34.2 nm, 

(▲, single-step impregnation) = 10.9 nm. (filled) CO conversion, (open) 

CO2 conversion. Reprinted from Ref. [7]. 

 In 2007, the effect of crystallite size of active metal species 

on selective CO methanation was first reported by Dagle and 

coauthors.7 They prepared Ru/Al2O3 catalysts by impregnation 

method, and investigated the effects of loading and crystallite 

size of Ru and preparation method on the activity and 

selectivity of CO methanation. The Ru nanoparticles grew due 

to multicycle impregnation, and an increase in Ru loading 

amount and pre-reduction temperature by H2. Fig. 5 illustrates 

the CO and CO2 conversion over multi and single-step 

impregnation 3%Ru/Al2O3 catalysts. The Ru crystallite size of 
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the multi and single-step impregnation catalysts were 34.2 and 

10.9 nm, respectively. The Ru particle growth shifted the CO 

and CO2 conversion curves to higher temperatures, leading to 

low activity of CO and CO2 methanation. As an important 

finding, with growing the Ru particles the activity of CO2 

methanation dropped faster than that of CO methanation. As a 

result, Ru/Al2O3 with larger Ru particles exhibited higher 

selectivity of CO methanation. The same tendency was also 

reported by the other studies.9, 10, 15 

 
Fig. 6 Hemispherical model of metal particles supported on metal oxides. 

 Herein, we tried to interpret this effect using hemispherical 

model, as shown in Fig. 6. Firstly it is assumed that metal 

particles on the supports are hemispherical in uniform volume, 

density, and particle size. The total length of the metal-support 

interface Ltot and the total metal surface area Stot were estimated 

from the following equations. 

totL n l= ×    (eq. 7) 

totS n s= ×    (eq. 8) 

l dπ=    (eq. 9) 

2

2

d
s

π
=    (eq. 10) 

w
n

v ρ
=

×
   (eq. 11) 

3

12

d
v

π
=    (eq. 12) 

where n is the number of particles per unit mass of catalyst, l is 

the perimeter of a particle, s is the metal surface area of a 

particle, d is the particle size of the metal, w is the loading 

amount, v is the volume of the metal, and ρ is the density of the 

metal. According to these equations, Ltot and Stot should be 

proportional to d-2 and d-1, respectively, indicating that the 

particle growth strongly affects the diminution of Ltot compared 

to the decrease of Stot. Thus the activity of CO2 methanation can 

decrease faster than that of CO methanation if CO and CO2 

methanation take place at the metal surface and along the 

metal-support interface, respectively. This assumption 

interestingly agrees with the Dagle’s experimental data as 

mentioned above, and can inform the importance of controlling 

the metal-support interface in order to prepare a suitable 

catalyst with high CO methanation selectivity. 

4. Enhancement of CO methanation activity 

Achievement of complete CO removal at low temperature can 

avoid exothermic CO2 methanation at high temperatures. As a 

simple solution, an increase in the amount of exposed active 

species can enhance the CO methanation activity. Indeed, 

adding of noble metal (such as Ru, 67, 68 and Pt 69) to Ni-

containing mixed oxide catalysts boosted CO methanation at 

low temperature because H2 spillover from the noble metal 

enhanced the reducibility of the Ni species, as will be seen in 

section 5.1. The other answer is the control of CO adsorption 

and dissociation, since the adsorption and dissociation at an 

active metal surface are key steps for CO methanation. It is 

considered that the electron density (ED) of the surface directly 

influences on the activity of CO methanation. If the ED is 

enhanced, CO adsorbed on a metal surface with high ED is 

more easily dissociated by enhanced dπ-pπ* back bonding and 

consequently CO methanation is improved.33, 70, 71 Otherwise, 

the amount of dissociatively-adsorbed H2 on the metal increases 

due to weak adsorption of CO on the surface, which favors the 

transformation of CO to CH4.
42 These investigations show the 

importance of finding the suitable ED for selective CO 

methanation. Basically the ED can be changed by the following 

processes: (i) change of a support material,72 and (ii) addition of 

some promoters, such as alkali and alkali earth metal, to 

catalysts.73-77 In this section, we summarized them. 

4.1 Role of support material 

As for Ru catalyst, the activity for CO hydrogenation was 

significantly improved when Ru nanoparticles were supported 

on TiO2 compared to Al2O3, CeO2, YSZ, SiO2, ZrO2, and MgO, 

under CO,4, 78 and CO-CO2 coexisting condition.8, 9, 15 

According to the XANES and EXAFS data reported by 

Takenaka and coauthors, the nature of support material did not 

affect the oxidation state of Ru NPs, while did that of Ni 

species.4 Compared to Ni/ZrO2, Ni/TiO2, and Ni/SiO2, the Ni 

species on Ni/Al2O3 and Ni/MgO were partly oxidized and 

showed the low activity of CO hydrogenation. Regrettably, 

there are almost no reports about the relationship between the 

support nature and the ED of active metal in the selective CO 

methanation field. In the studies introduced above, the size of 

active metals depended on the nature of support materials, 

which affected the CO methanation activity. 

4.2 Role of Promoter 

Under CO and CO2 coexisting condition, interestingly, K 6 and 

Na 10 residual on the Ru/TiO2 catalyst surface decreased the 

apparent activity of CO methanation, while addition of La 

species 6 to Ru/TiO2 improved the apparent activity. In 

addition, these three promoters enhanced the activity of CO2 

Page 5 of 11 Catalysis Science & Technology

C
at

al
ys

is
S

ci
en

ce
&

Te
ch

no
lo

gy
A

cc
ep

te
d

M
an

us
cr

ip
t



ARTICLE Journal Name 

6 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012 

methanation.6, 10 Thus the Ru-La/TiO2 catalyst appears to be 

succeeding in CO removal at lower temperature than the 

unmodified Ru/TiO2 catalyst. The XPS peak positions 

attributed to Ru d5/2 orbital on Ru/TiO2, Ru-La/TiO2, and Ru-

K/TiO2 were at 280.5, 280.2, and 280.1 eV, respectively, 

indicating of enhancement of the ED of Ru species by La and K 

addition to Ru/TiO2. From the XPS results, the La and K 

additives were expected to exist beside Ru species, which 

enhances CH4 production rate from carbon monoxide. Carbon 

dioxide is known to be adsorbed on La2O3 and K2O to form 

lanthanum and potassium carbonates with high thermal 

stability.79, 80 It is also reported that the addition of Na species 

to Ru catalysts enhanced CO2 methanation due to a large 

amount of CO2 chemisorption. 81 Therefore it is likely that the 

La, K, and Na additives can function as CO2 supply sources, 

leading to improvement of CO production via RWGS reaction. 

Similar mechanism was reported by Park et al. in CO2 

methanation over Pd-MgO/SiO2: palladium metal provides 

atomic hydrogen to magnesium carbonate to form methane, and 

then the methane is desorbed, followed by magnesium 

carbonate reproduction via the adsorption of gas phase CO2 on 

magnesium oxides produced in the reaction.44 If the La, K, and 

Na species play a role similar to MgO on Pd-MgO/SiO2, Ru-

K/TiO2 and Ru-La/TiO2, Ru-K/TiO2, and Ru-Na/TiO2 can also 

boost RWGS reaction and CO2 methanation. As for Ru-K/TiO2 

and Ru-Na/TiO2, CO production rate by RWGS reaction is 

probably higher than CO consumption rate by methanation, 

giving rise to slower decrease in CO concentration. 

 
Fig. 7 Temperature dependence for selective CO methanation over Ni/Al2O3 

(triangles), Ni/AlVOx (squares), and mesoporous SiO2-TiO2 coated Ni/AlVOx 

(circles). (filled) CO concentration, (open) CH4 concentration. Reaction 

conditions: CO/CO2/H2/H2O = 0.43/17.1/67.9/14.5, GHSV = 2400 h
−1

. Reproduced 

from Ref. [82]. 

 Vanadium oxide is also known as a promoter for CO 

methanation. Mori et al. expected that V3+ ions in the vicinity of 

active metal extracts an oxygen atom in hydroxycarbene (-

CHOH), leading to easy dissociation of CO.83 Recently 

Ni/AlVOx 
82 and Ni-V2O3/Al2O3 

84 catalysts was reported, and 

showed the higher activity of CO and CO2 methanation than 

Ni/Al2O3. Therefore vanadium promoter does not seem suitable 

for selective CO methanation. In order to suppress only the CO2 

methanation activity, Miyao et al. covered the surface of 

Ni/AlVOx with a mesoporous SiO2-TiO2 layer. 82 Fig. 7 shows 

the CO and CH4 concentration over Ni/Al2O3, Ni/AlVOx, and 

mesoporous SiO2-TiO2 coated Ni/AlVOx catalysts. The coating 

did not change the CH4 formation at high temperature 

compared to Ni/AlVOx, while the coated catalysts eliminated 

CO much more than uncoated catalysts. According to these 

results, the coated catalysts exhibited high activity and 

selectivity of CO methanation at low temperature. 

5. Suppression of CO2 adsorption and/or CO2 

conversion 

According to reaction mechanism of CO2 methanation (section 

2.2) and promoter effect (section 4), CO2 adsorption on 

catalysts and CO2 conversion to CO are key steps of CO2 

methanation. Actually, several researchers reported that CO2 

methanation activity is enhanced with an increase in the CO2 

adsorption.29, 44, 49, 50 In other words, it should be of little 

surprise that suppression of the CO2 adsorption hinders CO2 

methanation. Under the CO and CO2 coexisting condition, CO2 

methanation over Ru/TiO2 was suppressed in spite of long 

perimeter compared to Ru/Al2O3, stemming from the small 

amount of CO2 adsorbed onto Ru/TiO2.
9 

5.1 Ru-Ni bimetallic catalyst 

 
Fig. 8 (A) H2-TPR profiles of 0.5wt%Ru/TiO2, 0.5wt%Ru-5wt%Ni/TiO2, and 

5wt%Ni/TiO2. (heating rate = 10ºC/min). Reproduced from Ref. [48]. (B) STEM-

HAADF image and Ti, Ni, and Ru maps of 0.5wt%Ru-5wt%Ni/TiO2. Reproduced 

from Ref. [85]. 
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 Bimetallic Ru-Ni/TiO2 catalyst was developed as an answer 

to shortening of the perimeter between Ru and TiO2. 
48 In order 

to determine the geometric character of Ru and Ni species on 

the catalyst, temperature programmed reduction by H2 (H2-

TPR, Fig. 8(A)) was firstly conducted. The peaks at ca. 220 and 

550ºC were attributed to reduction of RuO2 and NiO. It is 

noteworthy that the loading amounts of Ru and Ni determined 

by H2-TPR are close to those measured by ICP-AES, which 

means that Ru species existed without forming solid solution 

with the Ni species. In addition, the reduction peak of NiO was 

shifted to lower temperature by adding Ru to Ni/TiO2, 

indicating of enhancement of Ni reducibility due to H2 spillover 

from metallic Ru to NiO. The reduction of NiO by the spillover 

H2 requires close contact of Ni species with Ru metal. These 

considerations were backed by scanning transmission electron 

microscopy (STEM) images and EDS maps, as shown in Fig. 8 

(B): Ru and Ni signals on the EDS maps (in the dotted circle) 

were overlapped.85 Thus the combination of Ru and Ni species 

on the Ru-Ni/TiO2 catalysts was expected to decrease in direct 

contact between Ru and TiO2. This Ru-Ni catalyst exhibited 

higher CO methanation activity and lower CO2 methanation 

activity than Ru/TiO2. Briefly, this was because the 

decomposition of formate species, known as a CO2 methanation 

intermediate, on Ru-Ni/TiO2 was suppressed compared to 

Ru/TiO2.
48  

 Chen et al. have reported the effect of loading amount of Ru 

(0 or 1wt%) and Ni (0, 10, 20, 33, 40, 50 wt%) on catalytic 

performance of selective CO methanation using Ru/mesoporous 

Ni-Al oxides.68 The catalytic activity and selectivity of CO 

methanation was enhanced by (i) increasing Ni content in the 

Ru/ mesoporous Ni-Al oxides and (ii) adding Ru to the 

mesoporous Ni-Al oxides. They focused on the specific surface 

area (SSA) difference of the catalysts between with and without 

Ru: the SSA was dramatically increased by the addition of Ru 

species to reduced mesoporous Ni-Al oxides. This is because 

the H2 spillover from Ru species boosted the NiO reduction. 

Therefore it is expected that the Ru addition increased the 

amount of exposed metallic Ni on mesoporous Ni-Al oxides, 

leading to high CO methanation activity over Ru/mesoporous 

Ni-Al oxides. Furthermore they considered that the Ru 

inclusion to Ni-Al oxides hindered the CO2 dissociation to CO, 

resulting in high selectivity of CO methanation.67 The 

hindrance seems to be influenced by not only the combination 

of Ru and Ni but also existence of chlorine (as will be seen in 

section 5.2) since they used RuCl3˖xH2O as a Ru precursor. 

5.2 Chlorine modification 

 
Fig. 9 Effect of impregnation of NH4Cl solution to 1%Ru/Al2O3 catalyst 

synthesized with Ru(NO)(NO3)3 precursor on CO and CO2 conversion. Three 

different chlorine molar loads (Cl/Ru = 1, 3, and 9) were added to the 

1%Ru/Al2O3 (Cl/Ru = 0). (filled) CO conversion, (open) CO2 conversion. Reaction 

condition: CO/CO2/H2/N2 = 0.5/18/40/41, space velocity = 0.33 NL min
-1

 gcat
-

1
.Reproduced from Ref. [25]. 

 It is reported that modification of methanation catalysts by 

chlorine component suppresses CO2 adsorption and/or CO2 

dissociation to CO, resulting in high selectivity of CO 

methanation. Using Ru/Al2O3 catalysts prepared by incipient 

wetness impregnation, Djinovic and coauthors attempted to 

clarify the effect of Ru precursors (RuCl3˖xH2O and 

Ru(NO)(NO3)3) 
24, 25 and presence of chlorine on selective CO 

methanation.25 The catalyst prepared from RuCl3˖xH2O had low 

activities of CO and CO2 methanation compared to that from 

Ru(NO)(NO3)3. It is important to note that the chlorine-

containing catalyst exhibited higher selectivity of CO 

methanation than chlorine-free one, due to strong suppression 

of CO2 methanation. In addition, impregnation of Ru/Al2O3, 

prepared from Ru(NO)(NO3)3, with NH4Cl solution directly 

controlled surface chlorine loads on the catalysts, as shown in 

Fig. 9. As for chlorine-containing catalysts, the lowest 

temperature where CO conversion is 1 was slightly shifted to 

higher temperature (10-19ºC) compared to the chlorine-free 

catalyst. For Ru/Al2O3 (Cl/Ru = 0), CO2 conversion gradually 

rose from 200ºC to 350ºC, and then was steady at ca. 50%. 

Over the Ru/Al2O3 with chlorine components, the conversion 

remained ca. 0% below 250ºC, and then started to increase 

rapidly. According to these results, chlorine modification of 

Ru/Al2O3 succeeded to enhance the selectivity of CO 

methanation as well. Miyao et al. pointed from the result of 

temperature programmed desorption of CO2 that CO2 hardly 

adsorbed on chlorine-containing catalysts.45 Moreover it was 

concluded that chlorine components were located on Ni 

surface. This is because CO methanation proceeding on Ni 

surface was suppressed by chlorine modification. Zyryanova et 

al. adjusted the surface chlorine amount on Ni/CeO2 catalysts 

using nickel salt mixture at various ratios of NiCl2 and 

Ni(NO3)2.
86 The higher the chlorine content is, the lower the 

methanation activity of CO and CO2 was. Based on the other 

works, 87, 88 high reduction of the Ni/CeO2 was expected to 

form stable Ce3+OCl surface species, probably leading to the 

interference of CO2 adsorption and/or CO2 dissociation. 
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6. Conclusions and perspective 

 Based on the mechanistic studies for selective CO 

methanation (Scheme 2), we suggest that the key of selective 

CO methanation is the control of interfaces between active 

metals and support materials (section 3). If the interface can be 

blocked or the perimeter can be shortened, CO2 conversion to 

CO will be hindered, leading to high CO methanation 

selectivity. As mentioned in section 5, the following solutions 

can prove quite effective in enhancement of CO methanation 

selectivity: (i) the combination of Ru and Ni, and (ii) chlorine 

modification. In addition, it can be necessary to choose suitable 

support materials and promoters, otherwise undesirable CO2 

methanation will proceed (section 4).  

     At the present stage developed Ru and/or Ni catalysts is 

approaching the practical use. In order to put into practical use, 

sophisticated catalysts with high stability (more than 40,000 h) 
89 and high activity should be developed. Long-term tests for 

selective CO methanation over the developed catalysts have 

recently been conducted, as summarized in Table 1. A plenty 

number of developed catalysts show the great activity of CO 

methanation, while they need stability improvement because 

they had work for less than 10,000 h. Thus it is expected that 

clarification of deactivation mechanism for selective CO 

methanation catalysts is next on our challenge, which will allow 

the development of new suitable catalysts with high activity 

and selectivity of CO methanation. 

 In order to decrease fossil fuel consumption and harmful 

influence on the global environment, it is important to develop 

new technologies for effective utilization of fossil fuels. As one 

of the technologies, we focus on polymer electrolyte fuel cell 

(PEFC) systems with high power density and high total energy 

conversion efficiency. Developing selective CO methanation 

catalysts and alternating from the unit of preferential oxidation 

of CO (PROX) to that of selective CO methanation will lead to 

a decline in manufacture’s cost of PEFC systems, resulting in 

spreading installation sites of PEFC. 

 

Table 1 Long-term test for selective CO methanation. 
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Catalysts Reaction 

Temp./ ºC 

Reaction 

Time/ h 

Space 

velocity 

CO 

conc. / 

ppm 

Composition Ref. 

CO CO2 H2 H2O Inert 

5%Ru/TiO2 220 10 0.20  
gcat min L-1* 

< 30 0.5 15 60 0.9 24.9 
(He) 

[4] 

0.5%Ru-10%Ni/TiO2 200 5500 10000 h-1 < 100 0.2 16.1 65.3 18.4  [90] 

10%Ni/TiO2 200 7000 2500  h-1 < 100 0.2 16.1 65.3 18.4  [90] 
5%Ni/m-ZrO2 240 140 10000  h-1 < 10 0.425 17 63.325 15 4.25 

(N2) 

[27] 

1%Ru/Ni-Al oxide 200 200 2800  h-1 < 10 0.85 17 67.15 15  [68] 
Mesoporous SiO2-TiO2 

coated Ni/AlVOx 

193 > 4000 2400  h-1 - 0.43 17.1 67.9 14.5  [82] 

7%Ru-ZrO2/ CNTs-Ni 200 36 1000  h-1 < 10 1 20 79   [91] 
2%Ru/Al2O3 320 72 3000  h-1 - 25  75   [20] 

5%Ru/TiO2 230 90 49000  h-1 - 0.5 15 55.5 30  [15] 

43%Ni/Cr2O3/Al2O3 300 180 0.42 
gcat min L-1* 

< 50 1.6 12.5 37.5 25 23.4 
(N2) 

[92] 
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As for selective CO methanation over heterogeneous catalysts, 

the numerous investigations of reaction mechanism and catalyst 

development are reviewed. 
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