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Abstract 

CO2 is one of the main contributors to the greenhouse effect and hence to climate change, there is a growing interest in its 

use as a feedstock in chemical processes. CO2 methanation has recently gained renewed interest. A series of nickel supported 

on yttrium oxide and promoted with different ratios of ruthenium was prepared by the wet impregnation method. The 

developed Ru-Ni/Y2O3 structure was then characterized using N2 adsorption-desorption isotherm, XRD, XPS, TPR, and 

HTEM techniques to evaluate the surface, crystal phase, and morphology. The catalytic test was conducted with the use of a 

fixed-bed tubular reactor under atmospheric pressure. Temperature of catalytic performance was 350 °C with a supply of 

CO2/H2/Ar with a ratio of 1/4/5 and a total flow rate of 200 ml/min. The main products of the reaction were CH4 and water. 

Traces of carbon monoxide was present among the product. The methane yield was reached 16.4%, 14%, 17.74%, and 

14.24% over Ni/Y2O3, 1Ru-Ni/Y2O3, 5Ru-Ni/Y2O3, and 10Ru-Ni/Y2O3 catalysts respectively. The amount of promoter was 

stated to have affected the catalytic activity but huge numbers usually of promoters diminishing catalytic activity due to active 

site coverage. However; the increase in Ru loading in the 10Ru-Ni/Y2O3 sample decreased the catalytic activity towards 

methanation due to the Ru-precursor used (RuCl3.nH2O) in this study. The residual chloride ions form a barrier between the 

support and the metal, and thus both inhibit CO and hydrogen chemisorption on the catalyst surface.  
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1. Introduction 

Hydrogen is a clean and efficient fuel, which has the 

least pollutant impact on the air that can be produced 

through steam reforming [1–4] and renewable energy 

such as solar energy [5,6], has attracted a great deal 

of attention to relieve the heavy dependence on fossil 

fuel in the future. To overcome the hard work to 

transport and store hydrogen a lot of researchers have 

investigated the carrier for hydrogen [7, 8].  

On the other hand, CO2 emissions cause the loss 

of vast quantities of carbon, which is the building 

block of fossil fuels and petrochemicals. The 

technology most widely studied to reducing CO2 

emissions is carbon capture and sequestration (CCS) 

consisting of CO2 capture, transport, and 

underground storage. Instead, the CO2 collected may 

be used and converted into fuels and chemicals such 

as dry methane reforming for the manufacture of 

synthesis gas [9–11] or CO2 hydrogenation to CH4 

[12–17], methanol, or higher alcohol [18–20]. 

   Methane, the primary component of natural gas, 

can be transported using the proven networks of 

pipelines. In addition to being a fuel, methane is also 

an essential chemical material [21]. 

The hydrogenation of CO2 or methanation, also 

called the Sabatier reaction, was first studied in the 

early last century by Sabatier and Senderens [22]. 

The early application of such a process was for 

ammonia synthesis to extract trace carbon oxides 

from the feed [23, 24]. Due to its use in the so-called 

Power-to-Gas technology [25] as well as biogas 

upgrading [26], CO2 methanation has recently gained 

renewed interest. 

The conversion of carbon dioxide with hydrogen 

is a well-known exothermic reaction, which is 

typically carried out at moderate temperatures (250–

350 °C), the ideal H2: CO2 ratio is 4: 1, and pressures 

(5–25 bar g) through heterogeneous catalysis [27, 

28]. However, the CO2 reduction process owns high 

kinetic barriers, making this process difficult to 

achieve, and CO2 is so stable that difficult to be 
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activated [29–31]. Therefore, CO2 activation and 

conversion at low temperatures is a critical challenge. 

The mechanisms proposed for CO2 methanation 

according to the studies from experimental works and 

theoretical calculations can be divided into two 

categories. The first one involves that CO2 will be 

converted to CO by reverse water gas shift (RWGS) 

reaction followed with CO methanation [8,14,32]. 

The other mechanism is the direct hydrogenation of 

CO2, which is related to the formation of intermediate 

such as formate species [33]. 

In methanation reaction heterogeneous catalyst is 

based on two commercial materials, nickel as active 

phase and γ-alumina as support, which is used to 

disperse the active phase and confer stability to the 

whole catalyst [12]. However, supported nickel 

catalysts continue widely studied materials. The 

nature of support plays a crucial role in the 

interaction between the nickel and the support, and 

thus determines catalytic performances toward 

activity and selectivity for the methanation of CO2 

[34].  

Besides γ-alumina, another supports such as Y2O3, 

Sm2O3, ZrO2, ZnO and CeO2 provide better 

properties to nickel-based catalysts, which 

consequently exhibit higher catalytic activity 

[14,17,35–39]. 

The shortages of the Ni-based catalyst are poor 

activity at low temperature and the sintering of Ni 

nanoparticles (NPs) at high temperature [40]. The 

problem of Ni-based catalysts is their deactivation at 

low temperatures due to the interaction of the metal 

particles with carbon monoxide and the formation of 

mobile nickel sub carbonyl [41]. Therefore, 

developing catalyst with high activity at low 

temperature and good resistance to sintering is the 

focus for CO2 methanation. To overcome this 

problem, the addition of second metals such as Ce 

[42,43], Zr [44,45], La [46,47], Mo [48], and Mg 

[15,49] has been attempted to enhance the stability 

and catalytic activity of the nickel-based catalysts 

[50].  

Finch and Ripley [51] claimed that the noble metal 

promoters such as Rh, Ru, Pt, and Pd may enhance 

the activity of the catalysts and maintained greater 

activity for methane conversion than non-promoted 

catalysts. 

Ruthenium, although more expensive, is more 

active and stable at operating conditions for CO2 

methanation than nickel [52]. Ru/Al2O3 catalysts are 

highly selective towards methane, and the main 

products of the reaction were CH4 and water. Traces 

of carbon monoxide were present among the product, 

too, but methanol was completely absent [53]. The 

selectivity to methane achieved maximum when the 

Ru loading was increased to 10 wt%, which was 

attributed to the sintered phase of Ru on the Al2O3 

support [54]. 

However, another study found a small amount of 

methanol was produced on Raney Ru catalysts [55], 

but the production of methane gas was thousands of 

times more than the amount of methanol from CO2 

hydrogenation. Also; the addition of noble metals on 

Ni resulted in a decrease in the reduction temperature 

of Ni and an increase in the amount of H2 uptake on 

Ni on the catalyst [56–58]. Under steady-state 

conditions, the reaction rate determined for a highly 

loaded 15 wt% Ru/Al2O3 sample was about 10 times 

higher than that obtained for the Ni-based system 

[59]. Furthermore, Luo et al. have studied the effect 

of yttrium addition on the hydrogenation performance 

and surface properties of a Ru/sepiolite catalyst [60]. 

The presence of yttrium in Ru/sepiolite aids in 

increasing the catalytic activity and anti-poisoning 

capacity of the catalyst. The addition of yttrium 

increases the active surface area and the dispersion of 

ruthenium.  

Ru can also be combined with Ni to form a 

bimetallic methanation catalyst, which showed many 

enhanced performances [61,62] found that the 

segregation of Ru on the Ni–Ru/γ-Al2O3 catalyst 

surface could provide more active Ru species. 

Therefore, adding a small amount of Ru in Ni catalyst 

is a promising way to promote methanation reaction 

for long time stability and high activity [63]. 

Recently; Y2O3, an effective metal oxide, was used in 

a wide range of areas vary due to its optical, thermal, 

and chemical stabilities [64–68]. 

In the present work, we evaluate the influence of 

using ruthenium metal oxide at a different loading 

level of 1%, 5%, and 10% wt/wt as promoters on 

10%Ni/Y2O3 catalyst by co-precipitation method. 

The effect of promoter on the morphology and 

catalytic activity towards CO2 methanation reaction is 

examined under atmospheric pressure and 350 °C 

using H2: CO2 of 4. 

 

2- Experimental 

2.1. Materials 

Yttrium Oxide (Y2O3), 99.9% AR is precached 

from Loba Chemie (Mumbai, India), M. Wt. 225.81. 

It calcined at 500 °C for 4 hours. 

Nitrate precursors, nickel nitrate hexahydrate 

Ni(NO3)2.6H2O, and ruthenium (III) chloride hydrate 

RuCl3.xH2O, 99.9% is precached from Acros 

Organics-Thermo Fisher Scientific (New Jersey, 

USA). 
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2.2. Preparation method  

All catalysts were prepared by the wet 

impregnation method [57]. Three grams of calcined 

yttrium oxide support was prepared per batch. Nickel 

nitrate hexahydrate is used as the base in this research 

and ruthenium (III) chloride hydrate is used as a 

promoter. Typically; nickel nitrate and ruthenium 

chloride were dissolved separately in distilled water 

at room temperature. Yttrium oxide support was 

weighed and added to the aqueous solution. Then, the 

mixture was kept on a bath at 80 °C under slow 

stirring until complete evaporation, for 4 h. The 

impregnated material was kept at 110 °C in an 

atmospheric oven overnight. Then, the catalysts were 

calcined at 500 °C for 4 h. The nominal nickel 

loading amount was fixed at 10 wt% and the 

ruthenium promoter at 0, 1, 5, 10 wt%. The prepared 

catalysts were labeled respectively as 10Ni/Y2O3, 

1Ru-Ni/Y2O3, 5Ru-Ni/Y2O3, and 10Ni-10Ru/Y2O3. 

 

   2.3. Catalysts Characterization  

Textural properties of the catalysts were 

determined by N2-physisorption (NOVA 3200 

apparatus, Quantachrome Corporation, Boynton 

Beach, Florida, USA) at -196˚ C. Before the 

measurements, the samples were degassed at 250 °C 

for 4 h. Brunauer-Emmett-Teller (BET) method was 

used to calculate the BET surface area for a relative 

pressure (P/P°) range between 0.05-0.30. Barrett-

Joyner-Halenda (BJH) method was applied to 

desorption.  

The crystalline structure and the different phases 

of nanoparticles were investigated via X-ray 

diffraction analysis (XRD) using Shimadzu XD-1 

diffractometer, Germany. The wide-angles data were 

obtained using a Cu Kα radiation (λ=1.5406 Å). The 

diffraction acquisitions were done in a range from 20 

to 80°. The crystalline phase was identified by using 

International Centre for Diffraction Data.  

The morphology and microstructure of the 

materials were observed on a transmission electron 

microscopy (JEOL-2100F), 120 Kw, Japan, attached 

with (EDX) Oxford X-Max. This technique offered 

high-resolution electron imaging up to 0.143 nm and 

high magnification up to 1.5 million times 

The reducibility of the calcined catalysts was 

studied by H2-Temperature programmed reduction 

(Quantachrome equipment, USA). H2-TPR was 

conducted using an H2: Ar (5/95 vol%) mixture as the 

reducing gas at a flow of 30 mL min−1 in the 

temperature range of 35–1000 °C at a heating ramp 

of 10 °C min−1. The amount of H2 uptake was 

measured with a thermal conductivity detector. 

Chemical valence states of the samples were 

determined by an X-ray photoelectron spectroscopy 

(XPS); K-ALPHA Surface Analysis, Thermo 

Scientific USA. The spectrometer is equipped with 

monochromatized Al Ka. The sample was mounted 

on the standard sample stubs using double-sided 

adhesive tapes. The core level signals were obtained 

at a photoelectron take-off angle (R, measured for the 

sample surface) of 908. The X-ray source was run at 

a reduced power of 150 W (15 kV and 10 mA). The 

pressure in the analysis chamber was maintained at 

10-8 Torr or lower during each measurement. 

 

2.4. Catalytic activity  

   Carbon dioxide hydrogenation was carried out in 

a fixed volume flow tubular homemade reactor 

operating at atmospheric pressure. The quartz silica 

reactor was heated in an electric furnace equipped 

with a programmable temperature controller. 2 gm of 

fresh catalyst was diluted with silicon carbide to 

obtain 5cm bed height and packed in the middle of 

the reactor. The temperature was monitored by a K-

type thermocouple placed in the center of the catalyst 

bed. Before the catalytic test, all the samples were 

activated in situ with a 30 ml/min flow of pure 

hydrogen at atmospheric pressure for 1 h at 600 °C. 

After the reduction, the catalysts were cooled down 

and a flow of premixed gas at a molar ratio of 

CO2/H2/Ar = 1/4/5 with a GHSV of 6000 ccg-1h-1 was 

gradually introduced through the catalysts. Then, the 

temperature was increased to 350 °C and the reaction 

time was 3h. Gaseous reaction products were 

analyzed online by a quantitative gas analysis system 

(HIDEN ANALYTICAL QGA, England). The 

selectivity of H2, CO2, CH4 and, CO was detected by 

gas analyzer using a matrix equation to correct the 

overlapped detection values from the m/z of 28 (CO), 

44 (CO2), 2 (H2), and 16 (CH4).  

The carbon dioxide (CO2) conversion was 

calculated by:  

 
[CO2]in –[CO2]out

[CO2]in
 

The methane (CH4) yield was calculated by: 

 

𝑌𝐶𝐻4 =  
𝑋𝐶𝑂2 𝑥 𝑆𝐶𝐻4

100%
 

   The carbon monoxide (CO) yield was calculated   

by: 

 𝑌𝐶𝑂 =  
𝑋𝐶𝑂2 𝑥 𝑆𝐶𝑂

100%
 

 

Whereas SCH4, SCO, XCO2 are the selectivity of 

methane, carbon monoxide, and conversion of carbon 

dioxide respectively [69]. 
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2. Results and discussion:  

2.1. X-ray diffraction analysis 

XRD patterns of yttrium oxide-based catalysts are 

presented in Fig.1. Distinct XRD peaks indexed to 

the cubic phase of Y2O3 were observed for all the 

samples. The patterns show the intense peaks at 2θ 

values of 29.14°, 33.77°, 48.51°, and 57.57° 

according to JCPDS card no.: 04-005-4378 

characteristic to cubic YO structure [70]. The 

characteristic diffraction peaks of NiO at 2θ = 37.2, 

43.3, and 62.8° cannot be seen in the Ni/Y2O3 

catalyst. It demonstrated that Ni species were well 

dispersed on the Y2O3 surface due to the existing 

overlaps peaks of NiO and Y2O3 of XRD pattern are 

difficult to differentiate [71]. 
Fig. 1. XRD patterns of yttrium oxide-based catalysts 

 

However; the diffraction peaks at 28.0o, 35.1o, and 

54.4o of tetragonal RuO2, and the three peaks at 38o, 

44o and 69o of the metallic Ru [72] weren’t detected 

in 1Ru-Ni/Y2O3, 5Ru-Ni/Y2O3 catalysts. This is 

related to the uniformly and finely dispersed of the 

metals over the support surface using the wet 

impregnation method [73]. This result was also 

noticed by Basahel et al., [74], El Naggar et al. [75], 

and El-Salamony et al. [76]. They reported that there 

are no reflections due to crystalline CuO phase were 

observed in XRD pattern of 10-CuZr sample [74] and 

a complete absence for any sharp MoO3 characteristic 

peaks in 10Mo-SBA-15 and 15Mo-SBA-15 catalysts 

[75,76]; respectively suggesting that CuO might be 

well dispersed on the surface of ZrO2 support [74] 

and MoO3 segregated as an amorphous phase within 

the silica matrix and there is the non-existence of the 

crystalline domains of copper oxide rather than 

molybdenum oxide, unless of being present with 

crystal sizes that are too small to be detected at the 

high angle X-ray diffraction [1,74–76]. The two 

catalysts 5Ru-Ni/Y2O3 and 10Ru-Ni/Y2O3 had 

exhibited characteristic peaks of NiO with elevated 

intensities in their XRD patterns, as illustrated in 

Table 1.  

 
Table 1: XRD data for 5Ru-Ni/Y2O3 and 10Ru-Ni/Y2O3Catalysts  

Catalysts Pos. 

[°2θ] 

Height 

[cts] 

FWHM 

Left 

[°2θ] 

d-

spacing 

[Å] 

5Ru-Ni/Y2O3 29.2961 15.38 0.1968 3.04862 

  37.4979 7.14 0.3149 2.39852 

  43.357 20.25 0.551 2.08701 

  48.7073 8.52 0.3936 1.86954 

  57.822 6.03 0.4723 1.59466 

  62.8203 9.04 0.551 1.47927 

10Ru-Ni/Y2O3 29.1972 3.05872 62.46 0.2755 

  33.8344 2.64936 16.4 0.2362 

  35.2595 2.54548 3.96 0.2558 

  37.4119 2.40383 6.43 0.3346 

  40.021 2.25294 2.71 0.9446 

  43.4734 2.08169 15.75 0.3936 

  48.6959 1.86995 30.42 0.1968 

  53.3012 1.71874 3.75 0.4723 

  57.8067 1.59504 20.78 0.2558 

  59.1525 1.56193 4.43 0.4723 

  60.5555 1.52905 3.72 0.4723 

  63.0007 1.47547 5.9 0.3149 

 

Besides only one peak characteristic to RuO2 in 

the case of the 10Ru-Ni/Y2O3 sample. The insets of 

Fig. 1, give an expended view of the main peak. It is 

indicating a shift of the reflection peaks in the case of 

Ni/Y2O3 and 1Ru-Ni/Y2O3 samples and peak 

broadening in the case of bi-metal samples after Ru 

ion implantation with different doses. The lattice 

distortion resulting from crystal deficiencies may lead 

to a shift in the position reflections [77]. In the case 

of bi-metal samples, there is only peak broadening 

which also reflected a change of microstructure in the 

implanted samples with an increasing implantation 

dose of Ru ion.  

2.2. Catalytic surface area properties  

The nitrogen adsorption/desorption isotherm curve 

as well as the pore size distribution (the inset picture) 

of the yttrium oxide-based catalysts are shown in Fig. 

2. The isotherm of catalysts classified to type IV 
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isotherm indicating to the formation of mesopores 

material on the support during the preparation 

method [78]. They exhibited an H3-type hysteresis 

loop, however, the H3 loop does not have a plateau at 

high P/Po. The yttrium oxide support exhibits the 

same shape as a type II isotherm (Supplementary data 

S1). This pseudo-type II character is associated with 

low surface area, porosity, and unrestricted 

monolayer-multilayer adsorption [79] and is due to 

the low degree of pore curvature. This encourages the 

impregnation of the metal oxides on the surface and 

wall interacting of the support to form a multilayer 

with definite porosity. This discusses the increase of 

the surface area of the prepared sample in comparison 

to Y2O3 support. The corresponding BET-specific 

surface area is represented in Table 2. The surface 

area decreased by increasing Ru metal loading and 

the same applied to pore volume and pore diameter 

this due to the large ionic radius of Ru+3 (0.85 nm) 

comparison to that of Ni+2 (0.7 nm) which decrease 

the porosity of amorphous oxide formed during the 

preparation procedure. Using the BJH method the 

pore diameter distribution is obtained (Fig. 2). It 

demonstrated that the catalysts possessed uni-modal 

wide-ranging pore distribution from micro- to meso-

pore with pore width from 0.2 to 6 nm. which is 

typical for mesoporous material [80]. 

 

Table 2: Texture properties of the prepared catalysts 

 

Catalysts 

Surface 

Area 

SBET 

(m2/g) 

Total 

Pore 

Volu

me         

(cc/g) 

Pore 

Diameter 

(nm) 

Ni/Y2O3 15.5 0.0701 12.34 

1Ru-Ni/Y2O3 14.93 0.0771 2.82 

5Ru-Ni/Y2O3 14.44 0.0601 2.39 

10Ru-Ni/Y2O3 10.62 0.0514 0.986 

 

Fig. 2. N2 adsorption/desorption isotherm and pore size 

distribution (inside Figs.) of the yttrium oxide-based nano- 

catalysts. 

2.3. Temperature Programmed Reduction (TPR): 

The reduction behaviors of yttria-based catalysts 

were measured by TPR at the temperature range 50- 

1000 °C, and the results are shown in Fig. 3. 

Generally, the reduction temperatures of NiO 

reflected the interactions between NiO and supports 

[81, 82]. As for Y2O3 support, a weak reduction peak 

centered around 600 °C has been reported that it 

could be partially reduced due to the lattice oxygen 

on its surface [83–85]. For Ni/Y2O3 sample the 

reduction peaks at Tmax of 312, 373, and 418 °C 

assigned to the reduction of NiO and support 

interacting NiO, respectively, to metallic Ni [86] 

corresponding presumably to NiO nanocrystals of 

various sizes [87]. The hydrogen consumption values 

and Tmax during the TPR of the prepared catalysts are 

reported in Table 3. 

 

Fig. 3. H2-TPR of the prepared catalysts 
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The H2-TPR profile of the bi-metal Ru-Ni based-

catalysts exhibited reduction peaks at Tmax 171, 230, 

204, 255, and 273 °C characteristics to the reduction 

peaks of RuO2 to Ru metal, which is in agreement 

with the results reported in many literatures [88–94]  

However; the 1Ru-Ni/Y2O3 sample is also detected, 

which match to ruthenium oxychloride [95]. In 

addition, the reduction profiles of NiO on the 

prepared catalysts have been detected and they 

generally point to the presence of two NiO species, 

one interacting strongly with the support and the 

other weakly. Strong chemical interaction between 

NiO and the support results in a shift of the reduction 

peak to higher temperatures β-type NiO (350-600 ºC), 

whereas weak interaction results in reduction at low 

temperatures assigned to α-type NiO species (200-

350 ºC) [57,96–98]. The hydrogen consumed of the 

prepared catalysts was 2.558 mmolg-1, 2.15 mmolg-1, 

3.027 mmolg-1, and 3.138 mmolg-1 for Ni/Y2O3, 1Ru-

Ni/Y2O3 5Ru-Ni/Y2O3, and 10Ru-Ni/ Y2O3 catalysts, 

respectively. H2-TPR results revealed that the Ru 

favored the reduction of NiO, probably because they 

weaken the interaction between Ni and the yttria 

support, as well this behavior is reported in several 

studies [57,96]. 

 
Table 3: Hydrogen consumption values and Tmax during the TPR 

for the prepared catalysts 

 

Catalysts Tmax °C 
H2 consumed, 

mmol/g 

Ni/Y2O3 312.7 0.274 

 373.3 0.468 

 418.9 0.672 

 632.8 1.144 

1Ru-Ni/Y2O3 151.8 0.075 

 273.9 0.214 

 371.3 0.86 

 480.1 1.001 

5Ru-Ni/Y2O3 194.1 0.255 

 230.9 0.889 

 388.2 1.33 

 472.8 0.291 

 546.8 0.262 

10Ru-Ni/Y2O3 171.6 0.13 

 204.3 0.27 

 255.3 0.147 

 354.6 0.638 

 519.4 1.221 

 647.7 0.732 

2.4. Structure of Ru-Ni/Y2O3 sample  

2.4.1.  X-ray Photoelectron Spectroscopy (XPS) 

 

To investigate the chemical state of nickel and 

ruthenium on the surface of the Y2O3 sample XPS 

measurements were shown in Fig.4.  The XPS 

spectrum of the prepared 1Ru-Ni/Y2O3 catalyst 

shows four major peaks at a binding energy of 159.2 

eV, 856.97 eV, 284.89 eV, 532.13 eV assigned to 

Y3d, Ni2p, Ru3d, and O1s; respectively. The atomic 

ratios of elements are 26.34%, 7.348%, 1.08% and 

58.36%, respectively. The inevitable contaminated 

peaks are present at 285.91 eV and 199.61 eV due to 

the hydrocarbon-rich atmosphere, C1s [99] and 

ruthenium chloride bond, Cl2p [100–103]. The 

binding energy of Y3d located at 157.7 eV is 

attributed to Y3d2/3 in Y2O3 [104]. The peak at159.85 

eV characteristic of yttrium trioxalate Y2(C2O4)3 

[105]. The Ru3d spectra exhibited three main peaks 

at 285.99 eV, 289.81 eV, and 283.26 eV. The first 

peak is representative of Ru3d3/2 in Ru-C bond in 

tetrathiafulvaleneruthenium trichloride dihydrate 

(C6H4S4)RuCl3.2H2O [103], the sound one is 

assigned to products of hydrocarbon oxidation. Since 

the 3d band of Ru superimposes the carbon C1s band, 

the experimental spectral envelope of this region was 

decomposed by fitting with C1s and Ru3d 

“synthetic” bands produced with the use of 

experimentally determined parameters [106]. The last 

peak is attributed to Ru3d5/2 in ruthenium trioxide 

RuO3 [101,107]. 

 

Table 4: Binding energies and fit parameters for Ni 2p spectra. 

Binding 

Energy 

(eV) 

Name Line 

Designation 

Formula Ref. 

855.6 Nickel 

oxide 

2p3/2 NiO 112 

858.2 Ni, sat 

element 

2p3/2 Ni 113 

874.1 Ni element 2p1/2 sat Ni 114 

880.2 Nickelhydr

oxide 

2P1/2 sat Ni(OH)2 
115 

862.0 Nickel 

hydroxide 

2p3/2 sat Ni(OH)2 
115 

864.1 Nickel 

oxide 

2p3/2 NiO 116 

 

The main peak of Ni at a binding energy of 856.9 

eV is assigned to NiO(OH) [108,109]. The detailed 



 EFFECT OF RUTHENIUM PROMOTOR RATIO ON NI/Y2O3……….. 
__________________________________________________________________________________________________________________ 

________________________________________________ 

Egypt. J. Chem. 64, No 10, 2021.  

 

5771 

Ni 2p spectra of 1Ru-Ni/Y2O3 catalyst were fitted 

with two major peaks Ni 2p1/2 and Ni 2p3/2. The six 

peaks were fitted in the Ni 2p spectra with binding 

energies are illustrated in Table 4. 

The O1s spectra exhibited three main peaks at 

530.43 eV, 531.79 eV, and 532.91 eV. The lower 

peak at 530.43 eV is characteristic of yttrium oxide 

Y2O3 nanoparticles [110,121]. The peak at 531.79 eV 

is typical to nickel(II) dihydroxide Ni(OH)2 [107] and 

the peak at 532.91eV is represented to hydroxyl due 

to water absorption [112].  

2.4.2. TEM-image 

 

Fig. 5. Showed the TEM image at magnification 

power X30 000 (A), EDX (B), and mapping of 1Ru-

Ni/Y2O3 sample. Nickel nanoparticles are distributed 

as a dark round particle on the yttria support the 

average particle size was 15.06 nm. However; nickel 

nanoparticles exhibited a strong interaction with 

yttria support as represented in elemental mapping 

analysis. While; ruthenium nanoparticles were 

homogeneous dispersion among the support surface 

as shown in EMA. 

2.5. Catalytic Activity  

CO2 methanation reaction over yttrium-based 

catalysts was carried out at atmospheric pressure and 

350 °C, representative of industrial methanation 

conditions. The feed gas contains H2 and CO2 with a 

stoichiometric H2/CO2 molar ratio of 4. Fig. 6 

represents the selectivity % of Ni/Y2O3, 1Ru-

Ni/Y2O3, 5Ru-Ni/Y2O3, and 10Ru-Ni/Y2O3 catalysts 

to CH4, CO, CO2, H2, and H2O components. The 

selectivity towards CO was decreased as the amount 

of ruthenium loading increased; as represented in 

Table 5. Garbarino et al. [113] reported that the 

catalysts with very small Ni particles are very 

selective to methane without CO formation. Fig. 6 

displays that there is a relation between water 

formation and the catalytic activity towards methane 

production. However; the presence of water vapor in 

the flux of feed caused a negative effect on the CO2 

methanation process. In the case of 1Ru-Ni/Y2O3 

catalyst, the selectivity of methane decreased to 

34.8% due to the formation of a high amount of water 

(8.2%). This behavior was reported in many studies 

[23, 114, 115] Whereas; the water vapor decreased 

the concentration of carbonyl species over the 

Ni/MSN surface, as shown by IR spectroscopy 

adsorbed by CO + H2O [114].  

 

 
Fig.4: XPS spectra of 1Ru-Ni/Y2O3 catalyst 
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Fig. 5. TEM image of 1Ru-Ni/Y2O3 catalyst (A), EDX (B) and elemental mapping analysis (EMA)  

Catalytic hydrogenation of CO2 to methane (Eq. 1) 

[22,116] is a combination of the reverse water gas 

shift reaction (Eq. (2)) and CO methanation (Eq. (3)). 

 

CO2 + 4H2 ↔ CH4 + 2H2O; 

ΔH298K = −165 kJmol−1 (1) 

 

CO2 +H2 ↔ COad + H2O; 

ΔH298K = 41 kJmol−1 (2) 

 

COad + 3H2 ↔ CH4 + H2O; 

ΔH298K = −206 kJmol−1 (3) 

It means that after CO2 adsorption and dissociation 

on the surface of the catalyst, CO2 methanation goes 

along the same path as CO methanation [117–119]. 

CO2 directly dissociated to carbonyl (COad) and Oad 

as intermediates during the methanation process. 

COad subsequently hydrogenated or further 

dissociated to Cad and Oad in the next step was 

confirmed over Ru/Al2O3 and Ru/TiO2 catalysts 

[118,120]. The negative effect was probably due to 

CO2 formation through the reaction of the water gas 

shift (WGS) between the intermediate CO and the 

excess water. In addition, water vapor significantly 

accelerates the sintering rate of Ni and increases the 

collapse of the support, as Bartholomew et al. [97] 

reported. Batista et al.[121] stated the same trend 

regarding CO2 methanation in the Co/γ-Al2O3 

method, in which reaction occurred not significantly 

in the presence of water. So, it is proposed that water 

be present in the feed flux has a detrimental effect on 

the CO2 methanation system Ni/MSN system. In 

addition; Borgschulte et al.[119] reported that water 

removal from the reaction centers is crucial to 

improving CH4's reaction yield and reducing CO 

release as a side product in its research on CO2 

methanation over nickel catalysts assisted on 

zirconia. The methane yield achieved a maximum of 

17.62 % on the 5Ru-Ni/Y2O3 catalyst as the result of 

zero water formation during the methanation 

reaction. The increase in CH4 selectivity could be 

linked to the methanation reaction preference versus 

the competitive WGS reaction [122]. Increasing Ru 

content to 10% further led to increased WGS reaction 

and formation of water [24]. 

H2-TPR profile results confirmed that the addition 

of 5%Ru increases the reducibility of catalyst which 

improved the CO2 conversion and CH4 yield 

compared to another catalyst. Also; Tada et al. 

[42,57] confirmed the enhancement of CO2 

methanation by H2temperature-programmed 

reduction that resulting in a partial surface reduction  
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of CeO2 on Ru/CeO2/Al2O3 was promoted compared 

to Ru/CeO2.  

The CO2 conversions of all the bi-metal catalysts 

except the 10Ru-Ni/Y2O3 sample were higher than 

those observed for the nickel catalyst. The interaction 

of two metals could change the electronics and the 

geometric catalyst structures resulting in more active 

and stable catalysts via the synergetic effect between 

Ni and the second metal [96]. The XRD results 

showed that the loading of the ruthenium diminished 

the intensities of the diffraction peaks, indicating the 

formation of small nickel particles with high 

dispersion on the catalyst surface [123,124]. Besides 

that higher surface areas of 1Ru-Ni/Y2O3 and 5Ru-

Ni/Y2O3 in comparison to 10Ru-Ni/Y2O3 sample 

could provide more space for Ni dispersion and larger 

numbers of active sites for methanation reaction. The 

amount of promoter was stated to have affected the 

catalytic activity but huge numbers usually of 

promoters diminishing catalytic activity due to active 

site coverage [125]. The addition of CeO2 content up 

to 2 wt% in Ni/Al2O3 catalyst increased the CO2 

conversion markedly as CeO2 content was increased 

to 4 wt%, CO2. The selectivity to CH4 and CO in the 

exit gas was almost kept unchanged with increasing 

CeO2 content [126]. However; the increase in Ru 

loading in the 10Ru-Ni/Y2O3 sample decreased the 

catalytic activity towards methanation due to the Ru- 

precursor used (RuCl3.nH2O) in this study. That's in 

good agreement with Nurunnabi et al. [127]  and Abu 

Bakar et al. [58], who found this low chloride ion 

content in the Ru/Al2O3 catalyst might result in a 

decrease in active Ru catalyst sites surface region. 

The residual chloride ions form a barrier between the 

support and the metal, and thus both inhibit CO and 

hydrogen chemisorption on the catalyst surface. 

 

 
Fig .6. Catalytic performance of Y2O3 based-catalysts (molar ratio of H2: CO2 = 4, GHSV = 6000 ccg-1h-1, T = 350 °C) 
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Table 5: CO2 methanation over Ni/Y2O3 catalysts at 350 °C and H2/CO2 = 4/1. 

Catalysts CH4 Selectivity % CH4 Yield % CO Selectivity % CO Yield % CO2 conversion 

Ni/Y2O3 42.7 16.41 4.28 1.7 38.42 

1Ru-Ni/Y2O3 34.8 14.02 1.23 0.5 40.28 

5Ru-Ni/Y2O3 40.9 17.74 0.54 0.23 43.38 

10Ru-Ni/Y2O3 42.8 14.24 0.48 0.16 33.28 

 

3. Conclusion 

Nickel supported on yttrium oxide and promoted 

with three different ratios of ruthenium metal was 

prepared using the wet-impregnation method and 

characterized using SBET, XRD, XPS, TPR, and 

HRTEM/EDX. CO2 methanation reaction over 

yttrium-based catalysts was carried out at 

atmospheric pressure and 350 °C and the feed gas 

contains H2 and CO2 with a stoichiometric H2/CO2 

molar ratio of 4. The XRD patterns confirmed the 

uniformly and finely dispersed of the metals over the 

support surface using the wet impregnation method. 

H2-TPR results revealed that the Ru favored the 

reduction of NiO, probably because they weaken the 

interaction between Ni and the yttria support. The 

XPS spectrum of the prepared 1Ru-Ni/Y2O3 catalyst 

shows four major peaks assigned to Y3d, Ni2p, 

Ru3d, and O1s besides; the inevitable contaminated 

peaks for C1s and ruthenium chloride bond, Cl2p. 

The main products of the reaction were CH4 and 

water plus traces of carbon monoxide were present 

among the product. The selectivity towards CO was 

decreased as the amount of ruthenium loading 

increased and this was related to the small particle 

size of a nickel. However; the presence of water 

vapor in the flux of feed diminished the CO2 

methanation process. The negative effect was 

probably due to CO2 formation through the reaction 

of the water gas shift (WGS) between the 

intermediate CO and the excess water. In addition, 

water vapor significantly accelerates the sintering 

rate of Ni and increases the collapse of the support. 

The methane yield and CO2 conversion achieved a 

maximum of 63.4% and 40.4% respectively; on 5Ru-

Ni/Y2O3 catalyst as the results of zero water 

formation during the methanation reaction. 

Increasing Ru content to 10% further led to increased 

WGS reaction and formation of water. Also; the 

residual chloride ions from the Ru-precursor form a 

barrier between the support and the metal, and thus 

both inhibit CO and hydrogen chemisorption on the 

catalyst surface.  
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