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Abstract
Nickel modified strontium hydroxyapatite (Ni/Sr-HAP) supported catalysts are studied in selective methanation of CO/CO2. 
In this work, a new type of nano rod-shaped strontium hydroxyapatite-based catalysts with two different sizes and aspect 
ratios were prepared by sol–gel method and in next step, Ni precursor was wet impregnated i.e., denoted as Ni/Sr-HAP and 
Ni/Sr-HAP(F127). The catalytic tests were performed in CO and  CO2 methanation reactions and evaluated the light-off 
temperatures curves (225–450 °C) under ambient pressure in a fixed-bed flow reactor. The physicochemical properties of 
the prepared catalysts were characterized by XRD,  N2 physisorption, TEM, SEM, TPR,  CO2/H2-TPD and  H2-chemisorption 
techniques. From XRD analysis, both Ni/Sr-HAP and Ni/Sr-HAP(F127) were identified as the hydroxyapatite type structure 
with high crystallinity and very low intensity peaks corresponds to strontium phosphates as the main phase and structure. 
The TEM and SEM micrographs of Ni/Sr-HAP catalysts displayed a nano- rod shaped morphology with different dimen-
sions and exhibited average Ni particle size of ~ 9.2 nm. While Ni/Sr-HAP(F127) shown the rod size in the length in the 
range of 100–250 nm and width in the range of 20–40 nm with average Ni particle size 5.7 nm. The F127 mediated support 
Sr-HAP synthesis i.e., Ni/Sr-HAP(F127) mesoporous catalyst possessed higher metal surface with smaller Ni particles size 
and possessed higher  CO2 adsorption capacity. The medium strength basic sites of Ni/Sr-HAP catalyst played an important 
role in methanation reactions. Based on the characterization and the catalysts activity results, small sized nanorods of Ni/
Sr-HAP(F127) is the most active and selective catalyst due to the higher Ni dispersion, higher amounts of medium basic 
sites, and reducibility character than the bigger nanorods based Ni/Sr-HAP catalyst.
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1 Introduction

The anthropogenic carbon emissions are on rise due to 
staggering number of human and economic activities [1]. 
Decarbonizing the whole energy chain is the utmost impor-
tant strategy at global scale. Reducing carbon emissions is 
highly critical at this moment due to climate change and air 
pollution problems. The cleanest form of reducing earth’s 
 CO2 and CO emissions is to produce methane or synthetic 
natural gas (SNG) and found to be potential green transition 
technology i.e., power-to-gas (PtG) [2, 3]. Therefore, the 
methanation of carbon oxides is a key mitigation method 
and converting abundant carbon emissions into more useful 
energy in the form of methane gas, which is highly feasible 
with the existing gas infrastructure. Thus, the concept of 
PtG technology can be a medium-to-long term solution for 
the future [3, 4].
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1.1  Catalysts for Methanation of CO/CO2

State of art on catalysts development in CO/CO2 metha-
nation was tremendous and exponential growth of research 
articles was foreseen. Methanation or hydrogenation of CO/
CO2 (Sabatier reaction) is well investigated reaction [5, 6]. 
And moreover, CO methanation is already matured and 
industrially commissioned reaction to produce SNG from 
biomass and coal gasification Boll et al. [7]. Both CO and 
 CO2 methanation are exothermic reactions and favorable at 
moderately low temperatures (≤ 400 °C) [7, 8]. Moreover, 
 CO2 is more stable molecule than CO and the methanation 
of  CO2 possess big challenge in thermal conversion due to 
thermodynamic limitations and kinetic barrier [9]. Thus, 
designing and developing a novel catalytic material is a key 
issue. Further,  CO2 is a more stable molecule and difficult 
to break the O = C = O bonds and in addition,  CO2 chemis-
try and reactivity is different than CO [10, 11]. The metal 
catalyst and support morphology and the structure had sig-
nificant effect on the catalytic performance in the various 
solid materials catalysed reactions. In literature wide range 
of metal-supported catalysts are employed in CO/CO2 meth-
anation such as Ni, Ru, Co, Cu, Pt-based catalysts studied 
over a wide range of support materials such as  Al2O3,  SiO2, 
 ZnO2, zeolites, carbon,  BaO2,  CeO2,  ZrO2,  La2O3, MgO and 
their combination and also promoters and additives such as 
Fe, Pt, Pr, Sm, Sr, Bi, alkaline-earth metals (Mg, Ba, Ca, Sr) 
etc. were studied and used to improve the stability and activ-
ity of the catalysts [8, 12-14]. The Ni-based catalysts have 
been the far most popular active metal studied in both CO 
&  CO2 methanation reactions due to low cost, high activity, 
and high  CH4 selectivity [13, 15]. Moreover, the Ni-based 
catalysts is widely studied due to its maturity at industrial 
scale than other active phase e.g., Ru and Fe catalysts due 
to aforementioned advantages. There are numerous studies 
dedicated to Ni-based supported catalysts and investigated 
various synthesis parameters such as the effect of Ni synthe-
sis methods, final catalyst composition, promotional effects, 
bimetallic systems, secondary, and tertiary doped oxides, 
and mixed metal/alkaline/alkali oxides [8, 14, 16]. Recently, 
most of the research are concentrated on developing catalyst 
support materials for the Ni-based catalytic materials. Typi-
cally, promoters and additives are introduced to improve the 
reducibility,  CO2 adsorption capacity, reactivity, and metal 
dispersion. Example, in Cho et al. [12], CaO with optimal 
5 wt.% in Ni/Al2O3 catalysts was prepared by one-step melt 
infiltration and Ca enhanced the  CO2 adsorption and the 
reducibility of the Ni sites [12]. It is critical to determine 
the optimal loadings of the base metal Ni and the promot-
ers to have sufficient sites and accessibility and avoiding Ni 
sintering.

The support acidity and basicity had a pronounced effect 
on the product formation [13, 14]. Most importantly, the 
strength, amount, and type of acidity/basicity is crucial in 
determining the superior reaction performance. Different 
supports have varied acido-basic properties and its com-
position is key. For example, alumina  (Al2O3) is widely 
studied support materials in methanation reactions in com-
bination with Ni and other supports [8, 13]. As we know, 
 Al2O3 possess Lewis acidity and the Ni/Al2O3 catalysts 
typically a positively charged acidity had strong affinity 
towards  HCOO− charged species and inhibit the  CO2 mol-
ecule to convert into  CH4 molecules. Whereas, over Ni/SiO2 
and Ni/H-β40 catalysts possess high amount of medium 
to strong basic sites than alumina supported catalysts and 
these basic sites are important in the formation of formate 
intermediate species which finally converts into  CH4 [17]. 
The methanation of CO/CO2 is highly favorable over basic 
character supported catalysts than strong acidity. The effect 
of lanthanum loadings (1–7 wt.%) was studied in Ni/La2O3/
hydroxyapatite (HAP) based catalysts. The La promoted 
improved the Ni dispersion, basicity, and reducibility char-
acter of the catalytic system. The enhanced basic sites is due 
to the La incorporation, which led to increase the reactivity 
with  CO2 molecule and possess high thermal stability [18]. 
The calcium phosphate hydroxyapatite (Ca-HAP) support 
possesses unique properties such as high thermal stability, 
tunable acid–base properties, and strong adsorption coeffi-
cient with many compounds. The acid–base properties can 
be changed by varying the Ca/P molar ratio in HAP structure 
[19-21].

Typically, at low Ca/P ratios in HAP exhibited higher 
acidity values and at higher ratios i.e., Ca/P > 1.6 exhib-
ited more basicity. The variation in acid–base properties 
of the catalyst can be tunable by changing the Ca/P ratio 
and by substituting with other ions such as  Ba2+,  Sr2+, 
 Mg2+, etc. replacing  Ca2+ [12, 20]. In one study, stron-
tium modified hydroxyapatite (HAP) exhibited higher 
basicity than the Ca-HAP in improving the selectivity of 
acetone in 2-propanol conversion [19, 21]. In Guo et al. 
[22], studied the effect of alkaline metal doped Ni/SiO2 
catalysts and Ni/MO/SiO2 catalysts where, M = Mg, Ca, 
Sr, and Ba was prepared by the sequential impregnation 
method. The SrO doped Ni/SiO2 catalysts was the best 
among the studied catalysts and exhibited highly stable 
compared to other catalysts. In addition, SrO enhanced 
the activity and inhibits the Ni sintering [22]. However, 
Ca and other alkaline earth metals doped Ni-based cata-
lysts has been the most popular and widely studied due 
to abundant, cheap, and easy preparation methods. Fur-
thermore,  Sr2+ is similar chemistry to that of  Ca2+ such 
as same charge density and ionic radii (1.2 Å vs. 1.0 Å) 
but Sr-HAP is more basic catalysts at high Sr/P ratios 
[19]. As the Sr to P ratio increases, the density of basic 
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and acid sites increases linearly. Strontium phosphates in 
hydroxyapatite structure possess high adsorption capacity 
due to high basicity and ion exchange sites than Ca-HAP 
[23]. However, the Sr/P molar ratio is the most important 
parameter in balancing the acido-basicity sites ratio and 
in promoting the enhanced activity and selectivity of the 
reaction. Thus, an optimal Sr/P ratio is of great factor. 
The Ni modified strontium promoted hydroxyapatite based 
catalysts is not studied and also the Sr-HAP with different 
nanorod size and aspect ratios is highly novel. In catalysis, 
effect of size and active surface area is significant on the 
reaction performance. Nevertheless, the effect of size and 
morphology in Ni-based catalytic systems is not explored 
in methanation reactions. Size and shape controlled syn-
thesis of catalyst support is highly critical to study with 
Ni-based catalyst. In this work, we introduced F127 sur-
factant during support synthesis to enhance the physico-
chemical properties of Sr-HAP support material. The F127 
mediated synthesis assisted in better dispersion of the 
active phase. Incorporation of F127 is well reported in the 
literature and studied in the materials preparation meth-
ods e.g., F127-assisted sol-gel process and moreover, F127 
is known for the structure and pore directing agent. The 
Pluronic F127 solely effects the final morphology, crys-
tallite size, surface area and microporosity of the carrier 
materials [24]. As reported in Shi et al., 2013, calcination 
of support-F127 material under elevated temperatures, the 
polymeric organic template contained composite is readily 
decomposed and assists in the creation of new porosity 
to gain high specific area [24]. In this work, it is evident 
that, Sr-HAP support preparation with F127 addition had 
increased the surface area and exhibited high pore vol-
ume. Thus, F127 assisted Sr-HAP support synthesis in Ni 
catalyst enhanced the catalytic activity. Further investiga-
tions will be carried out to know the stability in long-term 
test runs. The novelty of the work is to introduce novel 
synthesis of support materials i.e., Sr-HAP with different 
modified methods with and without F127 surfactant medi-
ated synthesis in nanorod shaped carriers with different 
aspect ratios and this is clearly substantiated by structure, 
morphology, and phase analysis. The synthesised nanorod 
shaped Sr-HAP supported Ni catalysts with two different 
sizes were tested in the methanation reactions.

2  Materials and Methods

2.1  Materials

Diammonium hydrogen phosphate [(NH4)2HPO4], 
strontium nitrate [Sr(NO3)2] and nickel nitrate hexahy-
drate [Ni(NO3)2·6H2O] chemicals were procured from 

Sinopharm Chemical Reagent Co., Ltd and Ammonia 
solution  [NH4OH] was purchased from Kermel Reagents 
Co., Ltd.

2.2  Preparation Methods

2.2.1  Preparation of Sr‑HAP/Sr‑HAP (F127) Supports

In a typical synthesis, 1.58 g of  (NH4)2HPO4 was dissolved 
in a 40 mL deionized water. Then,  NH4OH solution was 
added dropwise under vigorous stirring to reach a final 
pH of 11. In another beaker 40 mL aqueous solution of 
containing 4.23 g of Sr(NO3)2 Sr precursor and prepared 
according to the studies reported in [24, 25]. In another 
beaker 40 mL aqueous solution was containing 4.23 g of 
Sr(NO3)2 and 2 g of Pluronic co-block polymer F127 was 
added as a structure directing agent. This solution was 
added dropwise to the above solution at room tempera-
ture. The pH of the mixture was adjusted to 11 by add-
ing  NH4OH solution and stirred for next 30 min. Then it 
was transferred into a 100 mL Teflon-lined autoclave and 
sealed. The autoclave was then placed in an electric oven 
at 160 °C for 12 h. The solid precipitates were collected by 
filtration and washed with distilled water for several times 
and dried overnight at 90 °C. Finally, the resultant sample 
was calcined at 550 °C for 6 h (denoted as Sr-HAP). There 
are two different samples were prepared one with F127 
surfactant (Ni/Sr-HAP(F127) and other one without (Ni/
Sr-HAP). Both samples exhibited different surface areas 
and sizes due to the synthesis procedure.

2.2.2  Preparation of the Ni/Sr‑HAP Catalysts

Both Ni/Sr-HAP catalysts were prepared by the impregna-
tion method using an aqueous solution of Ni(NO3)2·6H2O 
as a precursor with Ni nominal loading of ~ 10 wt.%. The as-
prepared samples were dried at 120 °C for 12 h and calcined 
in air at 500 °C for 4 h. The final sample were denoted as Ni/
Sr-HAP and Ni/Sr-HAP(F127).

3  Catalyst Characterization

3.1  XRD

The X-ray diffraction (XRD) patterns were recorded on 
a Rigaku D/Max2500V/PC powder diffractometer with a 
CuKα radiation source operated at 40 kV with a current of 
100 mA. The metal loading was measured by inductively 
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coupled plasma atomic emission spectroscopy (ICPS-8100 
instrument, Shimadzu) with a Plasma-Spec-II spectrometer.

3.2  N2 Isotherms

Nitrogen sorption measurements were conducted on a 
Autosorb-1 analyzer (Quanta chrome) at − 196 °C. Prior 
to the analysis, the samples were degassed at 250 °C for 
6 h under vacuum conditions. The specific surface area 
and pore size distribution were measured using BET 
(Brunauer–Emmett–Teller) method and BJH (Barret-Joyner-
Halenda) method respectively.

3.3  ICP

The metal loading was measured by inductively coupled 
plasma atomic emission spectroscopy (ICPS-8100 instru-
ment, Shimadzu) with a Plasma-Spec-II spectrometer.

3.4  TEM

The transmission electron microscopy (TEM) images were 
taken on a Hitachi HT7700 microscope operated at 100 kV. 
The sample grid was prepared by ultrasonically dispersing 
the sample in ethanol, depositing droplets of the suspen-
sions onto a carbon-enhanced copper grid, and drying them 
in air under a lamp. The high-resolution TEM (HRTEM) 
images were taken on a FEI Tecnai G2 F30 Spirit micro-
scope (300 kV).

3.5  SEM

The scanning electron microscopy (SEM) images were 
taken on a Philips Fei Quanta 200F instrument operated at 
20 kV. The sample was placed on a conductive carbon tape 
affixed to an aluminum sample holder and coated with Au.

3.6  TPR and TPD

Temperature programmed reduction (TPR) and Tempera-
ture programmed desorption (TPD) studies were con-
ducted on an AutoChem 2920 (Micromeritics) instrument 
with probe molecules. For the TPR experiments 0.05 g of 
the sample was placed in a U-shaped quartz sample tube. 
The catalyst was mounted on a quartz wool plug. Prior 
to the TPR studies, the catalyst sample was pretreated by 
passing a 30 mL/min  N2 gas flow over it at 200 °C for 
1 h. After pretreatment, the sample was cooled to ambient 

temperature (25 °C) and the TPR analysis was carried out 
in a 5 vol.%  H2-Ar flow (30 mL/min) while heating from 
ambient temperature to 700 °C at a rate of 10 °C/min.

4  Catalyst Activity Tests

4.1  CO/CO2 Methanation Reaction

The CO/CO2 methanation reactions were carried out 
in a conventional down flow fixed-bed quartz reactor 
with an inner diameter of 8 mm under ambient pressure. 
Approximately, 0.1 g of catalyst was loaded and packed in 
between the quartz wool of the reactor. The temperature 
of the reactor was measured using a K-type thermocou-
ple which is in direct contact with the catalyst bed and 
controlled by a temperature controller connected to the 
furnace. Prior to the reaction, the catalyst samples were 
reduced in-situ in a stream of 5 vol.%  H2/Ar at 500 °C for 
2 h at ramping rate of 2 °C/min. After cooling down to 
the reaction temperature (225 °C), a mixture of 20 vol.% 
CO − 80 vol.%  H2 and 20 vol.%  CO2 − 80 vol.%  H2 gas 
balanced with Ar flow were introduced at a flow rate of 
30 mL.min−1, which is equivalent to the gas hour space 
velocity (GHSV) of 18,000 mL  g−1  h−1. The reactor outlet 
stream was analyzed online by using a gas chromatograph 
(Agilent 7890A) equipped with a DB-WAX column (60 m 
length × 0.25 mm diameter × 0.250 µm film thickness) 
that is connected to a flame ionization detector (FID). The 
CO/CO2 conversions and products selectivities (Eqs. 1–6) 
were calculated according to the following equations.

For CO methanation:

For CO2 methanation:

(1)

COconversion (XCO) =
[CCO2] + [CCH4]

[CCO] + [CCO2] + [CCH4]
× 100

(2)CO2 Selectivity(SCO2) =
[CCO2]

[CCO2] + [CCH4]
× 100

(3)CH4 Selectivity(SCH4) =
[CCH4]

[CCO2] + [CCH4]
× 100

(4)

CO2 conversion(XCO2) =
[CCO] + [CCH4]

[CCO] + [CCO2] + [CCH4]
× 100

(5)COSelectivity(SCO) =
[CCO]

[CCO] + [CCH4]
× 100
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where,  Ci = concentration of gases in moles (i = CO, CO2, 
CH4)

((Cin = totalmoles of carbon input,;Cout = totalmoles of carbon output)

5  Results and Discussion

5.1  XRD Results

The XRD patterns of bare or pure strontium phosphate 
hydroxyapatite (Sr-HAP) support and the Ni-based strontium 
hydroxyapatite (Ni/Sr-HAP) materials were displayed in 
Fig. 1. The Sr-HAP support exhibited sharp peaks with dif-
ferent intensities of a hexagonal crystalline structure belongs 
to  P63m crystal group with cell constants a = b = 9.767 and 
c = 7.265 [24-26]. The peaks from 2θ = 10–80° designated 
as the strontium hydroxyapatite phases like that of typical 

(6)CH4 Selectivity
(

SCH4
)

=
[CCH4]

[CCO] + [CCH4]
× 100

(7)Carbon balance = CO + CO2 + CH4 + C

∑mol

in
mC

in
=
∑mol

out
mC

out

calcium-HAP structure and Sr occupy the hexagonal crys-
tal corner similar to Ca [26]. The major phases detected 
are  Sr10(PO4)6(OH)2, NiO and minor  Sr3(PO4)2, SrO phases 
respectively are well in agreement with previous stud-
ies[25-27]. Herein, strontium metal phosphates and cor-
responding hydrate phases are well depicted with apatite 
crystals and considered to be the major phases. Few broad 
peaks from 20 to 25° are assigned to amorphous phase cor-
responds to Sr-HAP. The NiO diffraction peaks are assigned 
at 2θ = 37.2°, 43° and 62.9° (JCPDS No. 73-2210 & JCPDS 
No. 47-1049) [12, 26]. These NiO peaks corresponds to 
(111) and (220) crystal faces and possess relatively imper-
fect crystallinity. The low intensity diffraction peak at 37.5° 
is attributed to the NiO phase.

There are no other phases are detected, and it is confirmed 
and substantiated that the Ni phase is highly dispersed and 
segregated over the Sr-HAP surface. The Ni and Sr-HAP has 
distinctive phases, and no mixed phases has been detected 
(Fig. 1). The Ni/Sr-HAP was prepared in a similar procedure 
and whereas, in another support preparation was mediated 
and assisted by F127 surfactant.

5.2  SEM and TEM Results

The scanning micrographs of two catalysts i.e., Ni/Sr-HAP 
and Ni/Sr-HAP(F127) were presented in Fig. 2a, b. The big-
ger nanorods shaped morphology of Sr-HAP was clearly 
visible with high aspect ratio than the powder, slightly 
amorphous and fragmented into smaller nanorod shaped Sr-
HAP(F127) crystals are detected in Fig. 2b. From Fig. 2b, 
mixed Sr-HAP nano-sized rods of Ni/Sr-HAP(F127) were 
formed with length 150–250 nm and width in the range 
of 25–40 nm. The co-block polymer Pluronic F127 was 
used as a structure directing in modifying the strontium 
HAP morphology via creation of new porosity. The F127 

Fig. 1  XRD patterns of a as-prepared pure support strontium hydroxyapatite (Sr-HAP) and b Sr-HAP & Ni/Sr-HAP catalysts

Fig. 2  SEM images of a Ni/Sr-HAP and b Ni/Sr-HAP(F127) samples
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addition effected the significant reduction in nanorod size 
from 1200–1600 to 100–250 nm and aspect ratio of 13.3 to 
5.5 nm (which is calculated from more than 200 nanorods). 
The F127 addition led to smaller particles with high surface 
area to volume ratio. Moreover, the pore volume and the 
metal dispersion of Ni effectively changed and enhanced 
after F127 incorporation.

The reduced Ni supported Sr-HAP catalysts at 450 °C 
was investigated by TEM analysis. Figure 3 displayed the 
TEM images and the corresponding particle size distribution 
in histograms was presented. The TEM images are clearly 
presented as the nanorods shaped Sr-HAP particles with 

different dimensions (Fig. S2). Moreover, Ni particles are 
highly visible over the nanorod Sr-HAP surface. Further-
more, the F127 mediated sample presented a narrow and 
homogeneous distribution of Ni particles with average size 
of ~ 5.7 nm (Fig. 3). Thus, the Ni/Sr-HAP(F127) formed 
highly homogeneously dispersed Ni particle with smaller 
size than the bigger Sr-HAP nanorods.

5.3  Surface Area and Particle Size

Both samples exhibited different textural and morphologi-
cal properties. From Table 1, the F127 co-block polymer 

Fig. 3  The TEM images and 
histograms of Ni nanoparticles 
and its distribution of the Ni 
dispersed over nanorods shaped 
support Sr-HAP samples. a, b 
TEM images of Ni/Sr-HAP and 
Ni/Sr-HAP(F127) samples, b, 
b1 histograms of Ni particles 
size distribution

Table 1  Key catalytic properties 
of the Sr-HAP supports and Ni/
Sr-HAP catalysts

a ICP analysis
b BET analysis
c H2 chemisorption

Catalyst Nia (wt.%) BET surface 
 areab  (m2/g)

Average 
pore  sizeb 
(nm)

Cumulative 
Pore  volumeb 
(cc/g)

Ni active sur-
face  areac  (m2/
gcat)

Ni Avg. 
 sizec(nm)

Sr-HAP – 24.4 20.3 0.085 – –
Ni/Sr-HAP 9.47 21.6 11.3 0.074 6.86 9.3
Sr-HAP(F127) – 91.7 9.1 0.156 – –
Ni/Sr-HAP(F127) 9.62 82.2 5.6 0.134 9.68 6.7
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mediated Ni/Sr-HAP sample possessed relatively higher 
and better textural properties in terms of specific surface 
area, pore size and pore volume than Ni/Sr-HAP. The  N2 
adsorption–desorption isotherms presented a characteristic 
of a mesoporous material. The effect of structure directing 
agent influenced positively and enhanced surface area due 
to creation of microporosity. Both samples follow type-II 
adsorption isotherms with hysteresis loop of H4 (according 
to IUPAC) with limited amounts of meso-and micropores. 
After Ni incorporation, the surface area and pore character-
istics decreased compared to bare support.

From  H2 chemisorption analysis of Ni/Sr-HAP(F127), 
the active Ni metal surface area is higher and also exhib-
ited a smaller Ni particle size. Thus, the F127 promoted 
in converting the bigger nanorod sized Sr-HAP into much 

smaller active rod-shaped which influenced the dispersion 
Ni particles narrowly over the HAP.

5.4  TPR and TPD Results

The reducibility profiles of Ni/Sr-HAP catalysts are pre-
sented in Fig. 4 and both catalysts exhibited different reduc-
ibility behavior (Fig. 4). The surface NiO species are easily 
reducible to  Ni0 metallic, which are highly dispersed and 
weakly adsorbed over Sr-HAP surface.

Typically, at low temperatures, decomposition of Ni pre-
cursors and hydroxyl groups are reduced at the surface and 
the remaining –OH groups are the ones strongly bonded 
and chemisorbed. The reduction profile resulted in five dis-
tinctive peaks, in which three peaks are in low temperature 
region and two peaks were found at high temperature region. 
The peak regions are designated as weak (below 300 °C), 
medium (300–400 °C), and strong (above 400 °C) tempera-
ture regions of the reduced NiO species with  H2 consump-
tion (Fig. 4). A highly dispersed NiO particles were pre-
sented over the HAP surface, which are reduced easily at 
low to moderate temperature region. First peak at ~ 327 °C 
Over Ni/Sr-HAP(F127) catalyst, the peaks are broader and 
a high amount of  H2 is consumed in reducing the surface 
and sub-surface NiO (NiO +  H2- > Ni +  H2O) including at 
358.7 °C and 416 °C. Moreover, above 500 °C the reduc-
tion of HAP was initiated and exhibits a broader peak which 
is assigned to bulk NiO reduction and partial decomposi-
tion of strontium phosphate hydrates. Further, the bulk NiO 
species are reduced at higher temperatures, and which are 
strongly bonded in the HAP structure. Most of NiO species 
are fine particles presented over the strontium phosphate 
hydrate crystal surface. As reported by Steiger et al. the 
enhanced Ni reducibility and segregation was resulted by 

Fig. 4  H2-TPR analysis of a Ni/Sr-HAP and b Ni/Sr-HAP(F127) cat-
alysts

Fig. 5  TPD analysis and the corresponding desorption capacities of a  CO2 and b  H2 TPD analysis of Ni/Sr-HAP catalysts
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Sr incorporation due to Ni exsoluted during pre-reduction. 
The F127 assisted Ni/Sr-HAP sample exhibited slightly bet-
ter reducibility behavior at low temperatures than the Ni/Sr-
HAP sample and other alkali and alkaline oxides supported 
catalysts [13, 14].

5.5  CO2/H2 Adsorption Capacity Analysis

Basicity measurements of all samples are carried out by 
 CO2-TPD technique using  CO2/He gas adsorption/desorp-
tion conducted from 40 to 650 °C. The temperature pro-
grammed desorption of  CO2 and  H2  (CO2/H2-TPD) was 
studied over Ni/Sr-HAP catalysts (Fig. 5a, b). The  CO2 des-
orption profiles are presented in Fig. 5a and the desorption 
amounts are recorded on the samples after pre-adsorption of 
 CO2 at 30 °C for 0.5 h and flushed with He at 110℃. Thus, 
it is evident that the presence of various adsorption sites 
exhibiting different thermal stability.

Both Ni/Sr-HAP catalysts exhibited almost similar basic-
ity profiles. However, the strength of adsorption is determin-
ing factor in catalyst performance in  CO2/CO methanation. 
The  CO2 adsorption capacity is reported higher over calcium 
hydroxyapatite materials than the other alkaline and alkali 
oxides. Whereas the strontium HAP exhibited slightly higher 
 CO2 adsorption capacity than Ca-HAP due basic character 
Silvester et al. [23]. The adsorption of  CO2 preferentially 
occurs over two basic sites i.e.,  PO4

2− and surface hydroxyl 
groups. The strength of basicity is an important property 
of the solid catalyst surface. The weak basic sites are asso-
ciated to the surface –OH groups, the medium basic sites 
are connected to metal–oxygen pairs, and the strong basic 
sites are related to the low-coordination oxygen anions Ogo 
et al. [19]. The  CO2 adsorption capacity over two samples is 
moderately higher than the other alkali and alkaline modified 
HAP supports.

According to many studies reported,  CO2 desorption 
strength determined at three different temperature zones and 
denoted as weak basic sites (around 100–200 °C), moder-
ate basic sites (200–350 °C), and strong basic sites (above 
400 °C) [12]. The relatively strong basic sites showed  CO2 

desorption above 400 °C, and the weak to medium basic 
sites presented  CO2 desorption at around 100–350 °C. The 
 CO2-TPD intensity at around 200–300 °C increased and 
these medium to weak basic sites play an important role in 
methanation activity via  CO2 adsorption and C = O activa-
tion. The Ni/Sr-HAP possess higher weak basic sites den-
sity then the medium and strong basic sites, whereas F127 
modified Ni/Sr-HAP exhibited slightly higher amounts of 
medium basic sites than weak and strong basic sites.

Hydrogen- TPD  (H2-TPD) was analysed, and the desorp-
tion profiles were displayed in Fig. 5b. Generally,  H2 adsorbs 
over the Ni sites and activate the H–H bond scission and 
finally, spillover effect to the adjacent to  CO2,ads over Sr-
HAP. Typically,  H2 adsorption over Ni sites takes place well 
below 200 °C. The  H2 adsorption occurs over Ni surface, 
subsurface and including the bulk Ni/NiO sites. The desorp-
tion profiles of  H2 divided into low temperature zone i.e., 
the weakly and loosely bonded Ni–H below 200 °C and the 
moderate  H2 desorption occurs between 200 and 400 °C and 
the strongly chemisorbed  H2 is typically desorbed at higher 
temperatures i.e., above 400–500 °C. Nevertheless, the Ni/
Sr-HAP prepared with F127 structure directing agent had 
higher  H2 desorption amounts at moderate temperature range 
than the simple Ni/Sr-HAP. As predicted that the higher 
metal surface area of Ni/Sr-HAP(F127) tends to exhibit a 
higher  H2 adsorption capacity in the optimized reaction tem-
perature wherein, activation of carbonates to form methyl 
radicals, and furtherto methane formation. As reported, in 
 Sr2+ based HAP structure exhibited better solubility than 
 Ca2+-HAP. This phenomenon was confirmed by Christof-
fersen et al. [28], the solubility of apatite increases with the 
Sr content.

The Ni/Sr-HAP catalysts comprises different basic-
ity strength and follows the descending order of sites 
strength: medium > weak > strong. Thus, medium basic 
sites are dominant in the Ni/Sr-HAP catalysts. In Fig. 6. 
depicted the most common and plausible acid–base sites 
and typically weak sites and strong basic sites are those 
corresponds to –OH groups. Moreover, the anions  O2− pre-
sented in  PO4

2− are the less basic centers than -OH groups. 

Fig. 6  The depiction of plausi-
ble different types of acid–base 
sites of the Sr-HAP support [21]
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From elemental analysis (EDX), the Sr/P molar ratio in Ni/
Sr-HAP catalysts was found to be ~ 1.5 and at this ratio, 
possess a relatively high basicity than acidity. In Ogo et al. 

[19], reported at lower Sr/P ratios (< 1.6), almost very 
low acid site density was analysed with moderately high 
basicity was found at 250 °C. Thus, basic sites especially 
medium to weak strength sites are dominating factors in 
adsorption and activation of  CO2. The weak and medium 

Fig. 7  The XPS spectra of Ni/Sr-HAP and Ni/Sr-HAP(F127) catalysts a Ni2p, b O1s, c P2p, & d Sr3d spectras

Fig. 8  CO methanation activity results: a CO conversion and b  CH4 selectivity over synthesised Ni/Sr-HAP and Ni/Sr-HAP(F127) catalysts 
(reaction conditions: GHSV = 18 000 mL  g−1  h−1, feed: 20 vol.% CO + 80 vol.%  H2, p = 0.1 MPa)
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basic sites are separately formed by the formation of phos-
phate anions bonded to  Sr2+ and SrO species (i.e.,  O2− ani-
ons), while the strongest basic sites are the ones associated 
with  OH− anions/hydroxyl groups [29].

5.5.1  XPS Results

The elemental composition and surface chemical state of 
both samples were characterized by XPS measurements 
after reduction at 450 °C under  H2 flow. The XPS spectrum 
reveals the similar spectra for both Ni/Sr-HAP catalysts 
and the spectrum is composed of Ni, O, P and Sr elements; 
and the Ni content over the surface is about ~ 10 wt.%, 
which is close to the nominal loading. The existence of Ni 
and its chemical state can be analysed in high resolution 
Ni 2p XPS spectrum. The two typical peaks at 852.9 and 
870.5 eV can be assigned to Ni 2p3/2 and Ni 2p1/2 peaks, 
while other two peaks at 861.6 and 876.1 eV are assigned 
to the satellite peaks. The peak at 858.2 eV B.E is obtained 
from oxidized state of nickel particles and this NiO pres-
ence may be due to the sample transformation for XPS 
measurements. The O1s spectrum was corresponded to 
the  O2− state which is characterised from the metal-oxide 
bonding in  PO4

2− molecule. Next, the overlapping spectra 
(P 2p and Sr 3d) was noticed from the Sr-HAP surface due 
to their proximity and this is well documented with the 
previously reported studies. Both samples exhibit almost 
identical spectral data and there is no distinguished chemi-
cal state was identified (Fig. 7).

5.6  Catalyst Activity Results of CO/CO2 Methanation

The CO/CO2 methanation light-off tests were performed 
in the temperature range of 225–400 °C (for CO) and 
250–450 °C (for  CO2) under ambient pressure (Figs. 8, 9). 
Pure support Sr-HAP exhibited poor methanation activity 
in studied temperature range in both methanation reactions 
compared to Ni/Sr-HAP catalysts. After Ni incorporation, 
both Ni/Sr-HAP and Ni/Sr-HAP(F127) are highly active 
and selective in CO/CO2 methanation. The equilibrium 
CO/CO2 conversions (calculated by using Gaseq software) 
and methane selectivities were compared with the activity 
results. The CO/CO2 methanation reactions are exother-
mic reactions and thermodynamically limited, complete 
conversion and  CH4 selectivity was achieved at low tem-
peratures. However, at low temperatures arelatively low 
activity was exhibited due to highly stable CO/CO2 mol-
ecules. Nevertheless, CO and  CO2 conversion increased 
with reaction temperature to activate the C = O bonds.

Thus, moderate temperatures are needed to achieve the 
high conversion and selectivity. The CO conversion is 
stabilized and maintained constant activity above 300 °C 
and the selectivity remained constant i.e., close to 100% 

Fig. 9  CO2 methanation results a  CO2 conversion and b  CH4 selectivity over the synthesized Ni/Sr-HAP and Ni/Sr-HAP(F127) catalysts (reac-
tion conditions: GHSV = 18 000 mL  g−1 h.−1, feed: 20 vol.%  CO2 + 80 vol.%  H2, p = 0.1 MPa)

Table 2  Light-off activity results for CO/CO2 methanation over vari-
ous Ni/Sr-HAP catalysts

*T50 and #T80 light-off temperatures at ~ 50% and ~ 80% conversions

Reaction Catalyst *T50, °C #T80, °C

CO methanation Ni/Sr-HAP 265 274
Ni/Sr-HAP(F127) 252 268

CO2 methanation Ni/Sr-HAP 284 350
Ni/Sr-HAP(F127) 276 296
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throughout the light-off temperatures. As predicted, the 
conversion of CO is much faster rate than  CO2 and over 
Ni/Sr-HAP catalysts, the activity in both methanation reac-
tions is profound and achieved close to equilibrium for 
above 275 °C in case of CO and above 350 °C for  CO2 
conversions. In case CO methanation, a complete con-
version was achieved over Ni/Sr-HAP(F127) catalyst at 
275 °C and over Ni/Sr-HAP complete conversion obtained 
at 300 °C. Typically, CO is more easily activated over 
the catalyst surface and requires low heat of adsorption 
than  CO2. Whereas, the  CO2 conversion exhibited simi-
lar volcano trend, reached maximum conversion of ~ 83% 
with ~ 98%  CH4 selectivity at 325 °C under ambient pres-
sure and thereafter remained constant until 375 °C. The 
stochiometric molar ratio is sufficient to achieve high con-
versions and selectivity close to equilibrium values. Fur-
ther increase in temperature, the  CO2 conversion declines 
after 375 °C due to drop in activity to form more CO than 
 CH4 and this trend is well substantiated with thermody-
namical values [30]. Probably the activity loss also due 
to the reverse water gas shift (RWGS) and disproportion-
ate reactions in the carbon formation, which is typically 
occurs at high temperatures.

The methane selectivity is almost followed a similar trend 
in CO/CO2 methanation i.e., around ~ 95–99% was achieved. 
The values of  CH4 selectivity is close to equilibrium calcula-
tions and a similar selectivity was reported in many studies 
[12, 14, 30]. In the literature, most of the active and selective 
Ni-based catalysts had produced similar selectivity values. 
Thermodynamically, below 250 °C temperature, the equi-
librium values close to 100%  CH4 selectivity was achieved. 
However, the activity results in the current work were gained 
somewhat better and on par with the published reports above 
350 °C (i.e.,  CO2 conversion). Summarised the light-off tests 
results in Table 2 and compared at 50% & 80% CO and  CO2 
conversion values  (T50 &  T80).

Over Ni/Sr-HAP(F127) catalyst, the CO and  CO2 con-
versions at light-off tests produced superior results than Ni/
Sr-HAP (Table 2). The ~ 50 and ~ 80%  CO2 conversion was 

achieved at relatively low temperatures i.e., 276 & 284 °C. 
Whereas, over Ni/Sr-HAP, the ~ 80% conversion reached at 
350 °C, which is much higher temperatures than the  T80 
for Ni/Sr-HAP(F127). The methane production rates were 
calculated at lower conversion levels. Over Ni/Sr-HAP cata-
lysts,  CH4 production rates are 2.53 and 3.8 mmol  g−1  s−1 at 
9.3 and 6.2%  CO2 conversion levels and in the case of CO 
methanation, a high methane production rates were obtained 
e.g., 14.9 mmol  g−1  s−1 at 36.5% conversion (see Table S2). 
These light-off tests results are in good comparison with 
the published data and in this work, a superior performance 
was displayed at moderately lower temperatures. Example in 
Boukha et al. [18], compared the  T50 with published data and 
the  T50 reported temperatures are in range of 300–500 °C, 
which are relatively higher than the present work.

The correlation of catalytic properties with that of activity 
results will be discussed. Physicochemical properties such 
as active metal area, particle size, structure, basicity, and the 
reducibility etc. are highly crucial in methanation reaction. 
The prepared Ni/Sr-HAP catalyst with and without F127 
was tested and exhibited high activity in both CO/CO2 con-
versions and methane selectivity in studied light-off tests 
(100–450 °C). There is a clear evident that F127 co-block 
polymer act as a structure directing agent and mediated the 
growth of Sr-HAP nanorods morphology much smaller size. 
This phenomena of F127 surfactant significantly improved 
the physical and chemical properties of the catalyst such as 
surface area, basicity, and the reducibility Samsudin et al. 
[31]. Incorporation of F127 is well studied and reported in 
the materials preparation methods e.g., F127-assisted sol–gel 
process and moreover, F127 is known for the structure and 
pore directing group. Pluronic F127 solely effects the final 
morphology, crystallite size, surface area and microporosity 
of the carrier materials. Support-F127 material calcination 
under elevated temperatures, the polymeric organic tem-
plated contained composite is readily decomposed and assist 
in the creation of new porosity to gain high specific area. In 
this work, it is evident that, Sr-HAP support preparation with 
F127 addition had increased the surface area and exhibited 

Fig. 10  a Illustration of hex-
agonal crystal structure of stron-
tium phosphate hydroxyapatite 
and b surface methanation 
reaction of adsorbed  CO2, ads/
H2,ads, reactions, and desorbed 
reaction products  CH4,des and 
steam  H2Odes over studied Ni/
Sr-HAP catalysts
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higher pore volume. Thus, F127 assisted Sr-HAP support 
synthesis in Ni catalyst enhanced the catalytic activity. Fur-
ther, the nanorod shaped Sr-HAP(127) scaffold exhibited 
much smaller particle size and higher surface-to-volume 
ratio of strontium phosphates crystals. The F127 assisted 
in enhancing the Ni dispersion and size in homogeneous 
distribution over the Sr-HAP surface. This phenomenon had 
exhibited positive influence in the formation of smaller Ni 
particle with average size of ~ 5.7 nm. This led the enhanced 
CO/CO2 methanation activity at moderately low light-off 
temperatures (Table 2).

However, the Ni/Sr-HAP catalyst was also shown high 
activity in carbon oxides conversion and selectivity. At 
certain light-off temperature, both catalysts shown similar 
activities. However, at elevated temperatures, F127 assisted 
Ni/Sr-HAP is more active and selective. A detailed proposed 
reaction cycle with steps involved in  CO2 adsorption, sur-
face reaction with adjacent spill-over H* from Ni site and 
desorption of  CH4 and steam was illustrated in Fig. 10. The 
Ni/Sr-HAP catalysts comprised of metallic  Ni0 sites which 
are preferable for  H2 adsorption. Typically,  CO2 adsorp-
tion take place over basic sites as illustrated in the Fig. 10. 
As previously reported, Sr-HAP possess high basicity than 
acidity due to Sr/P molar ratio < 1.6 Silvester et al. [23]. 
As reported, adsorbed  CO2 forms bicarbonates as interme-
diate compounds and further decomposed to methyl radi-
cal i.e., further hydrogenates to form methane. The Ni/Sr-
HAP(F127) was studied in a short time on stream (TOS) 
test run for a duration of 10–12 test in both CO and  CO2 
methanations. From Fig. 11, the catalyst is more stable for 
first 10 h TOS in CO methanation. Whereas, during  CO2 
methanation, the catalysts are stable for initial period of 

5–6 h thereafter activity drops due to catalyst deactivation. 
The  CO2 conversion drops after 6 h and the CO selectiv-
ity constant and slight drop in  CH4 selectivity was evident. 
The carbon formation is negligible at low temperatures 
due to water formation which suppress the formed carbon. 
However, the Ni/Sr-HAP(F127) is not stable for long term 
durability test and the future work will be considered on 
how to improve the stability of the catalyst for at least over 
100 h. A detailed analysis of the used catalysts is highly 
crucial to know the deactivation phenomena. Typically, in 
methanation, catalyst deactivation can occur due to Ni sin-
tering, agglomeration, and carbon coke formation covering 
the active sites (metal sites) or the blocking the pores of the 
support materials (e.g., re-structuring the basic sites). There 
are significant structural and morphological changes occur 
due to deactivation e.g., activity decline owing to inactive 
sites or no more availability of active metal sites.

It is valid and important to report the state of art on cata-
lysts development for  CO2 methanation in the scientific lit-
erature. As we mentioned earlier, majority studies are dedi-
cated to Ni-based catalytic systems and core focus was on 
the support materials development. Nevertheless, the effect 
of support materials, additives/promoters, support compo-
sition and operating conditions are extensively investigated 
on Ni-based catalysts and their performance [13]. Recently, 
one of the approaches in catalyst design and development in 
the direction for low-temperature methanation. Ni on ceria-
based catalysts are applied in low temperature and was found 
superior due to versatile properties of  CeO2 support such 
as tunable oxidation state, oxygen mobility, strong metal-
support interactions, etc. Varvoutis et al. [31] studied Ni 
on  CeO2 nanorods with different Ni/Ce ratios and found 
optimal molar ratio of 1 to gain a 20 nm particle size of Ni 
found to be most active i.e., 92%  CO2 conversion with 99.7% 

Fig. 11  Time on stream activity testing. a CO methana-
tion activity over Ni/Sr-HAP(F127) catalyst (reaction condi-
tions: GHSV = 18,000  mL   g−1   h−1, T = 275  °C, feed: 20 vol.% 
CO + 80 vol.%  H2, p = 0.1  MPa). b  CO2 methanation activ-

ity over Ni/Sr-HAP(F127) catalyst (reaction conditions: 
GHSV = 18,000  mL   g−1   h−1, T = 300  °C, feed: 20 vol.%  CO2 + 80 
vol.%  H2, p = 0.1 MPa)
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methane selectivity was achieved at 275 °C with high  CH4 
production rate [31]. However, the Ni loading is quite high 
as 23.5 wt.% and in this work we used only 10 wt.% Ni. The 
effect of Ni loadings had profound influence on the methana-
tion activity and many reported on finding the most optimal 
Ni loading in combination with the support structure. Three 
different of supports are investigated by varying the Ni load-
ings (5–25 wt.%) over  CeO2,  Y2O3,  Al2O3 oxides and the 
nature of metal-support interactions is a crucial factor in 
promoting the CO and  CO2 methanation activity. Overall, 
Ni/Y2O3 was the most active and stable catalyst without 
deactivation in long-term durability test [30]. Thus, support 
structure and its surface properties are vital in gaining the 
highest methanation activity. In Guo et al. [22], studied the 
effect of alkaline metal oxides (MO = Ca, Mg, Sr, Ba) dop-
ing in Ni/SiO2 catalysts. The SrO modified Ni/SiO2 catalyst 
enhanced the activity and stability by avoiding the Ni sinter-
ing, whereas other oxides exhibited low activity or stability. 
In Boukha et al. [18] studied the effect of Ni/La ratio in Ni/
La-HAP catalysts and the activity in descending order was 
resulted: Ni/La-(6.6)/HAP > Ni/La-(3.7) /HAP > Ni/La-(1) 
/HAP > Ni/HAP with  T50 at 318 °C was achieved (in this 
work  T50 at 276 °C, which is significantly lower tempera-
ture). As predicted, Ni/Ca-HAP exhibited very low activity 
in the literature and in this work, the novel Ni/Sr-HAP cata-
lysts produced better activity results in CO/CO2 methanation 
reactions due to assisted F127 agent in enhancing the key 
properties and this similar phenomena by F127 mediated 
reaction is reported in [32]. We compared our work with 
some of the most recent results published in the literature on 
Ni-based catalysts for  CO2 methanation (Table 3).

6  Conclusion

In this work, we prepared a novel Ni impregnated stron-
tium hydroxyapatite  (Ni/Sr-HAP) based catalysts. First, 
two catalyst supports were prepared i.e., one with F127 co-
block polymer surfactant which is mediated in the growth 
of smaller nanorod shaped Sr-HAP and one without F127. 
The influence of surfactant assisted catalyst preparation had 
significant effect on the physicochemical properties and the 
activity. The catalyst structure–activity is well correlated in 
the CO/CO2 methanation reactions. Both Ni-based catalysts 
exhibited high activity in the light-off tests results. The F127 
assisted Ni/Sr-HAP(F127) catalyst enhanced the activity and 
selectivity in CO/CO2 methanation due to high metal surface 
area, smaller Ni particle size and optimal properties. Moreo-
ver, the F127 assisted catalyst improved the Ni dispersion 
and reduced the particle size. The Ni/Sr-HAP(F127) cata-
lyst possessed slightly better catalytic properties in terms of 
reducibility of NiO species at lower temperatures and higher 
medium to weak basic sites strength. The reaction tempera-
ture had profound influence on the activity and the results on 
CO/CO2 conversions and selectivity are close to equilibrium 
values. However, the conversion of  CO2 drops after 375 °C 
and this phenomenon is well correlated with thermodynamic 
values. The complete CO conversion was achieved with 
almost 100%  CH4 selectivity and gained 20 µmol  g−1  s−1 
of  CH4 at 250 °C. In case  CO2 methanation, over Ni/Sr-
HAP(F127) the light-off activity had superior performance 
at low temperature than Ni/Sr-HAP. A schematic representa-
tion of plausible steps involved in the methanation activity 
was summarised. Further studies will be conducted to design 
and develop the Ni/Sr-HAP(F127) catalyst to exhibit high 
stability and high conversion at relatively low temperatures 

Table 3  Comparison of recently reported Ni-based catalysts in the literature with the current work

Catalyst composition (wt.%) Reaction conditions XCO2 (%) SCH4 (%) YCH4 (%) Reference

10% Ni/Sr-HAP(F127) T = 350 °C; GHSV = 18,000 mL  gcat
−1  h−1; p = 1 bar 83 99 82 This work

15%Ni/H-beta T = 350 °C; GHSV = 16,000  h−1;  H2/CO2 = 4; p = 1 bar 80 100 80 [17]
15%Ni Ni/SiO2 T = 350 °C; GHSV = 16,000  h−1;  H2/CO2 = 4 70 100 65 [17]
15%Ni Ni/Al2O3 T = 350 °C; GHSV = 16,000  h−1;  H2/CO2 = 4 52 100 40 [17]
3.2%Ni/La2O3 (6.6)/HAP T = 350 oC; GHSV = 30,000 mL  g−1  h−1;  H2/CO2 = 4 70 99 70 [18]
30%Ni/Ca-γ-Al2O3 T = 300 oC; WHSV = 16,000 mL  gcat

−1  h−1;  H2/CO2 = 4 93 99 93 [12]
10%Ni/4%SrO/SiO2 T = 400 °C; GHSV = 15,000 mL  gcat

−1  h−1;  H2/CO2 = 4 76.3 99 75.5 [22]
Ni/CeO2-NR T = 275 °C; WHSV = 30,000 mL  gcat

−1  h−1;  H2/CO2 = 4 92 99.7 92 [31]
2%Ni@CeO2-ZrO2 T = 350 °C; GHSV = 60,000 mL  gcat−1  h−1; p = 1 bar 58 98 57 [33]
5% Ni/Ca/CaxZr1−xO2-δ T = 350 °C; WHSV = 24,000 mL  gcat

−1  h−1;  H2/CO2 = 4 72 100 72 [34]
8%Ni/2% CaO/0.8%Ru/Al2O3 T = 360 °C; WHSV = 30,000  mLgcat

−1.h−1;  H2/CO2 = 4 80 98 78 [35]
10%Ni/Ce0.9Ca0.1Ox T = 270 °C; WHSV = 36,000  mLgcat

−1  h−1;  H2/CO2 = 4 70 95 67 [36]
25%Ni/Y2O3 T = 350 °C; WHSV = 36,000 mL  gcat

−1  h−1;  H2/CO2 = 4 71.5 78 90 [30]
10%Ni/0.5%Ca/30% Ca-TiO3/Al2O3 T = 350 °C; GHSV = 5 000  h−1;  H2/CO2 = 4 55 100 55 [36]
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without activity loss by addition of promoters and suitable 
absorbents to shift the thermodynamic limitations.
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