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1.1. Introduction to catalysis 

Catalysis plays an important role in the industrial development of a nation, 

particularly in the manufacturing of chemicals, pharmaceuticals and motor fuels. 

Catalysis also helps in environment protection in the form of auto exhaust gas 

treatment and in the destruction of chemicals that are harmful to the environment. 

Thus, catalysis not only helps in the economic development of a nation, but also plays 

vital role in the wellbeing of people. In 21st century, >80% of chemical processes 

depend on the use of catalysts in one way or the other. In fact, during the last few 

decades, catalysis has paid immense role in petroleum and petrochemical processes. 

In recent times, catalysis also started playing an important role in the conversion of 

renewable biomass to valuable chemicals and fuels. To be able to play a role in all 

above processes, a catalyst has to be robust and multi-functional. Multi-functional 

catalysts can transform a given substrate to desired product in few steps.  

To design a catalyst for a particular reaction, one should have understanding 

of the characteristics of chosen catalyst material and its plausible role in the chosen 

reaction. This exercise will be helpful in understanding the governing principles of the 

process in order to design an appropriate catalyst.[1] Figure 1.1 shows the triangular 

relationship between the reactivity and characteristics of the material synthesized.  

 

Fig. 1.1 Interconnectivity between synthesis, characterization and reactivity of 

a catalyst material 

 

The above triangle shows how synthesis is correlated to the characterization of 

the material and reactivity. It also emphasizes on how reactivity depends on both 

synthesis route and the characteristic of the material obtained. Above correlation is 

essential to predict a suitable catalyst for the given catalytic transformation. 
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Though considerable progress has been achieved in terms of new catalysts and 

processes, there are still challenges in achieving higher efficiencies and environmental 

acceptability of certain catalytic processes. Some of the challenges related to the 

conversion of fossil feedstocks to usable fuels are included in Table. 1.1. 

 

Table. 1.1 Catalytic challenges in the conversion of fossil fuels to usable fuels. 

Fossil fuel Function Challenges 

in catalysis 
Basic science challenges  

 

Natural gas 

and Oil 

Utilization FT, Gas to liquid 

process, Low cost 

syngas production, 

Low pressure 

methanol synthesis 

 

C-H bond activation. 

 

Selective production of 

desired hydrocarbons. 

 Environ- 

mental clean 

up 

 

CO2, NOx reduction CO2, NOx reduction chemistry 

Coal Utilization Gasification C-C bond activation at low 

temperatures 

 Clean up CO2, NOx reduction,  

S and particulates 

CO2, NOx reduction chemistry 

     

1.2. Natural gas 

Natural gas is an important energy source, its utilization is growing at a rapid 

rate. A two fold increase in its consumption, i.e. 120 to 203 trillion cubic feet (Tcf),   

is expected by 2040 from 2012 level, as estimated by International energy outlook 

IEO 2016. Natural gas mostly consists of methane and other lower hydrocarbons, 

minor percent of CO2, N2 and H2S. This forms below the surface of the earth on 

decomposition of plant and animal matter, over millions of years. Natural gas is a key 

fuel in industrial as well as power sector, as it has high energy content and it burns 

cleaner than coal and petroleum products.  

 

Consumption of natural gas is highest in China and USA followed by India 

with 5.3% global share in the year 2015. To reduce and cap carbon dioxide (CO2) 

emissions, Government of India has started implementing national and regional plans 

since 2004. The use of natural gas is being encouraged to displace more carbon-

intensive coal and liquid fuels. 
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1.3. Current status of CO2  

In the earth atmosphere, CO2 is an integral part of the biogenic carbon cycle, 

in which carbon is exchanged between biosphere, ocean, soil and rocks. Industrial 

revolution led to 40% rise in CO2 concentration on earth. It has increased from 280 to 

nearly 400 ppm by the end of 2017. Present concentration of CO2 is the highest in the 

past 20 million years. It is mainly caused due to deforestation, burning of fossil fuels 

and from anthropogenic sources. The CO2 level in atmosphere is continuously 

increasing and has reached dangerous level reportedly causing global warming. 

Recent estimates show that the accumulation of greenhouse gases (GHG’s) has 

pushed earth’s surface temperature by >1.0 °C since 1880. If it reaches 450 ppm level, 

global temperature is expected to increases by ~2 °C. Therefore, 195 nations have 

pledged together to reduce the emission of greenhouse gases through Paris agreement; 

held in December, 2016. Figure 1.2 (a) and (b) represent current CO2 level and global 

increase in temperature during 1958 to 2017.     

 

 

Fig. 1.2 (a) Increase in CO2 concentration over the years and (b) Change in global 

mean temperature during the period.[2] 

 

1.4. Bio gas  

Biogas is produced through anaerobic decomposition of organic matter. The 

organic matter could be agricultural waste, food waste, municipal waste and industrial 

waste. Biogas mainly consists of CH4, CO2 and minor contents of H2S, NH3 and 

water. The composition of biogas released from a digester depends on the type of 

substrate used and feed rate of the digester (Table. 1.2). As it mostly contains 

methane, it can be considered as a renewable fuel. 
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Table. 1.2 Typical composition of bio-gas. 

Components 

in (vol%) 
Household 

waste 

Wastewater 

treatment 

plants sludge 

Agricultural 

wastes 

Waste of 

agri-food 

industry 
CH

4
  50-60 60-75 60-75 68 

CO
2
  34-38 19-33 19-33 26 

N
2
  5-0 1-0 1-0 - 

O
2
  1-0 < 0,5 < 0,5 - 

H
2
O  0-6  0-6  0-6  0-6  

H
2
S (mg/m3) 100 – 900 1000 - 4000 3000 – 10 000 400 

NH
3
 (mg/m3) - - 50 - 100 - 

 

Biogas can be compressed and used (as compressed natural gas, CNG) in 

motor vehicles. It can also be used in heat engines, which can convert energy of gas to 

electricity. Utilization of biogas in the form of energy will help to reduce the 

utilization of fossil fuels like coal, natural gas and oil.  

 

1.5. Synthesis gas 

1.5.1. Historical review 

 Synthesis gas (syngas) is a mixture of H2, CO and CO2. Syngas plays a major 

role in energy in conversion. It is an input for selective chemical synthesis, fuels and 

is an important source for H2 and CO. Syngas can be produced through steam 

reforming of hydrocarbons like natural gas, coal, oil products and biomass. 

 

Natural gas 

Naphtha              steam/oxygen      Synthesis gas                             Products   +   heat 

Coal 

Biomass 

 

The products formed from syngas generate heat which can be utilized for 

operation of the plant. Production of fuels like Fischer-Tropsch (FT) products and 

methanol using syngas involve minimal environmental pollutants such as fine air born 

particles associated with coal, heavy metals and sulphur compounds. In general 

syngas is produced by standard reforming process like steam reforming of methane, 

auto thermal reforming, partial oxidation and dry reforming of methane. Mittasch and 

coworkers filed first patent in 1912 on supported nickel catalysts for steam reforming 
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of methane.[3] In 1930 first tubular reformer was installed at Baton Rouge by standard 

oil of New Jersey.[4] In 1962 ICI introduced two tubular reformer reactors operating at 

15 bar. 

1.5.2. Syngas production from hydrocarbons 

Current production of syngas from fossil fuels such as coal, oil and natural gas 

are commercially and technically well developed.  Compared to other fossil fuels 

natural gas is the most environment friendly and clean fuel for this purpose. Though 

natural gas is a non-renewable fossil resource, its availability, easy storage and 

transportation makes it a good energy carrier. The composition of natural gas varies 

from source to source, though its principal component is mostly CH4.  Though CH4  

 

Fig. 1.3 Various routes for the production of chemicals from syngas.[5] 

could play a significant role as a carbon source in the supply of fuels and fuel-based 

chemicals in this century, it is a major GHG contributor leading to the global warming 

(~4-9% of GHGs). 

In is an academic challenge to avoid the syngas step by direct conversion of 

CH4 to useful chemicals. But the yields obtained are very less as compared to the 

established process and is not economical.[6,7] In case of methane, C-H bond 

dissociation energy is 439 kJ/mol, hence it is more stable and resistant to many 

reactants.  

CH4    +   Q -                          CH3     +     QH                                  (1.1) 
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Above reaction is more feasible when Q is oxidizing agent like oxygen. Direct 

conversion of methane to higher hydrocarbons without assistance of oxygen is not 

favored by thermodynamics. Indirect conversion route via syngas is more efficient 

than the direct routes. For example, conversion of natural gas to methanol through 

syngas is having 99.9% of selectivity and above 95% carbon efficiency. But it  

requires large energy recovery and exchange units [8] as illustrated in Fig. 1.4. In fact, 

the cost of syngas production for converting natural gas to GTL fuels can be more 

than 60% of the overall cost. Hence, reduction in the cost of production of syngas 

would play a significant role in the economics of the gas to liquid technology.[9,10]  

 

Fig. 1.4 Indirect conversion of natural gas to useful products and their relative 

investment. 

 

Recently, there has been more focus on optimizing syngas production process and 

exploring new ideas in production of desired products. The desired product 

stoichiometry and scale of operation influenced by choice of operation. 

A. Steam reforming of CH4 (SRM) 

B. CO2 reforming or Dry reforming of CH4 (DRM) 

C. Partial oxidation of CH4 (POM) 

D. Autothermal reforming of CH4 (ATR) 

E. Bi-reforming or combined reforming of CH4 (BRM) 

F. Tri-reforming of methane (TRM) 

 

Among all the processes; SRM, POM and ATR process are well established in 

industrial scale and remaining innovative processes are being improved in terms of 

energy efficiency and reduction in greenhouse gas emissions. The ratio of H2/CO in 

syngas can be varied by employing different processes. The ratios of H2/CO obtained 

by various reforming processes are shown in below Fig. 1.5.[11] 
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Fig. 1.5 Syngas variation in different reforming technology. 

 

1.6. Steam reforming of CH4  

Steam reforming is the reaction between steam and methane converted to a 

mixture of H2, CO and CO2. It is an important industrial process to produce syngas or 

hydrogen. In this reaction, product reformate contains H2 to CO in the ratio of 3, 

which is more suitable for H2 production. Along with SRM (eq. 1.2) reaction several 

other reactions also occur like WGS reaction (eq. 1.3).  

CH4 + H2O     ↔        CO + 3H2  (ΔH°298 K = 206 kJ.mol-1)                       (1.2) 

CO + H2O       ↔        CO2 + H2  (ΔH°298 K = - 41 kJ.mol-1)                       (1.3) 

Steam reforming reaction is an endothermic process and there is an increase in 

product molecules compared to reactants; hence as per Le Chatelier principle, higher 

CH4 conversion can be achieved at high temperature, low pressure and high steam to 

carbon ratios. Meeting these parameters require high capital cost, thus making the 

process quite expensive. The steam reforming term should not be confused with 

catalytic reforming which is used for paraffinic hydrocarbons like iso-alkanes and 

aromatics converted to higher octane hydrocarbons.  

Conventional steam reforming process for production of H2 or syngas consists 

of several reaction units such as pretreatment unit, high temperature reformer unit, 

high and low temperature water gas shift reactors followed by separation units like 

pressure swing adsorption (PSA) as shown in Fig. 1.6. This process is implemented in 

a multi-tubular fixed bed reactor in the presence of metal/metal oxide catalyst.[12] 
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Though the SRM is having high efficiency and H2 concentration, start up time is 

typically long. It is also limited by several factors: (a) Heat transfer [13] (b) 

Thermodynamic equilibrium [14,15] (c) Environmental pollution like CO2 and NOx 

emissions [16] (d) Catalyst deactivation due to carbon formation and sintering. [17,18] In 

recent years, to overcome thermodynamic limitations, research has been devoted to 

use catalytic membrane reactors. 

 

 

Fig. 1.6 Conventional SR reaction scheme 

1.6.1. Thermodynamics of steam reforming reaction  

1.6.1.1. Thermodynamic function of SRM 

The steam reforming reaction involves two stable molecules methane and 

water, yielding H2 and CO, while being highly endothermic. Figure 1.7 shows 

variation of thermodynamic parameters as a function of temperature in SRM reaction. 

It shows that enthalpy and entropy are positive and increase as a function of 

temperature. It implies that high external heat is necessary for the conversion of 

reactants to desired products. Above graph indicates that SRM is entropy driven. 
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Fig.1.7 Variation of thermodynamic parameters against temperature in SRM. 

Free energy of reaction decreases with temperature due to increase in T∆S leading to 

more favorable equilibrium. 

∆S° > 0 ;  ∆H° > 0 ;  T∆S° > ∆H° 

∆G° = ∆H°- T∆S° < 0 

1.6.1.2. Thermodynamic equilibrium of reactant and product distribution 

In steam reforming, combination of two reactions, i.e., equations 1.2 and 1.3, 

being endothermic is favoured at high temperatures.  

CH4 + 2H2O     ↔        CO2 + 4H2      (ΔH°298 K = 165 kJ.mol-1)                     (1.4) 

These reactions are reversible and after reaction, volume expansion occurs, 

hence low pressure is favored for high conversion of methane. Additionally, equation 

1.3 is favored at low temperature and is not affected by pressure. Reforming reaction 

is normally carried out on nickel supported catalyst at high temperatures above 550 

°C. Methane molecule dissociates on nickel surface forming CHx species. The 

resulting CHx species reacts with OH, which is present on the support/metal. [19] 

The product gas composition is governed by the temperature and pressure of 

the reactor, reactant feed composition, particularly steam/carbon ratio. The product 

gas contains H2, CO2, CO, un-reacted CH4 and steam as shown in Fig. 1.8. 
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Fig. 1.8 Thermodynamic calculations of SRM at Steam/Carbon=2 

 

Increase in temperature leads to higher CO in reformate, due to prevalence of 

reverse water gas shift reaction (RWGS). Kinetics and thermodynamic studies can 

predict the amount of CO in the steam reformate. From thermodynamic point of view, 

WGS is favoured at low temperature (100-300 °C) and equilibrium drops at high 

temperatures. In SRM, at higher steam to carbon ratio, complete CH4 conversion can 

be achieved. In general steam to carbon ratio is 3, to obtain high CH4 conversion and 

CO, CO2 selectivity. Figure 1.9 shows typical CH4 conversion with variation of 

temperature, pressure and steam to carbon ratio. The theoretical results are in 

conjunction with the studies of Joensen and Rostrup-Nielsen. [20]  

 

Fig. 1.9 Thermodynamic equilibrium conversions of methane in SRM. 
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From the graph it is observed that for high CH4 conversions, SRM has to be 

operated at high T, lower P and relatively higher steam to carbon ratio. 

1.6.2. Reaction mechanism and kinetic study of SRM  

Mechanism of steam reforming reaction mostly depends on the nature of 

active metal and the catalyst support. Many reports describe the kinetics of steam 

reforming of methane reaction (Table. 1.3).  

Table 1.3. Different approaches for kinetics of steam reforming of hydrocarbons 

Authors Form of kinetics 

Bodrov et al. [21] Langmuir Hinshelwood 

Rostrup-Nielsen [30] Two-step kinetics power law 

Khomenko et al. [25] Temkin identity 

Tøttrup [26] Pellet kinetics 

Aparicio [27] Microkinetic analysis 

Chen et al. [28,29] Microkinetic model 

Xu and Froment [24] Langmuir Hinshelwood 

 

Xu and Froment [24] have extensively studied the intrinsic kinetics of SMR and water 

gas shift (WGS) on Ni/MgAl2O4 spinel catalyst. Their model was based on Langmuir 

Hinshelwood reaction mechanism. It did not explain methane dissociation as it does 

not explain adsorbed precursor. [22] Wei and Iglesia [23] investigated the steam and dry 

reforming reaction mechanism over the Rh clusters. According to them, the rate of the 

reaction is proportional to the CH4 partial pressure and independent of CO2 and H2O 

pressures. Their data indicates the kinetic relevance of C-H activation step which is a 

rate determining step. All other steps like activation of co-reactants (CO2 and H2O) 

and their coupling with chemisorbed carbon intermediates is fast. They found that 

reaction between H atoms and OH is quasi equilibrated steps (↔). The WGS is also at 

equilibrium. The CH4 activation in reforming reaction is described below: 

 

 

 

 

 

 

 

 

 

 

Scheme. 1.1 Reaction pathways for CH4 

activation in reforming reaction. 



Chapter 1: Introduction 

2017 Ph.D. Thesis: Dama Srikanth                                    CSIR – NCL                                        Page 13 

 

where ‘S’ is the most abundant surface intermediate. From above mechanism in the 

rate expression only CH4 + 2S → CH3-S + H-S reaction rate constant is involved. The 

overall rate of the reaction depends on the CH4 concentration and is independent of 

the H2O/CO2 concentration. 

       Rate = k PCH4                                                      (1.5) 

Most of the experimentalists and theoreticians have accepted this model. The reaction 

mechanism of SR reaction also depends on the nature of the catalyst including active 

support. Section 1.13 addresses the role of active support and active metal of the 

research interest for reforming type catalyst in general. 

1.6.3. Advantages of steam reforming of CH4   

1. Higher H2 production due to better selectivity 

2. No air separation unit for oxygen is required. 

3. Heat required for reforming reaction can be externally supplied by combustion of 

low quality fuel. 

4. Excess steam can be easily recovered and it doesn’t change volumetric flow to 

downstream units. 

5. Most extensively used by industry.    

1.6.4. Disadvantages of SRM process 

1. Carbon or coke formation during SRM reaction is more. 

2. It is more costly to build a SRM reactor in addition to its complexity. 

3. Heat need to be transferred externally. 

3. Methane concentration should be high in the reactant; presence of higher alkanes is 

detrimental to catalyst life. 

4. Due to operation at high temperatures, active metal sintering is widespread. 

 

Economic constraints of SRM led to development of alternative process like 

dry reforming of methane (DRM), partial oxidation (POX) and auto thermal 

reforming of methane (ATR) for conversion of CH4 to syngas.  

1.7. Dry reforming of CH4  

In recent years, much attention is devoted to global warming attributed to 

greenhouse gas emissions like CO2 and CH4. Replacing steam with CO2 during 
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reforming reaction is called CO2 or dry reforming of methane (DRM). This reaction 

was first reported by Fischer and Tropsch over Ni/Co catalysts. They observed high 

carbon formation on the catalyst surface leading to its deactivation. [31] Reitmeier et 

al. analyzed relationship between reactant composition and carbon formation which 

helped in the identification of deactivation mechanism in steam/CO2 reforming of 

hydrocarbons.[32] Rostrup-Nielsen studied reforming of methane and higher 

hydrocarbons over Al and Mg spinel catalysts in 1964. They have identified Mg as a 

promoter for activation of CO2, which was effective in the removal of carbon from 

active metal surface.[33] In DRM reaction, for every CO2 to CH4 ratio there is 

optimum temperature range where carbon formation occurs as reported by Gadalla et 

al. in 1988. They used Ni/Al2O3 catalyst for DRM reaction and described the 

relationship between CO2 to CH4 ratio and carbon formation.[34,35] After 1990, there 

were extensive reports on utilization of these two major greenhouse gases responsible 

for global warming. The DRM reaction requires slightly more energy than SRM as 

may be seen from equation 1.3. In DRM the syngas obtained has H2/CO ratio close to 

1 and requires an active and durable catalyst. The FT process requires H2 : CO ratio 

close to 2, while syngas with H2 to CO ratio nearly 1 is more suitable for synthesis of 

long chain hydrocarbons. [36-43] 

       CH4 + CO2               ↔     2 CO + 2 H2          (ΔH°298 K = 247 kJ.mol-1)              (1.6) 

        nCO + (2n+1)H2     ↔    CnH2n+2 + n H2O                                      (1.7) 

1.7.1. Thermodynamics of DRM 

1.7.1.1. Effect of temperature on DRM, MD, BR and RWGS reactions 

Thermodynamic analysis helps to develop suitable strategies and obtain 

desired product form chemical reaction. Thermodynamics relates the macroscopic 

variables such as temperature, pressure, enthalpy, entropy and heat. Equation 1.6 

shows that dry reforming reaction is extremely endothermic and operates in 1000-

1273 K temperature range at 1 bar pressure to achieve high equilibrium conversion, 

while product syngas contains H2 and CO in the ratio of 1:1. But along with this 

reaction there is simultaneous occurrence of reverse water gas shift reaction (RWGS), 

leading to a reduction in H2 to CO ratio to < 1. [37, 44] 

      CO2 + H2     ↔       CO + H2O       (ΔH°298 K = 41 kJ.mol-1)                       (1.8) 



Chapter 1: Introduction 

2017 Ph.D. Thesis: Dama Srikanth                                    CSIR – NCL                                        Page 15 

 

Apart from RWGS, other possible side reactions are; (i) methane decomposition (MD, 

eq. 9), where CH4 dissociates to form solid carbon and H2, (ii) Boudouard reaction 

(BR, where CO disproportionates to form CO2 and carbon (eq. 10). These later two 

reactions are responsible for coke formation leading to catalyst deactivation. 

CH4        ↔          C(s) + 2 H2  (ΔH°298 K = 75 kJ.mol-1)                       (1.9) 

2CO       ↔          CO2 + C(s)             (ΔH°298 K = -171 kJ.mol-1)                           (1.10) 

Using Gibbs free energy minimization method, lower carbon formation conditions 

during DRM reaction can be determined. [45] 

 

Fig. 1.10 Effect of temperature on DRM, MD, BR and RWGS as predicted by HSC 

Chemistry software at 1 bar pressure. 

 

Figure 1.10 shows that at higher temperatures, DRM and CH4 decomposition 

reactions are more favorable. However RWGS also increases slowly with raising 

temperature, while Boudouard reaction is favored at lower temperatures. Increasing 

CO2 content in the reactant feed suppress the carbon deposition.[46] It has been 

observed that water and CO are formed through the RWGS reaction. Therefore, as the 

amount of CO in the system increases, the tendency of coke deposition by CO 

disproportionation becomes more favorable. 

1.7.1.2. Thermodynamic equilibrium of reactant and product distribution 

The thermodynamic equilibrium plots of DRM product distribution as a 

function of temperature at 1 atm pressure is shown in Fig. 1.11a. These plots are 

generated by Gibbs free energy minimization algorithm using HSC chemistry 5.11 
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programme. The results show that gaseous CH4 and CO2 conversions increase with 

raise in temperature to form H2, CO and H2O as products. After 400 °C, the H2/CO 

ratio is in between 0.8-1 and formation of H2O was observed through RWGS 

reaction.[46]  

Similar kind of thermodynamic calculations were done in the presence of solid 

phase carbon to accommodate for methane decomposition and Boudouard reaction. It 

is shown entirely different equilibrium composition. It is seen from Fig. 11b that 

below 900 °C the H2/CO ratio is greater than unity because of lower CO formation as 

well as high amount of carbon formation. These equilibrium calculations show that 

formation of C(s) is unavoidable below 900 °C. Above 900 °C the H2/CO ratio 

approaches unity.[47] 

  

Fig. 1.11 Equilibrium concentration of reactants and products at different 

temperatures as predicted by HSC chemistry software assuming CH4 / CO2 =1 at 1 bar 

pressure where (a) without carbon and (b) with carbon deposition. 

 

1.7.2. Carbon formation reactions 

During reforming reactions, some side reactions are mostly responsible for 

coke formation. Carbon formation may result in breaking down of the catalyst, 

leading to pressure drop across the catalyst. This can lead to hot spots as a result of 

uneven flow distribution. In reforming, mainly two reactions, (i) methane 

decomposition and (ii) Boudouard reaction are responsible for carbon formation.    

1.7.2.1. Methane decomposition (MD)  

         CH4       ↔      C(s) + 2 H2        ΔH°298 K = 75 kJ.mol-1                       (1.9) 
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The direct decomposition of CH4 to produce H2 and solid carbon is called CH4 

cracking. Depending on the operating conditions, carbon is formed in various forms 

such as amorphous, filamentous, graphitic and as carbon nanotubes. These reactions 

are endothermic; hence CH4 decomposition can occur, on supplying external heat 

even in the absence of any catalysts with a reasonable yield at high temperatures. 

However, in the presence of catalysts, CH4 cracking can occur at lower temperatures. 

Rostrup-Nielsen and Bartholomew et al. have suggested up to five types of carbon 

formation during CH4 cracking, viz., vermicular filament, fibres and/or whiskers (Cv), 

adsorbed atomic (Cα), amorphous or polymeric (Cβ), crystalline or graphitic (Cc) and 

bulk metal carbide (Cγ).[17, 30]  

1.7.2.2. Boudouard reaction (BR) 

             The CO disproportionation that produces solid carbon and CO2 is called 

Boudouard reaction.      

  2CO       ↔         CO2 + C(s)                ΔH°298 K = -171 kJ.mol-1                         (1.10)  

It is an exothermic reaction, hence preferably takes place at temperatures 

lower than 650 °C. DRM reaction operates at high temperature, hence in this case CO 

disproportionation reaction mostly limited under thermodynamic equilibrium. 

Moreover, the presence of high CO2 concentrations is expected to retard its influence 

to negligible amounts. Also, quick removal of CO from the system should assist in 

reducing the effect of this side reaction.  

 

          Fig. 1.12 Thermodynamic equilibrium plots of MD and BR reactions. 
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Figure 1.12 shows variation of equilibrium constant of CH4 decomposition 

and CO disproportionation as a function of temperature. It shows that increase in 

reaction temperature increases CH4 decomposition, while CO disproportionation 

reaction decreases. The adsorbed hydrocarbon dissociation or CO disproportionation 

on the metal yields formation of carbon atoms which dissolve within the metal 

particle and migrate through the particle to nucleate into the whiskers or filament at 

metal to support interfaces. Investigation for the type of carbon deposited on the Ni 

catalyst indicated the presence of α-carbon at about 200 °C, β-carbon or carbon film 

at about 400 °C and filamentous (δ) carbon at about 580 °C.[52] Alternatively, it may 

dissolve into the bulk to create fibre and/or whisker-like or vermicular carbon (Cv). 

1.7.3. Thermodynamic equilibrium of coke formation in reforming 

From thermodynamic point of view, coke deposition is an important factor 

along with conversion and H2/CO ratio for performing coke free reaction for long 

duration. At high temperatures and pressures, CH4 cracking leads to coke formation is 

most likely to occur, while at low temperatures, Boudouard reaction is dominant 

leading to the formation of carbon and CO2.
[17] Along with temperature and pressure, 

feed composition also influences the carbon formation. At higher H2O/CH4 and 

CO2/CH4 ratios of reaction feed, coke deposition can be suppressed to achieve steady 

and high equilibrium conversion. But in practice this leads to cost escalation as a 

result of loss of steam and re-cycling of unconverted CO2.
[48] 

Coke formation is expected to occur at values lower than minimum threshold 

ratios of H2O/CH4 and CO2/CH4 required at a given temperature. Rostrup-Nielsen et 

al.[22,49,50] defined thermodynamic limits of carbon formation on various catalysts as 

given in Fig. 1.13. Based on this model, it is possible to predict coke formation for 

given operating conditions. The plot clearly shows that CO2 reforming of methane 

(DRM) is more critical than SRM. Higher steam/carbon ratio in steam reforming 

reduces the risk of carbon deposition. For example, on Ni based catalysts A and B, 

coke formation is expected under certain operating conditions. Noble metal catalyst 

(catalyst C) and sulfur passivated (SPARG) catalyst (catalyst D)[51,9] exist on left side 

of the carbon formation boundary showing lower carbon formation compared to Ni 

based (A and B) catalysts. This is because noble metals have smaller equilibrium 

constant for CH4 cracking and Boudouard reactions. This model has been generated 
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on 250 nm Ni particle size supported catalyst, at around 25.5 bar pressure with 

simulation at various H2O/CH4 and CO2/CH4 ratios.  

 

 
Fig. 1.13 Carbon formation at 25.5 bar pressure with variation in H2O/CH4 and 

CO2/CH4 ratios.[22] 

 

In general, catalyst deactivation occurs through coke formation, sintering and 

poisoning. Deactivation process that affects catalyst life will increase the cost of 

operation due to frequent catalyst regeneration, low productivity and loss of time.  

1.7.4. Advantages of Dry (CO2) reforming of CH4   

In DRM process, CO2 is one of the feed. Since, some gas streams may contain 

high (~30%) volume of CO2, DRM could be a useful process.[53-54] Biogas is an 

attractive renewable source as it may consist of 50–75% CH4, 25–50% CO2 with rest 

being nitrogen, H2S and moisture. Hence, it is more economical to utilize it for syngas 

production instead of using expensive separation methods for the recovery of CH4. 
[55] 

In addition the DRM has the following advantages:  

 Syngas from DRM reaction will have H2/CO ratio close to 1, which is suitable for 

GTL process.[56-58]   

  CO2 is inexpensive. Hence slightly lower operating cost as compared to the other 

reforming processes.[59]
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 DRM reaction utilizes two important greenhouse gases while yielding useful 

syngas.[60]  

Based on the above considerations, DRM is a better alternative process compared to 

conventional SRM process for the production of synthesis gas.[61]  

1.7.5. Limitations of DRM process 

Inspite of many advantages of DRM, so far no durable catalyst and a process 

are available for commercial application of dry reforming, as a result of severe carbon 

formation on catalyst surface during the reaction. Hence, the main challenge is to 

develop a catalyst that shows high durability with less carbon formation along with 

high activity. Moreover, the given catalysts should have high mechanical strength and 

thermal stability, to withstand the severe conditions used during the DRM reaction. 

Catalysts also should be cheaper, like Ni based catalysts used in steam reforming, in 

addition to easy and inexpensive availability of reactant gases. 

1.8. Partial oxidation of CH4  

Partial oxidation (POX) of natural gas is an alternate approach for steam 

reforming reaction to produce syngas to be utilized for ammonia synthesis. That is 

instead of steam, oxygen is added to the feed at high space velocities over solid 

catalyst. Catalytic partial oxidation of methane was first reported by Liander et al.  in 

the year 1929.[62] This process is more flexible and capable of handling many 

hydrocarbons like asphalt, waste plastic, in addition to natural gas. There are two 

types of partial oxidation processes; (i) catalytic partial oxidation and (ii) non-

catalytic partial oxidation processes. The catalytic partial oxidation process can take 

place in presence of a catalyst at lower temperatures, wherein CH4 reacts directly with 

oxygen to produce syngas with H2/CO = 2 as given in eq.1.11.[63] 

CH4 + ½ O2                  CO + 2 H2  (ΔH°298 K = -38 kJ.mol-1)                     (1.11) 

The POX of methane is an exothermic process and thus appears to be more 

economically viable than SRM process. But, the reaction of CH4 with oxygen is 

highly exothermic and it needs special precautions and care to avoid explosions.[64] 

Hence, it is not popular considering various safety issues involved. 
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1.9. Auto thermal reforming of CH4 (ATR) 

 In auto thermal reforming, natural gas reacts with steam and oxygen to give 

syngas. It is a combination of endothermic SR and exothermic POX. In general ATR 

operates at low steam to carbon ratios in the temperature range of 900-1150 °C and 

pressure in the range of 1-30 bar. Depending on downstream purification process, the 

oxidant can be air, enriched air or oxygen. Compared to steam reformer, ATR reactor 

is more compact, but larger than partial oxidation unit. Advantage of this reaction is it 

produces syngas with H2/CO ratio 2, which is more suitable for downstream chemical 

synthesis like FT and methanol synthesis.[65] At a particular composition of fuel, air 

and steam, no external heat is required. That is POX reaction supplies all the heat to 

drive the endothermic SR reaction. 

 The equilibrium composition of ATR reformate as a function of temperature is 

shown in Fig. 1.14. The graph is generated for S/C -1.5 and O/C- 0.7 at 1 bar 

pressure. It shows that CH4 participation starts in steam reforming reaction at 400 °C 

onwards and reaches complete conversion above 700 °C. The H2 concentration 

reaches maximum at 700 °C. Beyond this temperature, H2/CO ratio decreases due to 

domination of reverse water gas shift reaction. Carbon formation is not expected in 

this reaction above 700 °C. Hence, in this reaction minimum carbon and soot 

formation occurs. Farrauto and Giroux et al. introduced auto thermal reforming based 

fuel processor for fuel cell applications.[66,67] 

 

Fig. 1.14 Effect of operating temperature on reformate equilibrium compositions for 

ATR predicted by HSC chemistry 5.1 software assuming O/C =0.7; S/C= 

1.5 and 1 atm pressure. 
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Industrially syngas (H2) production processes includes SR, POX and ATR of natural 

gas. Recently, bi- and tri-reforming processes have drawn major attention of 

researcher worldwide.[68-70] These reactions are mostly proposed for syngas generation 

by utilizing flue gas which is coming from fossil fuel fired thermal power plants, bio 

gas from anaerobic digestion of biomass and land fill gas. Advantage of this process 

is that there is no need for costly CO2 separation unit and the syngas composition can 

be tuned to suit various chemical synthesis (ammonia, methanol, dimethyl ether, FT) 

processes.[71,72] 

 

1.10. Bi-reforming or combined reforming of CH4 

 Commercially, steam reforming of natural gas is well established for syngas/ 

hydrogen production. On the otherhand, dry reforming process is not well developed, 

because of severe coking of catalysts resulting in their rapid deactivation. To avoid 

carbon formation, addition of steam or oxygen to the feed is a solution. Combining 

steam and CO2 reforming reactions, which is called bi-reforming, is interesting to get 

syngas with desired H2/CO ratio. In bi-reforming; CH4, H2O and CO2 are fed in a 

desired ratio (3:2:1) to yield syngas with H2/CO ratio 2, which is called ‘metgas.’  

This gas mixture is suitable for the preparation of methanol, which subsequently can 

be used to derive hydrocarbons.[73,74] 

Steam reforming:    2CH4 + 2H2O     ↔        2CO + 6H2                      (1.12) 

Dry reforming:     CH4 + CO2          ↔       2 CO + 2 H2                        (1.6) 

Bi- reforming:                 3CH4 + 2H2O + CO2   →   4CO + 8H2                               (1.13) 

 Methanol synthesis         4CO + 8H2                →        4CH3OH                                (1.14) 

In bi-reforming, DRM operates simultaneously with SR leading to minimization of 

the carbon formation on the catalyst. The relative contribution of carbon formation 

reactions like CH4 decomposition and CO disproportionation depends on reaction 

conditions and nature of the catalyst used. If carbon is formed, it is removed by steam. 

 In recent times, utilization of renewable sources like bio-gas is attracting 

attention of many researchers. Steam reforming of bio-gas is also one kind of bi-

reforming reaction. Bio-gas is produced from anaerobic degradation of organic 

material such as agricultural wastage, municipal wastage, sewage waste, food waste 

and plant material. The composition of bio-gas depends on nature of raw material and 

anaerobic digestion process. Typically, the composition of bio gas is 50-75% CH4, 
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25-50 % of CO2 and 0-10 % N2 and small amount of H2S, moisture and siloxanes. 

Synthesis of met gas from bi-reforming of methane is also adaptable for reforming of 

shale gas. Dry shale gas mostly contains methane (>98%) and wet shale gas may have 

ethane, propane and higher hydrocarbons. 

3CnH(2n+2) + (3n+1)H2O + CO2 → (3n+1)CO + (6n+2)H2  →  (3n+2) CH3OH    (1.15) 

From thermodynamic point of view, combined steam and dry reforming reaction has a 

more complex reaction network where various reactions occur simultaneously such as 

SRM, DRM, WGS and Boudouard reactions. The reaction rate depends on feed 

composition and temperature range. The composition of resulting syngas can be tuned 

by adjusting CH4/H2O or CO2/H2O ratios (Fig. 1.15) in the reaction feed.[75,76]  

  

Fig. 1.15 Graph represents the thermodynamic equilibrium of H2/CO ratio as function 

of temperature in 200-700 °C range and 1atm pressure.  

Feed compositions used for thermodynamic analysis is given in Table 1.4.[77]  

Increased steam content in the bi- reforming favours more SRM and WGS reactions, 

which will influence H2/CO ratio. With increasing steam content, H2 yield increases 

with simultaneous decrease in CO yield, also helping in lowering the carbon 

formation on the catalyst surface. As a result, H2/CO ratio increases as the SRM and 

WGS reactions are dominant. However, with increasing reaction temperature, DRM 

reaction also becomes dominant and H2/CO ratio moves closer to one. On the other 

hand, the thermodynamic equilibrium can be altered by preferential removal of one of 

the product component (H2) using selective membrane during the reaction. [78]  
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Table 1.4 Feed composition of bi-reforming reaction. [77] 

CH4 (vol %) CO2 (vol %)  H2O (vol %) He (vol %) 

10 10 0 80 

10 10 1 79 

10 10 2 78 

10 10 5 70 

 

1.11. Tri-reforming of CH4 

Recently, concept of tri-reforming of CH4 has been reported by Song and 

coworkers.[71,79] It is a synergetic combination of endothermic SR (eq. 12), DR (eq. 6) 

and exothermic oxidation of methane (eq. 16). Hence, it is more important in terms of 

industrial and environmental perspective.[80] 

Tri-reforming of methane (equation, 1, 4 and 9) involves SR, DRM, POX and also 

CH4 combustion to some extent; 

Steam reforming (SR):       2CH4 + 2H2O      ↔         2CO + 6H2                           (1.12) 

Dry reforming (DRM):       CH4 + CO2         ↔          2CO + 2H2                                   (1.6) 

Partial oxidation (POX):     CH4 + 1/2O2      ↔          CO + 2H2                              (1.11) 

Combustion reaction:         CH4 + 2O2        ↔          CO2 + 2H2O                         (1.16) 

Along with these reactions coke formation reaction also occur over the catalyst such 

as: 

2CO               ↔            CO2 + C(s)                                                           (1.10) 

CH4                ↔           C(s) + 2 H2                                 (1.9) 

CO + 2H2       ↔           C(s) + 2 H2O                                                         (1.17) 

Combination of steam reforming, partial oxidation and dry reforming could 

dramatically minimize the carbon formation and enhance the catalyst life, in addition 

to increasing the efficiency of reforming process. Usually, fall in the activity of Ni-

based catalysts is as a result of carbon formation, which can be overcome by adding 

an oxidizing agent (oxygen) to the reaction mixture (CH4 + CO2). Addition of oxygen 

removes the coke, thus slowing down its accumulation. However, in presence of O2, 

steam and CO2, the oxidation of metallic Ni can occur and lead to a decrease in 
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catalytic activity. This problem can be solved to some extent by modification of Ni 

catalysts by rare earth oxides CeO2, La2O3 etc.[81] 

 

1.12. Sulfur poisoning during reforming  

Poisoning of a catalyst can occur due to strong chemisorption of reactants, 

products or impurities present in the feed, on the active sites. It depends on the 

adsorption strength of the poison on the active site of the metal. [82,83] Many poisons 

originate from feed streams in a catalytic process. For example crude oil has sulfur 

and some metals like V and Ni, which act as poison in a refinery process. These 

poisons may induce changes in the electronic and geometric structure of the catalyst, 

leading to its deactivation. Sulfur is a major poison in the conventional steam 

reforming reaction. Even if 5 ppm of sulfur is present in the feed, nickel catalysts are 

poisoned in steam reforming reaction conducted at 800 °C. At lower temperatures, 

this poisoning is severe, even the sulfur is only 0.01 ppm at 500 °C. Poisoning 

process, as given below is an exothermic adsorption process. 

M  +  H2S  → M- S  +  H2                                                  (1.18) 

Somarjai et al. reported that under reforming conditions, sulfur changes surface 

structure of the Ni catalyst.[84] The sulfur atoms strongly bind with fourfold and two 

fold Ni active sites with a maximum coverage. As a result, the methane conversion in 

steam reforming reaction is reduced. Noble metals such as Pt, Rh and Ir have less 

sulfur adsorption energy compared to Ni as given in Table. 1.5. Nickel has high sulfur 

adsorption energy, hence having strong interaction with poison compared to all noble 

metals. For reforming, developing sulfur tolerant catalysts is an important challenge. 

There are many literature reports that use precious metals for sulfur tolerance.   

 

Table 1.5 Sulfur adsorption energies and sulfide formation energies.[85-90]  
 

 

Metal 

 

Sulfur adsorption 

energy [kJ/mol -1] 

Sulfide formation 

energy [kJ/mol -1] 

Ni -247 -173 

Ru -215 -168 

Rh -166 -148 

Ir -219 -135 

Pt -177 -147 
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1.13. Reforming catalysts- A literature review 

Several types of catalysts are reported in literature for reforming of methane. 

The most important properties of a reforming catalyst are: (i) it should be highly 

active, (ii) resistant to carbon formation, (iii) sulfur tolerant and (iv) least susceptible 

to metal sintering. Moreover, under reforming conditions, catalyst should have good 

thermal stability and maintain its structural integrity for long (thousands of) hours on 

stream. Generally, for reforming, different transition metals are used, though Ni is 

most widely used catalyst. Nickel is cheaper and shows high activity towards methane 

cracking in reforming reaction. Several catalyst supports are used for reforming 

reaction. Among them, common support is α-Al2O3, it is relatively inexpensive and 

has good thermal stability. 

1.13.1. Role of the support in reforming catalysts  

The role of catalytic support in methane reforming reaction can hardly be 

overrated. It not only contributes towards active metal dispersion and resistance to 

sintering, but also contributes for effective removal of carbon on active metal surface. 

It also participates in catalytic reaction by supplying labile ‘O’ in the oxidation of 

carbon or CO. Hence, it forms part of a catalytic system. The most widely used 

supports are ZrO2, La2O3, Al2O3, MgO SiO2, TiO2, NiAl2O4 and MgAl2O4.
[91-95] 

Catalytic supports that are basic in nature, such as MgO, CaO play important role in 

minimizing carbon deposition. On the otherhand, acidic supports facilitate 

decomposition of methane by promoting cracking of hydrocarbons and polymerize 

the carbon formed over the active surface. Combinations of the above metal oxides 

help to enhance strong interaction between metal and the support, making the catalyst 

more resistant to sintering and carbon formation, thus improving the durability of the 

catalyst.[96, 97] Similarly, reforming catalysts that have reducible oxides like ceria 

(CeO2), active metals like Ru, Ir and Rh, metal substituted perovskites (La1-xCexNiO3) 

[98] and cobalt supported catalysts [99] have less tendency for carbon formation. 

1.13.2. Perovskite type of structured oxides as catalysts 

Compared to conventional supported metal catalysts, perovskite type oxides 

are widely studied during the last decade. Since, the active metals are strongly held in 

a perovskite lattice, they are expected to show greater thermal stability as reforming 

catalysts. Additionally, some of perovskites have inherent oxygen conduction which 
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is increased by the substitution of active metal in to the perovskite lattice. This labile 

oxygen will help to oxidize the coke and minimize carbon deposition on the active 

metal. 

Perovskite name was derived from the name of a Russian mineralogist L.A. 

von Perovski (192-1856). The mineral was discovered by Gustav Rose in 1839 and 

found at Ural Mountains. A general formula of perovskite is ABO3, where A is larger 

cation like lanthanide and/or alkaline earth metal and B is the smaller cation, mostly 

consist of transition metals. In its unit cell, A cation is 12 co-ordinated while B is 6 

co-ordinated, mostly to oxygen anions. Figure 1.16 shows corner sharing octahedra of 

B cation and center position occupied by A cation. The perovskite structure is built 

like ReO3 type frame work of super structure and incorporation of A cation in to the 

BO6 octahedra.[100] In case of ideal cubic structure of perovskite, the atoms are 

attached with one another. The A-O distance is 1.414 times higher than B-O distance, 

i.e (rA + rO) = √2 (rB + rO). However, some of the synthesized perovskites deviate 

from the ideal perovskite structure. The stability and measure of deviation from the 

ideal structure is defined as tolerance factor (t) and is derived using the following 

relation developed by Goldschmidt: [101]  

   t =  (rA + rO) /√2 (rB + rO)                                   (1.19) 

where t=1 for ideal cubic perovskites. The t value varies in the range of 0.75 to 1.0. 

The simple perovskite structure can be modified by incorporating different 

types of A and/or B ions with small size in variation and cationic charge. Generally 

equi-atomic substitution of two ions at A- site and/or B-site in the ABO3 perovskite 

with general formula A1-xA’xB1-yB’yO3 can be done. The resulting perovskites are of 

more interest in many catalytic applications, in which oxygen atoms are slightly 

shifted towards more charged cations and leads to formation of distorted perovskites. 

In general, in ABO3 perovskite, A site is responsible for the thermal stability 

of the catalyst and B site is for catalytic activity. Different environments around B 

cation can impart different reactivity to the active center. The non-stoichiometric 

substitution of A or B site cations generate defects in lattice, which are mostly 

responsible for catalytic activity and also contribute towards the oxygen mobility 

within the perovskite structure. 
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Fig. 1.16. Schematic of a ABO3 perovskite.[102] 

The lattice oxygen conduction in the perovskite structure could facilitate the 

rate of oxidation of carbon species on metallic surface. Urasaki et al. have studied a 

series of Ni supported perovskite catalysts including SrTiO3, BaTiO3, LaFeO3, 

LaAlO3 and La0.4Ba0.6Co0.2Fe0.8O3. They identified that LaAlO3 and SrTiO3 catalyst 

shows higher activity and stability in steam reforming methane.[103] In case of Ce 

substituted perovskites like La1-xCexFe0.7Ni0.3O3 and La0.23Ce0.1Sr0.67TiO3-δ, 

significant resistance to coke deposition and higher methane conversion were 

observed. Introducing Ce into the perovskite lattice enhanced the Ni dispersion and 

improved oxygen mobility during the reaction.[104-106] 

Batiot-Dupeyrat et al. reported that the catalytic activity of La2NiO4 perovskite 

catalyst was higher than that of Ni/La2O3 or LaNiO3 because of the formation of 

smaller Ni particles in the former after reduction.[107] Nickel based perovskites were 

also evaluated for DRM reaction. [108] The DRM activity varied for the set of catalysts 

of La1-xSrxNiO3 (x=0–0.1) and La2-xSrxNiO4 (x=0.0–1.0) perovskites.[109] Metal and 

the support interface gives rise to synergetic active site at the Ni/La2O3 interface, 

offering high activity and stability during DRM reaction. Most of the studies in this 

thesis are based on the screening of different metals doped in B-site of the perovskites 

for syngas generation through DRM reaction.  

1.14. Scope and objective of the present thesis 

 With the emerging reforming technology, the catalyst wrestles with number of 

challenges such as, (i) Activity: Catalyst should have sufficient activity for longer 

duration. (ii) Sulfur poisoning: feedstock may have ppm level of sulfur containing 

compounds that deactivate the catalyst by depositing sulfur species on the active site 

of metal. The major challenge is to develop catalyst with sulfur tolerance. (iii) Carbon 
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formation: During the reaction carbon formation is major drawback causing 

deactivation of the catalyst by developing pressure drop, breakage of the catalyst 

pellets and blockage of the active sites. (iv)Sintering: Due to high temperature 

operating condition and high amount of steam, size of active metal particles may 

easily grow on the catalyst surfaces. If the above factors are eliminated then carrying 

out reforming reaction would help to reduce the syngas manufacturing cost. 

Reforming reaction is not possible to conduct at low temperatures as thermodynamic 

considerations do not permit. Since, the steam reforming of methane is carried out in 

industrial scale at very high temperatures, it should be possible to adopt or use the 

same infrastructure for syngas generation through dry, Bi and Tri reforming reaction. 

Based on these observations, the main objective of this study is to develop novel 

catalyst compositions that are stable for few thousand hours. It is possible to develop 

active metal sintering and carbon formation can be avoided by promoting metal to 

support interaction by locking the active metal into the perovskite lattice, which can 

enhance the red-ox property at reforming condition. We have chosen Ni, Ru, Ni-Ru 

and Rh due to their high activity for DRM, BRM and TRM reaction as well as low 

cost of the former. To pursue this goal, the scope and objectives of this study are 

defined as:  

(i) Synthesis of Lanthanide substituted nickel alumina perovskite catalysts using 

citrate gel method. Characterization of these materials and their evaluation for 

steam and Bi reforming of methane. Among all the perovskites that were 

synthesized CeAl(1-x)NixO3 had superior activity as compared to other 

perovskites, hence this was tested upto 100 h on steam. The results clearly 

showed that high metal dispersion, good reducibility and active role of the 

support in the red-ox mechanism through surface oxygen mobility play important 

roles in activity and stability of these Ce substituted perovskites.  

(ii) After selection of best catalyst CeAl(1-x)NixO3 in reforming reaction, Ru, Ni-Ru 

and Rh substituted catalyst were synthesized instead of Ni. These structured 

oxides are thermally stable even in harsh thermal environments. Hence, different 

families of perovskites, including CeAl1-xRuxO3, CeAl1-xNixRuyO3 and CeAl1-

xRhxO3type structures were synthesized. The stability of these perovskite 

structures in the presence of sulfur containing feed stock can be enhanced by 
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substitution of the B site cations of these structures, with different transition 

metal ions. Characterization of these materials for Ni and precious metal 

substitution and testing them for their steam, bi and tri reforming activity was 

done.  

(iii) Basic promoters like Ca, Sr and Ba were substituted in the perovskites and tested 

for dry and Bi reforming activity. Amongst the three alkaline earth substituted 

catalysts, CaZr1-xNixO3 shows superior activity in the temperature range of 600-

800 °C. More oxygen storage capacity and strong metal to support interaction   

improved DRM activity as well as the life of catalysts by reducing the coke 

formation. A relation between structure and catalytic activity was successfully 

established. 
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2.1. Introduction 

Method of catalyst preparation plays an important role in obtaining desired 

activity and selectivity in heterogeneous catalysis. Characterization of the prepared 

materials and correlation of activity with physico-chemical properties of the catalyst 

helps in its better understanding, leading to development of tailor made catalysts. This 

chapter describes various catalyst materials used in this dissertation, their preparation 

and characterization using different physico-chemical techniques. Preparation 

methods used to onbtain Ni substituted LnAlO3 (Ln = La, Ce, Pr, Nd, Sm, Gd, Dy) 

oxides; Ru and Rh substituted CeAlO3 perovskites and Ni substituted MZrO3 (M= Ca, 

Sr and Ba) type perovskite oxides is given in the next few sections. Detailed structural 

characterization of these materials was carried out using powder XRD, FT-IR, Raman 

spectroscopy, transmission electron microscopy (TEM), N2 –sorption for textural 

characterization, thermogravimetry (TGA), X- ray photo electron spectroscopy 

(XPS),  temperature programmed reduction (TPR), temperature programmed 

desorption (TPD) and ICP-OES for bulk chemical analysis. 

2.2. Description of chemicals and gases used for this study 

The following chemicals, listed in Table. 2.1 were used for the synthesis of various 

catalyst materials. 

Table 2.1 List of chemicals and their specifications used for present study. 

Chemical Formula Purity and Make 

Nickel nitrate,  

Aluminium nitrate 

Ni(NO3)2.6H2O 

Al(NO3)3·9H2O 

99.9%, Merck,  India 

Rare earth nitrates, 

and oxides 

La(NO3)3.6H2O, Ce(NO3)3.6H2O, 

Pr(NO3)3.6H2O, Sm(NO3)3.6H2O, 

Dy(NO3)3·6H2O,Nd2O3,  Gd2O3 

99.9%, Indian Rare 

Earths Limited, 

Mumbai, India 

Alkaline earth nitrates 
Ca(NO3)2,  Sr(NO3)2, Ba(NO3)2 

99.9%, Sigma-

Aldrich 

Zirconyl nitrate 
Zr(NO3)2.xH2O 

99.9%, Sigma-

Aldrich 

Ruthenium (III) 

nitrosyl nitrate, 

Rhodium nitrate 

Ru(NO)(NO3)2 

Rh(NO3)3 

99.9%, Sigma-

Aldrich 

Citric acid, Nitric acid C6H8O7,   HNO3 99.9%, Merck,  India 
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Gas mixtures and gases used in the investigations, including reforming 

reactions are given in Table 2.2. All gases were supplied by M/s. Vadilal chemicals 

Ltd, Vadodara, India. 

Table 2.2 Specifications and applications of the gases used. 

Gas Purity Application 

Carbon Dioxide (CO2) 99.9 % Reactant gas 

Methane (CH4) 99.9% Reactant gas 

Methane + 11 ppm H2S 99.9% Reactant gas 

Nitrogen (N2) 

Argon (Ar) 

Hydrogen (H2) 

99.9% 

99.9% 

99.9% 

 

Carrier gas in reaction 

GC Carrier gas 

Catalyst reduction 

 

Gas mixtures containing  

H2 , CH4, CO2, CO, N2 
99.9% For GC calibration 

5% H2/Ar 99.9% For TPR 

5% O2/He and 5% CO2/He 99.9% For TPD 

 

2.3. Catalyst preparation  

Catalyst preparation is an important aspect in the development of novel 

catalysts for a particular process. The scientific basis of catalyst preparation has 

received much attention in recent years. Usually, for catalyst preparation, various 

parameters like temperature, pH, active phase content and method of preparation are 

optimized. Catalyst performance and its durability depend on physico-chemical 

properties of the catalyst. [1, 2] Hence, a minor modification in the preparation 

conditions or method of preparation influence the characteristics of a catalyst and 

thereby its activity. [3]  

The active metal in a catalyst can sinter under severe treatment conditions, for 

example at high temperatures (600-900°C). Hence, it is challenging to prepare 

catalysts that have good thermal stability, chemical and mechanical strength during 

the entire time of reaction. There were several reports in this regard. [4-7] Most of the 

literature deals with catalysts based on transition metals like Pt, Ru, Rh and Ni 
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deposited on a variety of supports.[8-12] Noble metals are less sensitive to coke 

deposition compared to nickel. However, considering cost and availability, Ni based 

catalyst are more attractive for industrial applications. Developing industrially viable 

catalysts that are resistant to coke and sintering is usually the motivation in the 

synthesis of metal supported catalysts. 

Recently ABO3/AB2O4 type of structured metal oxides have received huge 

attention for steam reforming of methane [13,14,15], dry reforming of methane [16-21], 

partial oxidation of methane [22-24] and for control of automotive emissions. [25-26] 

Efforts have been made to introduce active metals like Ni, Ru and Rh into well-

defined ABO3 structures, to get catalysts that are coke and sintering resistant. These 

structures have high thermal stability and strong metal to support interaction when 

subjected to reduction. [27-28] Addition of rare earth metals or alkaline earth metals to 

the perovskite increases its basicity, which can suppress carbon formation on catalyst 

surface. The basic nature of catalyst can promote the rate of adsorption of steam and 

oxidation of CHx on the metallic surface.  

2.3.1. Preparation of perovskite type oxides 

2.3.1.1. Preparation of Ni substituted LnAlO3 by citric method 

All the LnAl1-XNixO3 type perovskite oxides were prepared through citrate gel 

method. Nitrate salts of lanthanides, Al(NO3)3.9H2O and Ni(NO3)2.9H2O were used as 

starting materials. For a nominal composition of LnAl1-XNixO3 (x=0 and 0.2), required 

quantities of metal nitrates were dissolved in distilled water. These nitrate solutions 

were added to the aqueous citric acid (C6H8O7.H2O) at room temperature. The 

resulting solution was stirred vigorously at 80°C till a viscous gel is formed. This gel 

was further heated at 180 °C till a brown colored foamy gel of LnAlNi-(C6H8O7.H2O) 

was obtained. This dry gel was calcined in air at 750 °C for 6 h (except for Ce 

containing oxide), while ramping the temperature at 2 °C /min, to get corresponding 

perovskite type oxide. In case of Ce containing perovskite oxide (CeAl1-XNixO3), 

since Ce has to be in +3 oxidation state, it was obtained on reduction at 750 °C in the 

flow of reducing gas containing 20% H2 in N2. The synthesis procedure is shown 

systematically in the form of a flow chart in Fig. 2.1.  
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         Fig. 2.1 Flow chart for the preparation of LnAl1-xNixO3 perovskite oxides. 

. 

Since, the activity of CeAl1-XNixO3 was found to be good, its Ni impregnated 

version was also prepared by using CeAlO3 as support. For Ni wet impregnation, 

aqueous solution of Ni(NO3)2.6H2O was used. Following impregnation with Ni 

precursor, the material was dried at 100 °C for 12 h, calcined at 550 °C and 

subsequently reduced at 750 °C in presence 20% H2 containing N2 gas.  

2.3.1.2. Preparation of Ru and Rh substituted CeAlO3 by citric method 

 Ru and Rh substituted CeAlO3 perovskite materials were prepared by citrate 

gel method using a similar procedure described above. For this purpose, 

Ru(NO)(NO3)3 and Rh(NO3)3 were used as Ru and Rh precursors. The mixed oxides 

obtained on drying followed by calcination at 550 °C were reduced at 750 °C in the 

flow of 20%H2 in N2 gas mixture resulting in the formation of perovskite structure. 

Following this method, Ru containing compositions with x = 0, 0.04, 0.07, 0.1 and 

0.15, Rh containing compositions x = 0.0, 0.02, 0.035, 0.05 and 0.1were prepared.  

2.3.1.3. Preparation of Ni substituted alkaline earth zirconate (MZrO3) type 

perovskite oxides 

The MZr1-xNixO3- (M= Ca, Sr and Ba) perovskite type oxides with and 

without Ni were prepared by conventional citrate gel method. For this, stoichiometric 

amounts of nitrates of the corresponding metals were dissolved in minimum required 
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distilled water. This solution was added drop wise to the citric acid solution under 

constant stirring at 353 K. After complexation, water was evaporated at 453 K for 12 

hours to obtain spongy amorphous citrate dry gel. This fluffy material was crushed 

and calcined at 1023 K for 6 h in air flow to get the corresponding MZr1-xNixO3- (M= 

Ca, Sr and Ba; x = 0, 0.2) perovskite type oxides. 

Since, the activity of CaZr1-xNixO3 perovskite type catalyst was good, this 

material was prepared with different Ni content. The objective of choosing this 

perovskite catalyst was to take advantage of its redox property, as lattice oxygen is 

expected to help in the removal of coke formed during the reaction. 

For the preparation of Ni impregnated catalyst, CaZrO3 support was used. For 

this purpose, aqueous solution of Ni(NO3)2.6H2O was wet impregnated to achieve 6.4 

wt% of Ni loading, which is equivalent to Ni content in CaZr0.8Ni0.2O3-. After wet 

impregnation, the material was dried at room temperature for 12 h, followed by 8 

hours drying at 100 °C. This material was calcined at 700 °C in presence of air to get 

Ni/ CaZrO3 catalyst.  

2.4. Catalyst characterization techniques 

Above synthesized catalysts were characterized by various physico-chemical 

technique such as XRD, Raman spectroscopy, N2 – sorption, H2/CO chemisorption, 

temperature programmed techniques (TPD, TPR and TPO), X-ray photoelectron 

spectroscopy, insitu FTIR and transmission electron microscopy (TEM) to obtain 

structural, textural and chemical properties of the given samples. The coke on the 

catalysts used for catalytic evaluation (spent catalysts) was characterized using 

thermogravimetric analysis and Raman spectroscopy. A brief description of the basic 

concepts of each these characterization techniques used in this study is given below. 

2.4.1. X-ray diffraction (XRD) 

 

X-Ray diffraction is a frequently used technique for catalyst characterization. 

X- Ray wave lengths are in 0.04 Å to 1000 Å range, hence they can penetrate into the 

solids and provide structural information, particularly about the long range order of its 

constituent atoms/ions.[29]  X-Rays are ideal to study the structural arrangement of 

atoms in different materials and to estimate the particle sizes. X-rays are generated 
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from metal targets on bombarding with high energy electrons. In a periodic lattice, X-

ray diffraction pattern are generated through constructive interference of elastic 

scattering of X- ray photons by the atoms. Figure 2.2 illustrates the scattered X-rays 

by the crystal planes constructively as per Bragg’s relation: [30] 

    nλ = 2d sinθ     where n = 1, 2, 3,……..                  (2.1) 

This equation illustrates that by measuring diffraction angle (θ) and by knowing wave 

length of (λ) X- rays, the lattice spacing between diffraction planes (d) can be 

determined, which is characteristics of the given material. 

 

 

Fig. 2.2 Depiction of X-ray diffraction principle. 

The X-ray diffraction can be measured using (Cu Kα) X-ray source and a 

movable detector. The detector scans the intensity of diffracted X- rays as function of 

diffracted angle 2θ. In case of powder samples, diffraction lines appear on 

constructive interference of crystal planes that are oriented at right angle to the 

incident beam. These diffraction patterns give information of various phases of the 

catalyst material. The width of the diffraction peak indicates the dimensions of the 

reflecting planes. For a perfect crystal, diffraction lines are very narrow. In case of 

smaller crystallite sizes below 100 nm, the width of the diffraction peak gets 

broadened. The Scherrer formula correlates the average crystallite size to the 

diffracted line broadening. [31] 

t = 0.9λ/β Cosθ                                                         (2.2) 

Where ‘t’ is the thickness of the crystallites (in Å), λ is the wavelength of X-rays, β is 

the full width at half maxima of the diffraction peak and θ is the diffraction angle. The 

XRD pattern of all the samples reported in this thesis were collected using 

PANalytical X’pert Pro dual goniometer operating at 30 mA and 40 kV. The spectra 
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were scanned using Cu Kα (λ = 1.5406 Å) radiation using Ni filter. Data was recorded 

in the 2θ range of 5-90° with 0.02° step size using a flat sample holder in Bragg-

Brentano geometry. 

2.4.2. Brunauer-Emmett-Teller (BET) surface area 

The most accepted adsorption model that incorporates multilayer adsorption 

was developed by Brunauer, Emmett and Teller in 1938, which is known as the BET 

equation. Langmuir isotherm can be derived for monolayer coverage. The BET 

assumptions are (i) at zero to full coverage adsorption energy remains constant i.e., 

heat of adsorption of the gas is equal to the latent heat of condensation in all following 

layers (ii) no molecular interaction exists between adsorbed gas molecules (iii) except 

first layer, enthalpy of adsorption is same for any other layer (iv) a new layer will start 

before another layer is finished. The BET model is: [32] 

  P/V (P0-P) = 1/ CVm+ [(C-1)/CVm] (P/P0)              (2.3) 

Where, P is pressure of gas, V is the volume of gas at STP, Vm is the volume of gas 

adsorbed equivalent to monolayer coverage at STP, Po is the saturated vapour 

pressure of the liquid at operating temperature and C is a constant correlated to the 

heat of adsorption and liquefaction. Generally BET equation is used for the estimation 

of specific surface area. In practical applications, BET is measured at constant 

temperature and the volume of the adsorbed gas as a function of partial pressure. A 

linear relationship is arrived between P/(Pₒ-P)V and relative pressure P/Pₒ. From this, 

volume of monolayer (Vm) can be calculated from slope and intercept, where theory 

and practice are reasonably in agreement in the range of relative pressures 0.05 to 0.3. 

It is often called ‘BET region’. The relation in between Vm and surface area (SBET) is  

SBET = (Vm / 22414) x 6.023 x 1023 x AN2                              (2.4) 

Where, SBET is the surface area per gram of sample (m2.g-1), Vm is the volume of the 

monolayer and the cross sectional area of N2 molecule (AN2) is 0.162 nm2 at 77 K  

In this study, multipoint BET surface areas of all the catalyst materials was 

obtained through N2 sorption at 77 K on a Quantachrome Autosorb IQ unit. About 

300 mg of sample was degassed at 573 K for 3 h and used for N2 sorption. The 

adsorbed N2 was measured at different pressures and the values were then substituted 

in eq. 2.3 to find Vm. This volume of the monolayer was used in eq. 2.4 to calculate 
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the surface area of the sample. The N2 sorption experiments were conducted at Liq N2 

temperature using Quantachrome Autosorb IQ unit (Fig.2.3). 

 

Fig. 2.3 Quanta chrome Autosorb IQ instrument used for N2 physisorption and 

H2 chemisorption. 

 

In supported metal catalysts such as Pt/Al2O3, Ru/CeO2, Ni/CaTiO3, the active 

metal is mostly found on the surface. In various reactions, these metal particles are 

active in their zero oxidation state. The fraction of the active metal exposed on the 

support is important for such reactions. The location and state of the active metal 

mainly depends on the catalyst preparation method. In impregnation method, more 

active metal is located on the surface of support, where as in bulk oxides, active 

metals may be located across the matrix. The metal dispersion is defined as the 

fraction of active metal atoms that are exposed on the surface to the total metal atoms 

present in the sample. The value of D is obtained from the equation 

                                         D = Nm S M/100L                           (2.5) 

  

Where M and L are the molecular weight and percent loading of the supported 

metal, S is adsorption stoichiometry, Nm is monolayer uptake of chemisorbed gas in 

µmol.g-1. 

Hydrogen and CO Chemisorption experiments were conducted at 313 K after 

reduction followed by evacuation at 573 K using Quantachrome Autosorb IQ unit.  
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2.4.3. Temperature programmed techniques 

 To study the surface reactions and molecular adsorption on catalyst surface, 

various temperatures programmed techniques were employed. Compared to many 

other spectroscopic techniques, it is experimentally simple and less expensive, also 

applicable to real catalysts and single crystals.  

2.4.3.1. Temperature programmed reduction/oxidation (TPR/TPO)  

Reduction is an important step in the preparation of metal catalysts. Reduction 

at improper temperatures prior to reaction can either lead to sintering of the metal or 

its incomplete reduction. The reduction of oxide species (MOx) by H2 is described 

through below equation.  

MOx  + xH2  → M  +  xH2O                                     (2.6) 

Above reaction is monitored by raising the temperature linearly with time in 

argon containing 5% H2. Reduction process proceeds via change in the Gibbs free 

energy. ΔG is negative and its relation to pressure and temperature are given in 

equation in 2.7. 

ΔG = ΔG° + xRT ln (PH2O/PH2)                                                        (2.7) 

Where  

ΔG = Change in the Gibbs free energy in the reduction process 

ΔG° = Change in the Gibbs free energy at standard conditions 

X = Stoichiometric coefficient of the reaction 

R = Gas constant 

T = Temperature 

P = Partial pressure 

A typical TPR/TPO setup has a programmable furnace, thermal conductivity 

detector (TCD) to measure probe gas (H2, O2, CO) concentration in the gas stream at 

the outlet of sample cell.   Data of both TPR and TPO experiments were useful in 

understanding the reducibility and oxidizability of the catalyst sample.  

In a typical TPR experiment, freshly calcined sample was loaded in a U shape 

quartz tube and placed in a programmable furnace. Chromel-alumel (K-type) 

thermocouple was positioned close to the catalyst material in the U-tube for 

monitoring the temperature.  Prior to TPR, the sample was heated in 5% O2/He gas 
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mixture (30 mL.min-1) by ramping the temperature to 673 K @ 10 K.min-1 to remove 

the adsorbed species on the surface of the sample. 

After cooling the catalyst to 323 K, the gas flow was switched over to 5% 

H2/Ar (30 mL.min-1) and the catalyst was heated to 1273 K at a heating rate of 5 

K.min-1. The change in H2 concentration at the outlet was monitored by TCD, which 

was plotted against temperature to get TPR profile. Water produced during the 

reduction step was condensed and collected in a cold trap. The H2 consumed for each 

reduction step was monitored by TCD to assign them to different reduction steps. The 

TPR/TPO profiles were obtained using a Micromeritics Autochem 2920 catalyst 

characterization system, equipped with a TCD (Fig. 2.4.)  

 

Fig. 2.4.  Micromeritics Autochem 2920 instrument used for TPR/TPO. 

2.4.3.2. Temperature programmed desorption (TPD) 

 Temperature programmed desorption technique is also called as thermal 

desorption spectroscopy. Through this technique, desorbed molecules from a catalyst 

surface are monitored while raising its temperature in a programmed way.[33] The 

basic set up of a TPD is similar to that of TPR. The desorbed gas concentration is 

measured through a TCD detector, while a mass probe is coupled with it to identify 

the desorbed species. TPD of CO2 is used for characterizing the basic sites and TPD 
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of NH3 is used for understanding the acidity of the catalyst. TPD technique can be 

used for qualitatively monitoring the strength of acid or basic sites of a catalyst and 

also for their quantification. Additionally, TPD of O2 is used for the estimation of 

surface and bulk defect sites in a catalyst. The TPD of CO2 and O2 were performed 

using Micromeritics Autochem-2920 instrument (Fig. 2.4). Before the run, the sample 

was activated at 400 °C in He flow (40 mL/min) for 1 h. Subsequently, the sample 

was cooled to 80 °C and CO2/O2 was sent in the form of 10% CO2 in He or 5%O2 in 

He (30 mL/min) for 30 min. Subsequently, the temperature was increased to 100 °C 

and physisorbed CO2/O2 was removed by flushing in He stream for 1 h. Desorption of 

CO2/O2 was carried out in He flow (40 mL/min) by ramping the temperature to 1000 

°C @ 10 °C/min. The amount of CO2/O2 desorbed was monitored quantitatively by a 

TCD-MS, which was calibrated before the TPD study.  

2.4.3.3. Thermo gravimetric analysis (TGA) 

Thermo gravimetric analysis is useful to monitor change in weight of a sample 

as a function of temperature. TGA is carried out in presence of a carrier gas, which 

may be inert, oxidative or reductive type. Weight loss can occur due to removal of 

H2O or some organic moiety used during synthesis. Similarly, removal of coke can 

also be studied through TGA.   

    

    Fig. 2.5. (a) Mettler Toledo TGA/SDTA 851; (b) Typical TGA and DTG traces. 

For the present work, TGA measurements were performed with a Mettler 

Toledo TGA/SDTA 851 apparatus. The analyses were carried out in air (40 mL.min-1) 

at a heating rate of 10 K.min-1 using about 10-15 mg samples in a Pt cup. Calcium 



                             Chapter 2: Catalyst preparation and characterization techniques 

2017 Ph.D. Thesis: Dama Srikanth                                    CSIR – NCL Page 48 

 

oxalate was used to calibrate the instrument. For coke estimation, the studies were 

carried out in air flow followed by repeat run in 5% H2 (Fig. 2.5). 

2.4.4. X-ray photoelectron spectroscopy (XPS) 

X-Ray photoelectron spectroscopy (XPS) technique is based on photo electric 

effect, discovered by Heinrich Hertz and clarified later by Albert Einstein. [34] It is a 

very useful technique to identify the oxidation state and composition of elements 

present on the surface of a catalyst. In this technique, photo electrons emitted during 

bombardment of a surface with X-rays is analyzed (Fig. 2.6). The emitted photo 

electrons have distinct kinetic energy, characteristic of the emitted atoms/ions and 

their bonding state. The relation between the kinetic energy (Ek) and binding energy 

of emitted photo electron (Eb) is given below  

                             EK = hυ - Eb                                                           (2.8) 

Where hν = Energy of the incident X-ray radiation. 

 

Fig. 2.6 Principle of photoelectron spectroscopy. 

The chemical shift of the binding energy (BE) of given photo electron 

originating from the characteristic element provides qualitative information. In 

general, BE of an element increases with increasing oxidation state of the element. 

Intensity of signal gives quantitative information of the elemental present. Being a 

surface sensitive technique, the depth of the sample analysis is in the range of few 



                             Chapter 2: Catalyst preparation and characterization techniques 

2017 Ph.D. Thesis: Dama Srikanth                                    CSIR – NCL Page 49 

 

nanometers from the surface. The shape of the peaks and BE is slightly changed based 

on the chemical state of the element from which the photo electrons are emitted. Thus, 

XPS can provide information on oxidation state of active species, interaction of the 

metal with the support and nature of surface impurities.  

XPS analyses were performed using VG Micro Tech ESCA 3000 instrument 

at ~ 1×10−9 Torr pressure, (pass energy of 50 eV, electron take-off angle of 60° with 

overall resolution of ~0.1 eV) using monochromatized Mg Kα (1253.6 eV) or Al Kα 

radiation (1486.6 eV). The powder sample was pressed into thin discs and mounted 

on a sample holder to be placed in a surface cleaning/preparation chamber. After the 

surface cleaning using physical or chemical method, sample was transferred into the 

analysis chamber, where the XPS spectra were recorded. Charging effects were 

corrected by adjusting the binding energy of C1s peak to a known position of 285 eV. 

2.4.5. Transmission electron microscopy (TEM) 

Electron microscopy is a good technique to analyze the topology and 

morphology of any specimen. Hence, it can be used to determine the size and shape of 

the supported particles. Figure 2.7 shows the schematic of a TEM instrument.  

 

Fig. 2.7 Schematic of transmission electron microscope. 

Monochromatic electron stream generated from electron gun are focused on 

the sample using objective lenses. Some portions of electrons are transmitted through 

the sample and the number of transmitted electrons depends on the thickness and 
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density of the corresponding sample. [35, 36] Thus transmitted electrons are diffracted 

from crystalline or semi crystalline material and propagated in different directions. 

The diffracted electrons are analyzed through angular distribution followed by 

imaging of the forward scattered electrons based on emitted X- ray energy. These 

images are magnified using a series of magnetic lenses and detected by charge couple 

device (CCD) camera and displayed real time on computer. These images provide 

information about structure of the specimen and position of the atoms within the 

material. This makes the TEM a very interesting and important tool for the 

characterization nano materials and heterogeneous catalysis. 

The TEM analyses in this study were carried out using a FEI Tecnai TF-30 

instrument operating at 30kV. The catalyst specimens were prepared by transferring 

ultrasonically dispersed fine sample powders in isopropyl alcohol on to a carbon-

coated copper grid (mess 200) followed by drying at room temperature. [37]  

2.4.6. Infrared Spectroscopy (IR)  

Infrared spectroscopy is the most important spectroscopic technique that has 

profound applications in the field of catalysis. This is primarily due to the fact that IR 

provides information on the structure, geometry and orientation of practically all 

molecules that are present in a sample, irrespective of the physical state, temperature 

or pressure. It is therefore a useful tool to identify phases that are present in the 

catalyst or its precursor stages, the adsorbed species, adsorption sites and the way in 

which the adsorbed species are chemisorbed on the surface of a catalyst. [38,39]  

Infrared spectroscopy is the most common form of vibrational spectroscopy 

and it depends on the vibrations in molecules or in solid lattices by the absorption of 

photons, which occur if the bonds present have a dipole. A variety of IR techniques 

have been used to get information on the surface chemistry of different solids. With 

respect to the characterization of solid catalysts, two techniques largely predominate, 

namely, the transmission/absorption and the diffuse reflection techniques. In the first 

case, the sample is prepared by pressing 10-100 mg of catalyst, into a self-supporting 

disc of approximately less than tenth of a millimeter thickness. In diffuse reflectance 

mode (DRIFT), samples can be measured simply by depositing powder on a sample 

holder, avoiding the tedious preparation of wafers. This technique is especially useful 
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for strongly scattering or absorbing samples. The infrared absorption spectrum is 

described by Kubelka Munk function [40]  

F(R∞) = (1-R∞)2/2R∞ = K/S                                                                      (2.9) 

where, K is the absorption coefficient, which is a function of the frequency ν, S is the 

scattering coefficient and R∞ is the reflectivity of a sample of infinite thickness, 

measured as a function of ν.  

The Fourier transform-infrared spectra of the catalysts reported here were 

recorded using Bruker Tensor 27 FT-IR spectrometer, under ambient conditions. The 

DRIFT studies were performed after heating the pre-calcined powder samples in-situ 

from room temperature to 400 °C (the temperature was 175 °C for clay samples) at a 

heating rate of 5 °C min−1 in N2 flow (40 ml.min−1). The samples were kept at the 

activation temperature at 400 °C for 3 h under H2/N2 (1/3) flow (30 ml. min-1) and 

then cooled to 30 °C. Before introduction of dry reforming mixture into the sample 

cell, it was purged with N2. The IR spectra were recorded at every 50 °C interval by 

averaging about 400 scans.  

2.4.7. Laser Raman spectroscopy (LRS) 

The principal of Raman spectroscopy is based on inelastic scattering of 

photons that will lose energy by exciting the vibrations in a sample. A vibration is 

Raman active if there is change in polarizability of the molecule. In general, the 

molecule should change its shape. For example ellipsoid, cigar shaped and disk 

shaped molecules are Raman active. Both IR and Raman are complementary 

techniques in case of highly symmetrical molecules. Raman spectroscopy is more 

sensitive to the surface phase transition in a metal substituted catalyst. It is also 

suitable for the characterization of carbon material. The changes in position of the 

Raman band and its frequency gives information about the orientation of the metal 

oxide bands. In general, every Raman band has specific vibrational frequency of the 

bond in the molecule. 

Laser Raman spectra were obtained at room temperature using a Horiba JY 

Lab RAM HR 800 Czerny-Turner spectrograph equipped with an 800 mm focal 

length and achromatic flat field monochromator along with a mirror-based reflective 

optics and charge-couple device (CCD) detector. The samples were scanned by using 
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a He-Ne laser (632.8 nm, 20mW). The scattered light was collected in the back-

scattering geometry and detected with a thermoelectrically cooled photomultiplier 

tube (Fig. 2.8). 

     

Fig. 2.8 Energy-level diagram showing the states involved in Raman signal. 

2.4.8. Inductively coupled plasma-optical emission spectroscopy (ICP-OES) 

For estimation of elemental composition of a sample, ICP-OES is a powerful 

tool. In this technique, atoms and ions are excited by inductively coupled plasma, with 

emitted radiation being characteristic of the element involved. The intensity of 

emitted radiation gives concentration of that particular element. Liquid samples, 

digested in acid are injected into the chamber. Liquid samples are pumped into the 

nebulizer using a peristaltic pump, where analyte samples are converted into mist and 

delivered directly in the centre of the plasma flame. The flame temperature is 

approximately 10000 K, so the mist quickly vaporizes. This energy is sufficient for 

the collisional excitation within the plasma and gives additional energy to the atoms. 

The atoms are converted into ions and subsequently ions are transferred to excited 

states. Excited atoms and ions come back to ground state and emit the photons. 

Emitted photons have characteristic wave length of specific element. With the 

increase in the concentration of a particular element, the total number of emitted 

photons will increase. Sample introduction in ICP-OES instrument is depicted in Fig. 

2.9. 
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Standard solutions containing desired elements were used for the calibration 

purpose. The catalysts were dissolved in aqua regia and the solutions were analyzed 

by using Spectro Arcos ICP-OES instrument with the Winlab software (FHS-12). 

 

Fig. 2.9 Depiction of sample introduction in ICP-OES. 

2.5. Techniques used for characterization of carbon/coke deposits 

Several characteristic techniques are used to determine the structure and 

quantification of deposited carbon on spent (used) catalysts. Among them, 

spectroscopic (13C-NMR, AES, Laser Raman, SNAS and XPS), microscopic (TEM, 

HRSTEM, CAEM and AFM), solvent extraction and thermo gravimetric techniques 

are most useful. Generally, location and amount of carbon deposited depends on the 

process operating parameters like pressure, temperature, reactant composition and 

most importantly catalyst properties. Combinations of all these methods help to 

understand the mechanism of the carbon deposition and its quantification. [41] 

The TGA analysis is predominantly used for investigation of coke, where the 

weight of a spent catalyst with simultaneous analysis of gaseous components evolved 

during heating can be studied. Walker and Alenazey et al. independently examined 

carbon gasification activity using these agents and reported that the rate decreased in 

the order of: O2 > H2O > CO2 > H2 [48, 73]. Also, the type and structure of carbon 

can be recognized through temperature programmed reduction (TPR) and temperature 

programmed oxidation (TPO). A study carried out by Bartholomew utilized TPR 

analysis to classify types and reactivity’s of carbon species on Ni catalyst as outlined 

in Table 2.3. 
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Table 2.3. Different types of carbon species decomposed from Ni catalysts. [42] 

 

Therefore, the above listed forms of carbon may be deposited in various 

temperature ranges based on the growth mechanism and the operating conditions.  

2.6. Experimental procedures for catalyst evaluation  

The experimental set up of the fixed bed reactor used in this study is shown in 

Fig. 2.10. As can be seen, it consists of three modules: flow controller unit, reactor rig 

and product analysis unit. 

 

Fig. 2.10 Schematic of the experimental rig used for catalyst evaluation. 

2.6.1. Flow controller units 

This module is the first part of the set-up where the gas flow rates can be 

controlled through thermal mass flow controllers (MFC’s) and mixed before sending 

into the reactor. The gas flows were adjusted using Brooks’ made MFC’s. Each 

Structural type Designation 
Temperature of 

Formation (K) 

Peak temperature 

during TPR 

Adsorbed, atomic 

 (surface carbide) 
Cα 200-400 200 

Polymeric, amorphous 

films or filaments 
Cβ 250-500 400 

Vermicular filaments, 

fibers, and/or whiskers 
Cυ 300-1000 400-600 

Nickel carbide (bulk) Cγ 150-250 275 

Graphitic (crystalline) 

platelets or films 
Cc 500-550 550-850 
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controller was calibrated for the corresponding gas and their accuracy was checked 

periodically. Also, a bypass line was connected to an online gas chromatograph (GC) 

analysis unit, in order to verify the feed composition. 

2.6.2. Reactor unit 

Dry reforming and steam reforming of methane (DRM and SRM) were carried 

out in a packed-bed tubular reactor made up of Incolloy HT. The furnace temperature 

was controlled by programmers with the help of K-type thermocouples positioned at 

appropriate locations. In a typical experiment, 0.5 cc of catalyst as 0.3-0.5 mm range 

particles was mixed with 0.5 cc of same size quartz pieces and loaded in reactor, 

while suspending it between ceramic wool plugs. The catalyst bed temperature was 

monitored by a K-type thermocouple, centered at the catalyst bed. Prior to reaction,  

catalyst was calcined at 750 oC for 3 h and reduced 800 oC for 6 h in  H2:N2 (1:4) gas 

flow. The product gas was analyzed using GC. 

2.6.3. Product analysis 

The dry gas product was analyzed using online gas chromatograph (Chemito 

6890) equipped with a thermal conductivity detector (TCD). Separation of H2, CO, 

CH4, CO2 and N2 components was achieved using Spherocarb packed column and 

their individual concentrations were estimated using calibration gas mixture of a 

similar composition. Conversion of CH4 and CO2 were calculated as follows: 

CH4 conversion 

FCH4 in - FCH4 out 

XCH4   =           ---------------------------- X 100              (2.10) 

                                            FCH4 in 

 

CO2 conversion 

 FCO2 in - FCO2 out 

XCO2   =           ----------------------------- X 100               (2.11) 

                                           F CO2 in 

 

F outH2 

H2/CO ratio =                  ------------------                                                               (2.12) 

F outCO 
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3.1. Introduction 

 Production of hydrogen and syngas through steam reforming of natural gas is 

a well established industrial process. Worldwide, there are large scale natural gas 

reserves, whose consumption leads to relatively low carbon emissions compared to 

petroleum and coal. [1] Hydrogen is important in manufacturing of chemicals, oil 

refining and it is a fuel for fuel cells. As a result of energy crisis, more emphasis is on 

finding novel and efficient routes for syngas production, particularly with variable 

H2/CO ratios. Steam reforming of methane (SRM) is highly endothermic, hence it is 

operated at high temperature (>750 °C). The SRM is also accompanied by the water 

gas shift (WGS) reaction, a side reaction which is slightly exothermic. 

CH4 (g) + H2O (g)  ↔  3H2 (g)  + CO (g)    ∆H° 
298 K = +206 kJ/mol                       (3.1) 

CO (g)  + H2O (g)   ↔  H2 (g)  + CO2 (g)    ∆H°298 K = -41 kJ/mol                            (3.2) 

 In SRM, excess steam (more than stiochiometric ratio of H2O/CH4 = 1) is 

used to prevent coking of catalysts and also to drive the equilibrium towards product 

formation. But, excess steam and high reaction temperatures increase the cost of H2 

production as a result of high energy consumed. Recently, CO2 reforming or dry 

reforming of methane (DRM), which produces syngas with lower H2/CO ratio (~ 1), 

is attracting greater attention. Its output is more useful as feed for Fischer-tropsch 

(FT) synthesis of long chain hydrocarbons. 

CH4 (g) + CO2 (g) ↔ 2H2 (g) + 2CO (g)      ∆H°298 K = +247 kJ/mol                         (3.3) 

 But, during DRM, catalysts deactivate rapidly due to coke deposition on the 

catalyst surface. This problem can be somewhat minimized by addition of water to the 

feed. This process is called Bi-reforming of methane, which also helps to get syngas 

with desirable H2/CO ratio by adjusting CH4:CO2:H2O mole ratios.  

3CH4(g) + 2H2O(g) + CO2(g)   ↔     8H2(g) + 4CO(g)   ∆H°298 K = +220 kJ/mol         (3.4) 

The syngas from the above reaction has H2/CO ratio of 2, which is useful for 

methanol synthesis. Bi-reforming reaction is more useful when biogas, which has 

around 25-35 vol% CO2 is used as feed stock. It saves CO2 removal cost, to get pure 

methane from biogas, while giving syngas with appropriate H2/CO ratio of 2 during 
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bi-reforming. Methane and CO2 are major constituents of the biogas, [2,3] which is 

obtained through anaerobic digestion of biomass, molasses, sewage and sludge. 

Hence, development of active and highly durable catalyst is needed for both bi-

reforming (BRM) and DRM are needed. 

 Noble metal (Pt, Ir, Ru and Rh) and non-noble metal (Ni) based catalysts have 

been studied for reforming reactions. [4] Activity of these metals not only depends on 

metallic character, but also depends on its particle size, nature of support and reaction 

conditions. [5] Industrial steam reforming is practiced using Ni based catalysts at 

around 1123-1173 K with steam to carbon (S/C) molar ratio in the range of 2.5-4.0. 

However, Ni catalysts suffer from deactivation as a result of metal sintering at high 

temperatures and coke deposition. Coke can deteriorate catalytic activity and lead to 

destruction of catalyst structure. Coke formation is thermodynamically favored at 910 

K at atmospheric pressure, particularly when S/C ratio is less than 1.4. [6] The carbon 

formation happens at the interface of metal to support and separates the active metal 

from support; resulting in the destruction of catalyst. [7] A strategy to control coke 

formation is to use noble metals, in which carbon dissolution is lower. But, noble 

metals are expensive, making their commercialization difficult. In order to control 

sintering and to achieve strong metal to support interaction, hydrotalcite like materials 

have been studied. [8] During the steam reforming, additional drop in activity occurs 

over Ni/Al2O3 catalysts due to the formation of NiAl2O4 spinel. [9] Hence, efforts are 

being made to synthesize Ni catalysts that are resistant to carbon formation and whose 

structure is stable at high temperatures. 

 Recently ABO3 and AB2O4 type of structured metal oxides are receiving more 

attention for SRM,[10-12] DRM,[13-18], partial oxidation of methane [19-21] and in 

automotive emission control. [22-23] To synthesize Ni catalysts that are carbon resistant 

under the harsh reaction conditions, efforts are being made to introduce active metal 

in well-defined perovskite type ABO3 oxide structure. These structures yield very 

small particles and possess strong metal to lattice interaction when subjected to 

reduction.[24-28] Addition of rare earth metal to the perovskite structure increases basic 

property of the support by virtue of which carbon formation on the catalyst surface is 
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suppressed. This modified nature of surface helps to increase the rate of adsorption of 

steam as well as oxidation of CHx on the metallic Ni surfaces. 

3.2 Experimental methods 

3.2.1 Synthesis of LnAl1-xNixO3 perovskites 

The rare earth (RE) substituted LnAl1-xNixO3 (Ln = La, Ce, Pr, Nd, Sm, Gd 

and Dy) perovskite type oxides were prepared by citrate gel method. Lanthanide 

nitrates, Al(NO3)3.9H2O and Ni(NO3)2.9H2O were used as for the synthesis. Solutions 

of metal nitrates, required for nominal composition of LnAl1-xNixO3 (x=0 and 0.2) 

were added to the citric acid solution (C6H8O7.H2O) at room temperature. The 

resulting solution was stirred vigorously at 80 °C till viscous gel is formed. This gel 

was heated at 180 °C till a brown colored foamy material was obtained. This was 

calcined in air at 750 °C for 6 h (except for Ce containing oxide), while ramping up 

the temperature @ 2 °C /min, to get corresponding perovskite type oxides. In case of 

Ce containing perovskite (CeAl1-XNixO3), since Ce has to be stabilized in +3 oxidaton 

state, oxide material obtained after calcination was reduced at 750 °C in 20% H2 

containing  N2. 

3.2.2 Catalyst evaluation 

 Steam (SRM) and dry reforming of methane (DRM) were conducted in a 

packed-bed tubular reactor made up of Incolloy HT. The reactor was placed in a 

programmable tubular furnace. All the gases used were regulated using thermal mass 

flow controllers (Brooks Instruments). The water was charged by a high precision 

syringe pump (Isco 500D). In a typical experiment, 0.5 cc of catalyst particles in 0.3-

0.5 mm range were mixed with 0.5 cc of same size quartz pieces to be loaded in the 

reactor supported between ceramic wool plugs. The catalyst bed temperature was 

measured using a K type thermocouple centered in the catalyst bed. Prior to the 

reaction,  catalyst was calcined at 750 oC for 3 h and reduced in situ at 750 oC  for 6 h 

using  H2:N2 (1:4) gas mixture. Steam reforming reactions were performed at S/C= 3, 

GHSV of 20,000 h-1 and at atmosphere pressure. Catalyst evaluation was performed 

in the temperature 600-750 oC zone, while time on stream study was carried out for 

1080 min at 750 oC at GHSV of 20,000 h-1. Bi-reforming of methane was conducted 

using a simulated biogas composition (CH4/CO2 ratio 3/1.5) by mixing with steam in 
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the ratio CH4:CO2:H2O = 3:1.5:2 at 800 oC at a GHSV of 22,068 h-1 for 100 h. The 

product gas mixture was analyzed using an online gas chromatograph (GC-TCD; 

Chemito 1000), equipped with Spherocarb packed column (1/8” OD and 8’ length). 

3.3 Results and discussion 

3.3.1 X-ray diffraction investigations of LnAl1-xNixO3-δ perovskites 

The synthesized of perovskite type oxides were investigated for their structural 

properties using powder XRD. Diffraction patterns shown in Fig.3.1a and 1b show 

that lanthanide (Ln) substituted oxides have well defined perovskite structure with 

high crystallinity. All the XRD patterns of these perovskite oxides were obtained on 

calcination at 750 °C, except for CeAlO3. Size of the Ln cation influences the unit cell 

dimensions of these perovskite oxides. The XRD pattern of La and Ce substituted 

aluminate perovskites exhibited strong reflections corresponding to the cubic 

perovskite (JCPDS 39-1471, 28-0260). On the otherhand, perovskites substituted with 

Pr and Nd shows high 2θ values corresponding to rhombohedral structure (JCPDS 29-

0077, 29-0056) with different cell parameter. The diffraction pattern of Sm, Gd and 

Dy aluminate perovskite samples show well resolved doublet reflection peaks at 

higher 2θ indicating orthorhombic structure with modified cell parameters (JCPDS 

71-1597, 30-0015 and 39-1437).  

Partial substitution of Al by Ni at ‘B’ site in the perovskite lattice also gave 

perovskite type oxides as may be seen from Fig.3.1b. The peaks of LnAl0.8Ni0.2O3-δ 

have shifted to lower angles, on partial substitution of Al by Ni in the lattice. These 

differences are to be expected considering the ionic radius of Ni+2 (0.69Å) and Al+3 

(0.53Å) ions. Results also indicate substantial incorporation of Ni in the perovskite 

lattice.  
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Fig. 3.1 XRD pattern of (a) LnAlO3 perovskites (b) LnAl0.8Ni0.2O3-δ perovskite oxides  

(♦ : perovskite, ♯ : Rare earth oxides). 

As a result of lanthanide contraction, the size of lanthanide ion decreases from 

La to Dy, leading to lattice distortion from cubic to orthorhombic phase passing 

through rhombohedral phase. In general, this type of distortion depends on the 

tolerance factor ‘τ’, which is defined as:   

τ   = rA + rO/√2(rB + rO)       (rA, rB, rO  are radius of A, B cations and O2-)            (3.5) 

 

As the tolerance factor is < 1, there is deviation in perovskite structure from ideal 

cubic phase. All XRD patterns were refined by using Rietveld method [29] employing 

generalized structure and analysis software (GSAS) package and the EXPGUI 

interface.[30] Refinement results of all lanthanide substituted aluminate perovskites are 

shown in Tables 3.1 and 3.2. 
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Table 3.1 Textural properties of as-synthesized LnAlO3 (Ln = La, Ce, Pr, Nd, Sm, Gd and Dy) phase perovskite catalysts.  

 

 

 

Formulae LaAlO3 CeAlO3 PrAlO3 NdAlO3 SmAlO3 GdAlO3 DyAlO3 

Space group Pm-3m Pm-3m R-3c (167) R-3c (167) Pnam (62) Pbnm (62) Pbnm (62) 

a/ Å 3.7896(2) 3.7707(3)   5.3134(6)   5.3002(6) 5.2835(4) 5.2499(6) 5.2050(1) 

b/ Å 3.7896(2) 3.7707(3)   5.3134(6)   5.3002(6) 5.3083(3) 5.2896(6) 5.2636(1) 

c/Å 3.7896(2) 3.7707(3) 13.0535(7) 12.9397(8) 7.4677(5) 7.4361(9) 7.3932(1) 

V/ Å 3 54.42 53.61 368.52 360.51 209.44 206.5 202.55 

Rp (%) 8.4  7.4 5.6 7.4  6.8  4.0  4.5  

WRp (%) 9.8  9.3  7.9  9.6  9.3  6.2  6.5  

χ 2 1.33 1.89 1.79 1.61 1.73 1.79 1.65 

Surface area (m
2
/gr)a 11.7 9.2 7.9 7.7 6.8 3.3 2.1 

Tolerance factor 1.007 1.001 0.986 0.975 0.964 0.956 0.887 

a Calculated from BET Surface area analysis 
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Table 3.2 Textural properties of LnAl0.8Ni0.2O3 (Ln = La, Ce, Pr, Nd, Sm, Gd and Dy) perovskite type oxide catalysts.  

Formulae LaAl0.8Ni0.2O3 CeAl0.8Ni0.2O3 PrAl0.8Ni0.2O3 NdAl0.8Ni0.2O3 SmAl0.8Ni0.2O3 GdAl0.8Ni0.2O3 DyAl0.8Ni0.2O3 

Space group Pm-3m Pm-3m R-3c (167) R-3c (167) Pnam (62) Pbnm (62) Pbnm (62) 

a/ Å 3.7983(3) 3.7899(4) 5.3452(3) 5.3341(3) 5.3043(4) 5.2503(7) 5.2035(3) 

b/ Å 3.7983(3) 3.7899(4) 5.3452(3) 5.3341(3) 5.3111(4) 5.3001(5) 5.2912(2) 

c/Å 3.7983(3) 3.7899(4) 13.1535(3) 13.0114(4) 7.4788(9) 7.4413(5) 7.4070(7) 

V/ Å 3 54.79 54.43 375.81 370.2 210.69 207.06 203.93 

Rp (%) 5.2  8.4 7.8 8.1  7.9  5.3  5.3 

WRp (%) 7.9  9.5  9.1 9.4  8.6  7.2  7.5 

χ 2 1.54 1.57 1.79 1.81 2.03 1.6 2.1 

Surface area 

(m
2
/gr)a 

10.2 7.3 6.4 5.2 3.1 1.5 1.1 

Nominal Ni 

Content (wt%) 
5.33 5.3 5.28 5.2 5.06 4.91 4.81 

Ni Content 

(wt%)b 
5.1 5.0 5.0 5.1 5.2 5.0 4.9 

% Ni dispersionc 1.5 3.3 0.5 2.3 1.3 0.7 1.8 

Tolerance factor 0.992 0.984 0.971 0.959 0.949 0.941 0.873 

a Calculated from BET analysis, b Bulk Ni content obtained by chemical (ICP-OES) analysis, c Obtained from CO chemisorption 
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3.3.2 Textural and structural characterization of LnAl0.8Ni0.2O3 catalysts 

All perovskite type oxides were subjected to extensive characterization. The 

results of BET surface area, chemical analysis by ICP-OES and Ni metal dispersion 

are summarized in Table 3.2. Specific surface areas of these samples were very low as 

these are prepared at high temperatures. Results also show that after Ni substitution, 

there was a drop in surface area, though to a minor extent.  

3.3.3 Raman analysis of LnAlO3 perovskites 

Perovskite types of structures are often distorted from ideal cubic lattice as a 

result of BO6 octahedral tilt. When this tilt is relatively small, it cannot be analyzed by 

XRD technique due to lower scattering of X- rays by anions. As a result, structural 

study of such weak scattering oxides is challenging. Raman analysis can help to study 

octahedral tilt of BO6 and assist in the identification of such phases in solids, thin 

films and nano structured oxides. Raman scattering of ABO3 type perovskite oxides 

give vibrational modes that provide information about unique signature of crystal 

structure.  

 

Fig. 3.2 Raman spectra of LnAlO3 (Ln = La, Ce, Pr, Nd, Sm, Gd and Dy). 

Raman spectra of LnAlO3 (Ln = La, Ce, Pr, Nd, Sm, Gd and Dy) perovskites 

at room temperature are given in Fig. 3.2. At similar scattering, the distortion is 

enhanced by decreasing the rLn and most of the bond lengths are shortened. This leads 
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to shift in Raman frequencies to higher wave numbers and also increased modes of 

vibrations. In terms of symmetry, perovskite phases transfer from high to lower 

symmetry. In case of ideal cubic perovskite ABO3 with space group Pm3m and z =1; 

all the atoms are centrosymmetric with fixed coordinates, so Raman modes are 

inactive. [31] But in perovskite where Ln = La and Ce, three weak peaks are seen at 

123-145, 152-165 and 487-495 cm-1. These peaks originate from the rotation of 

oxygen in octahedral BO6 around the hexagonal [001]h direction denoted as A1g 

mode. Pure La/Ce vibration in the hexagonal [001]h plane and pure oxygen bending 

vibration in octahedral is denoted as Eg mode. [32] Thus minor distortion is observed as 

a result of deviation from ideal cubic lattice in case of La/Ce substituted aluminates. 

With further decrease in the size of A cation, phases are converted to rhombohedral 

lattice. In case of Pr and Nd aluminates, Rhombohedral distortion increased with 

decreasing size of Ln cation i.e. in NdAlO3 Raman modes are higher than PrAlO3. 
[33] 

The number of modes further increased in the case of Sm, Gd and Dy containing 

perovskites suggesting transformation of the phases to orthorhombic. The Raman 

frequencies are given in Table 3.3.  

 

Table 3.3 Experimental Raman bands of LnAlO3 and their respective assignment. 

Catalyst Raman band (cm-1) Assignment 

LaAlO
3
 132, 158 

487  

Rotational 

Oxygen vibration  

CeAlO
3
 

146, 168 

495  

Rotational 

Oxygen vibration  

PrAlO
3
 

53, 151, 202 

505  

Rotational 

Oxygen vibration  

NdAlO
3
 

62, 132, 161, 272 

506  

Rotational 

Oxygen vibration  

SmAlO
3
 

68, 142, 171, 302 

510, 522  

Rotational 

Oxygen vibration  

GdAlO
3
 

82, 162, 183, 312  

515, 525  

Rotational 

Oxygen vibration  

DyAlO
3
 

102, 145, 256, 332, 390, 402 

525, 539  

Rotational 

Oxygen vibration  
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In samples containing smaller Ln+3 cations at A site, electron-lattice interactions are 

stronger compared to when larger La+3, Ce+3 cations are present, hence they acquire 

more ionic character. Additionally, the enhanced steric factor leads to increase in 

global distortion of the perovskite structure. As a result, increasing tilt of the angle is 

observed while moving from LaAlO3 to DyAlO3. 
[34] 

3.3.4 Temperature programmed reduction of Ni substituted LnAlO3. 

 The redox nature of Ni substituted LnAlO3 perovskites was investigated using 

H2–TPR technique; these results are given in Fig. 3.3. Three main reduction peaks are 

observed. The first reduction peak corresponds to the reduction of Ni+3 to Ni+2 which 

is weakly bound to perovskite lattice. The second peak corresponds to the reduction of 

Ni+2 to metallic Ni and the third peak belongs to the reduction of Ni cations present in 

the bulk of the sample. 

 

Fig. 3.3 TPR pattern of LnAl0.8Ni0.2O3-δ perovskites. 

 Comparison of reduction peak temperatures of LnAl0.8Ni0.2O3-δ perovskites 

shows that the concentration of weakly interacting Ni species is more in La and Pr 

aluminates. While Nd and Dy perovskite have consumed more H2 compared to Ce 

implying more amount of Ni is present outside of the perovskite structure and all the 

peaks observed are at higher temperature. CeAl0.8Ni0.2O3-δ perovskite has additional 

reduction peak at 600-750 °C indicating the reduction of surface Ce+4 ions, which 
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facilitates good oxygen storage that can help in the removal of carbon deposited on 

the catalyst during reforming reaction. The total intensity of the reduction peaks 

observed follow the order is Ce < Nd < Dy < Gd < Sm < La ~ Pr. The reduction 

temperatures of Ni in CeAl0.8Ni0.2O3-δ perovskite catalyst seems to be higher 

compared to all lanthanide substituted perovskite. An inverse relation seems to be 

there between the temperature of third TPR peak and the size of the metallic Ni 

crystallites. During the reduction of Ni substituted perovskite, Ni ions are released in 

a controlled way from perovskite lattice, thus avoiding sintering. 

3.3.5 Temperature-programmed desorption of oxygen 

Temperature programmed desorption studies of O2 help to analyse the type of 

oxygen vacancies formed in the Ni perovskites. The results of O2-TPD studies of Ni 

substituted LnAlO3 are shown in Fig. 3.4. The perovskite catalysts that gave reduction 

peak at higher temperatures were only chosen for this experiment.  

 

Fig. 3.4 TPD- O2 pattern of LnAl0.8Ni0.2O3 (Ln = Ce, Nd and Dy) perovskites. 

It was observed that when the temperature is raised in a programmed way, 

oxygen is released from the surface. The O2 -desorption spectra show two major 

peaks, with low temperature peak in 100-300 °C temperature zone designated as α 

peak. This peak originates from weakly bound oxygen to the surface of the perovskite 

or surface oxygen vacancies. [34] The second high temperature sharp desorption peak 
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above 400 °C is designated as β, arises from the bulk of the perovskite. [35-38]  From 

the O2 -TPD profiles, it was observed that CeAl0.8Ni0.2O3-has more amount of α and β 

oxygen compared to NdAl0.8Ni0.2O3-δ and DyAl0.8Ni0.2O3-δ perovskite catalysts. That 

is oxygen adsorption and desorption occurs easily and rapidly in the 100-800 °C zone, 

which falls in the reforming temperature range. Hence, it facilitates delivery of high 

amount active oxygen to carbon (coke) species, which is effectively removed as COx 

species during the reaction as compared to other perovskite catalysts. Ceria based 

oxides are known to play a key role in supplying oxygen from its lattice through Mars 

Van Kraevelen mechanism in reforming reactions.[39] The order of β- oxygen 

desorption or mobility of lattice oxygen follows the sequence: CeAl0.8Ni0.2O3-δ > 

NdAl0.8Ni0.2O3-δ > DyAl0.8Ni0.2O3-δ, implying the relative ease of oxygen release from 

CeAl0.8Ni0.2O3-δ compared to other catalysts. 

3.3.6 X- Ray photoelectron spectroscopy (XPS) 

X-Ray photoelectron spectroscopy is helpful to understand the surface species 

present on a solid. Since catalysis is more of a surface phenomenon, XPS helps to 

unravel the relationship between activity and surface structure.  

 
 

Fig. 3.5 XPS of LnAl0.8Ni0.2O3-δ (Ln = Ce, Nd and Dy);  (a) O1s,  (b) Ni 3d. 

 

Figure 3.5a shows the O1s core level spectra of LnAl0.8Ni0.2O3-δ (Ln = Ce, Nd 

and Dy). The O1s spectra are more complex and could consist of three components: 

(i) peak around 529.5-530.0 eV (ii) peak at 531.2 eV and (iii) 532.3 eV. The peak at 

lower BE is assigned to lattice oxide ion (O-2), while peak at 531.2 eV corresponds to 

the Ln-O-Al bond and the peak at 532.3 eV may be assigned to hydroxyl/carbonate 
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groups. [40-41] Data show that intensity of high BE peaks increased for DyAl0.8Ni0.2O3-δ 

and NdAl0.8Ni0.2O3-δ perovskite oxides compared to CeAl0.8Ni0.2O3-δ. This high 

intensity of peaks for DyAl0.8Ni0.2O3-δ could be attributed to a different kind of oxygen 

species present in DyAl0.8Ni0.2O3-δ perovskite, which results from tilting of AlO6 

octahedra. 

For the study of Ni chemical state in these catalysts using XPS, exhaustive 

investigations are required. Limited numbers of models are available in literature for 

the interpretation of Ni 2P spectra, their multiple splitting and satellite peaks. The 

XPS spectra of Ni 2P3/2 and 2P1/2 for LnAl0.8Ni0.2O3-δ perovskites (Ln = Ce, Nd and 

Dy) are shown in Fig. 3.5b. Nickel XPS spectrum of CeAl0.8Ni0.2O3-δ sample shows 

that a part of Ni is present on the surface of the perovskite in the form of Ni0 (852.5 

eV) and partly as Ni3+ (856.3 eV). On the otherhand, in NdAl0.8Ni0.2O3-δ and 

DyAl0.8Ni0.2O3-δ samples, Ni is mostly in +2 state and a small part of it in +3 

oxidation state (854.6 and 856.3 eV respectively). The higher Ni0 over CeAl0.8Ni0.2O3-

δ can be explained by the fact that it is prepared under H2 reduction, while the other 

perovskites are formed under oxidizing atmosphere. [42]  

 

3.4 Evaluation of catalysts for steam reforming of methane  

  All the catalysts described above were evaluated for steam reforming of 

methane. Out of these, the best catalyst was evaluated more vigorously for its 

durability and on-stream stability.  

 

3.4.1 Judging the best lanthanide substituted perovskite catalyst for SRM 

 The catalytic activity of different Ln and Ni substituted perovskite catalysts 

was tested for SRM by varying the reaction temperature in the 600-750 °C range. 

Steam to CH4 ratio of 3 and gas hourly space velocity (GHSV) of 20,000 h-1 at 1 atm 

were used for this comparison. Figure 3.6 shows catalytic activity of different 

perovskite catalysts as a function of temperature. It can be seen that among the 

lanthanide substituted perovskites, Ce substituted perovskite catalyst shows relatively 

better activity in the temperature range explored. The catalytic activity of lanthanide 

substituted perovskites is in the order Ce > Nd > Dy > Gd > La > Sm > Pr. It can be 

seen that the activity is closely related to the reducibility and the dispersion of Ni.  In 

addition to these two parameters, SRM activity also depends on the oxygen vacancies, 
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with the catalyst (CeAl0.8Ni0.2O3-δ) having high oxygen vacancies (see Figure 3.4) 

being more active. 

 

Fig. 3.6 SRM over LnAl0.8Ni0.2O3 (Ln = La, Ce, Pr, Nd, Sm, Gd and Dy) at different 

temperatures 

*Reaction conditions: GHSV- 20,000 h-1; 1atm; CH4/H2O = 3 

 

 Methane conversion and corresponding H2/CO ratio at 750 °C as a function of 

substituted Ln is given in Fig. 3.7. The CeAl0.8Ni0.2O3-δ catalyst showed highest CH4 

conversion of 86 % at 600 °C, which rose to 98 % at 750 °C. The H2 to CO ratio of 

the product stream was 5.4, compared to 5.5 predicted by the thermodynamics.  

 

Fig. 3.7 CH4 conversion and H2/CO ratio and as function of Ln in SRM. 

*Reaction conditions: Temp: 750°C; GHSV- 20,000 h-1; 1atm; CH4/H2O = 3 
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These results show that both steam reforming and RWGS reactions approach to 

equilibrium in the given reaction conditions. The Ni metal is in close interaction with 

perovskite lattice in the case of CeAl0.8Ni0.2O3-δ, in addition to its high flexibility of 

Ce+3 to Ce+4 transition under varying oxygen lean to rich condition as a result of its 

high oxygen storage capacity (OSC). Whereas, in the case of other Ln substituted 

perovskite catalysts, H2/CO ratios were above thermodynamically calculated values. 

These results show that the water gas shift reaction is more dominant on these 

catalysts, leading to the formation of higher H2. Overall, the CeAl0.8Ni0.2O3-δ catalyst 

shows superior activity and good stability at high reaction temperatures during the 

screening experiments. [43] 

3.4.2 Time on stream study 

 The on-stream stability of the best three catalysts CeAl0.8Ni0.2O3-δ, 

NdAl0.8Ni0.2O3-δ and DyAl0.8Ni0.2O3-δ were evaluated at 750 °C, S/C =3 and at 1 atm 

pressure, by changing the GHSV. These results are shown in Fig. 3.8.  

 

Fig. 3.8 TOS study of LnAl0.8Ni0.2O3-δ (Ln = Ce, Nd and Dy) catalysts in SRM. 

*Reaction conditions: Temp: 750°C; 1atm; CH4/H2O = 3, GHSV varied between 

20,000 and 100,000 h-1 

 

The CeAl0.8Ni0.2O3-δ perovskite catalyst shows better stability during the entire length 

of the experiment (1080 min). The initial methane conversion on it was 98% at GHSV 

of 20000 h-1 on CeAl0.8Ni0.2O3-δ, which was stabilized over a period of 360 min, after 
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a slight drop in methane conversion initially. After 360 min, the space velocity was 

switched to 100,000 h-1, which led to a drop in CH4 conversion to 88%. But, it was 

maintained at the same level for next 360 min. Subsequently, when the GHSV was 

changed back to 20,000 h-1, it regained its initial conversion and was stable thereafter. 

On the otherhand, in case of NdAl0.8Ni0.2O3-δ and DyAl0.8Ni0.2O3-δ catalysts, activity 

dropped constantly during the same period, while never regaining during the switch 

over. The spent catalysts on investigation showed coke formation on NdAl0.8Ni0.2O3-δ 

and DyAl0.8Ni0.2O3-δ catalysts. Hence, we may conclude that CeAl0.8Ni0.2O3-δ catalyst 

shows superior activity and durability, in addition to its good activity even at high 

space velocity compared to other lanthanide perovskites. 

 

3.4.3 Transient pulse experiment of CH4 and H2O 

Mass spectral signals of transient pulse experiments are shown in Fig. 3.9a, 

3.9b and 3.9c. The CeAl0.8Ni0.2O3-δ, NdAl0.8Ni0.2O3-δ and DyAl0.8Ni0.2O3-δ are chosen 

for these pulse experiments. Initially, CH4 was pulsed in to the reaction chamber and 

immediately followed by it, H2 species were detected for all the catalysts. The rapid 

formation of H2 species implies fast CH4 decomposition over active Ni species, which 

has increased with temperature. This can also be seen through the detection of CO and 

CO2 species. The carbon species formed during the CH4 decomposition react with the 

surface oxygen to give oxygenated carbon products of CO and CO2. High intensities 

of CO and CO2 in case of CeAl0.8Ni0.2O3-δ catalyst compared to NdAl0.8Ni0.2O3-δ and 

DyAl0.8Ni0.2O3-δ catalysts may be attributed to its higher active metal dispersion (see 

Table 3.2). On decomposition of CH4 over Ni0 sites, CHx and adsorbed H atoms are 

generated, while the later combines and leaves the surface as H2. On further 

decomposition of CHx carbon species are formed, which are oxidized to produce CO 

and CO2 at Ni-perovskite interface following the red-ox process. [44-46] The red-ox 

process is expected to proceed with the formation of surface oxygen vacancies. As 

these vacant sites are positively charged, they have high affinity towards oxygen. On 

interaction of H2O with these positively charged surface vacancies, the H-O-H bond is 

weakened and subsequently dissociates resulting in the evolution of H2.  
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Fig. 3.9 Mass spectral signals during the pulse experiment over LnAl1-xNixO3, where 

Ln = (a) Ce, (b) Nd and (c) Dy. 

 

The proposed mechanism based on the reaction results and the pulse experiments 

clearly shows that both highly dispersed Ni and redox properties of CeAl0.8Ni0.2O3-δ 

perovskites are important for the superior activity and stability. The intensity of H2, 

CO and CO2 peaks in case of NdAl0.8Ni0.2O3-δ and DyAl0.8Ni0.2O3-δ perovskites are 

weak, possibly due to the nature of carbon formed over these catalysts, as it might be 

encapsulating the Ni sites, thereby blocking the reaction path to proceed further. 

Comparatively, the higher intensity of H2, CO and CO2 signals after the steam pulse 

over CeAl0.8Ni0.2O3-δ catalyst indicates the ease of dissociation of water molecules at 

oxygen vacant sites.  The evolved oxygen during this process helps to remove the 

carbon over the active metal in the form of CO or CO2. Apart from this, significant 

appearance of the H2 after steam pulse was observed, which may be attributed to the 

decomposition of formate like intermediates from the perovskite surface. On the 
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otherhand, this kind of strong signals were absent in the case of DyAl0.8Ni0.2O3-δ and 

NdAl0.8Ni0.2O3-δ perovskite catalysts. 

3.4.4 Activity of Ni impregnated catalyst versus Ni substituted perovskite catalyst 

 Previously discussed results confirm superiority of CeAl0.8Ni0.2O3-δ catalysts 

in terms activity and stability during SRM. Hence, Ni content during the synthesis of 

CeAl1-xNixO3-δ (where x= 0 to 0.25) was varied and they were used for steam 

reforming of CH4. These results are shown in Fig. 3.10. With the increasing Ni 

content in CeAl1-xNixO3-δ, the CH4 conversion increased upto x = 0.2. This shows that 

increasing Ni in CeAlO3 structure creates more defects in addition to availability of 

more active Ni for steam reforming reaction. Figure 3.10 also compares the activity of 

Ni impregnated CeAlO3 catalyst in terms of CH4 conversion. As may be seen, the 

CH4 conversion is much higher on Ni substituted catalyst (CeAl0.8Ni0.2O3-δ) compared 

to Ni impregnated catalyst (5.3% Ni/ CeAlO3) that has similar Ni content..     

 

Fig. 3.10 CH4 conversion as function of temperature with variation of Ni content and 

impregnated Ni catalyst in SRM reaction. 

*Reaction conditions: GHSV- 20,000 h-1; 1atm; CH4/H2O = 3 

 

 Based on the above results, it may be concluded that the following factors play 

important role in steam reforming reaction. First, substitution of Ni at Al site in the 

perovskite lattice leads to the generation of defects, i.e., enhanced oxygen storage 

capacity as observed in O2-TPD.  Second is the formation of fine well dispersed Ni 

particles on reduction as observed through CO- chemisorption and the third is 
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enhanced reducibility of cationic Ni, as observed during H2-TPR. The synergy of all 

the three factors contribute to the superior performance of CeAl0.8Ni0.2O3-δ catalyst 

relative to other Ni substituted Ln perovskite catalysts 

3.4.5 Time on stream stability of substituted and impregnated catalysts 

 It is demonstrated that the CeAl0.8Ni0.2O3-δ perovskite derived oxide is a good 

catalyst for SRM reaction. Hence, it will be interesting to compare the performance of 

CeAl0.8Ni0.2O3-δ catalyst, prepared through citrate gel method, with Ni impregnated 

(5.3 wt %) catalyst prepared using CeAlO3 perovskite oxide as support. Figure 3.11 

shows that the SRM activity of Ni substituted perovskite (CeAl0.8Ni0.2O3-δ) catalyst is 

much higher compared to impregnated (Ni/CeAlO3) catalyst. The later catalyst was 

probably coked at a much faster rate owing to side reactions and probably would have 

completely deactivated if the reaction was continued for longer duration.  

 
Fig. 3.11 Comparison of on-stream stability of CeAl0.8Ni0.2O3- and CeAl0.9Ni0.1O3- 

catalysts with 5.3 wt% Ni impregnated CeAlO3.   

Reaction conditions: S/C = 3, 750 °C, GHSV = 20,000 h-1 at 1 atm. 

 

3.4.6 Kinetic study of SRM reaction over CeAl0.8Ni0.2O3-δ catalyst 

Kinetic data of SRM was collected in 500-600 °C (773 to 873 K) temperature 

range at 1 atm by maintaining different contact times. Contact time is expressed in 

terms of physical volume of the catalyst and volumetric flow of feed stream. 

                                             Volume of the catalyst (m3) 

          Contact time   =    ---------------------------------------------                              (3.6) 

                                         Volumetric flow of feed (m3/sec) 
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The methane conversion versus contact time of methane in steam reforming reaction 

at different temperatures is given in Fig. 3.12. 

 

  
Fig. 3.12 CH4 conversion on CeAl0.8Ni0.2O3-δ catalyst at different temperatures and 

contact time; (b) Arrhenius plot for CeAl0.8Ni0.2O3-δ catalyst. 

*Reaction conditions: Pres- 1atm; H2O: CH4 = 3:1 

It was observed that in the given temperature range, the CH4 conversion 

increased with increasing contact time. As explained in section 1.6.2, based on the 

Wei and Iglesia mechanism, C-H bond activation is kinetically important step in CH4 

reforming reaction. The forward rate is not influenced by CO or H2O or H2 

concentration, when they are varied by changing contact time. 

       The rate of forward reaction in SRM   =  k PCH4                                                       (3.7) 

According to the Arrhenius law, reaction rate SRM is temperature dependant. The 

plot of lnk versus 1/T provides the true activation energy. Figure 3.11b shows the 

Arrhenius plot for CeAl0.8Ni0.2O3 perovskite catalyst. The calculated activation energy 

of 95 kJ/mol and pre exponential factor 2.018E +06 min -1 are in good agrement with 

the literature data. [47-49] 

3.4.7 Catalytic activity of CeAl0.8Ni0.2O3-δ in simulated biogas reforming 

 Steam reforming of biogas was examined over the relatively best 

CeAl0.8Ni0.2O3-δ catalyst using CH4+CO2 simulated gas mixture that is close to biogas 

composition. The composition of biogas depends on the specific treatment process, its 

origin in terms of animal/domestic waste or industrial organic waste.  
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Variation in  Steam to CH4 ratio in the steam reformingof simulated biogas 

 For all the reforming reactions involving biogas, a simulated composition 

consisting 60% CH4 and 40% CO2 were used. In real biogas, small concentrations of 

H2S and nitrogen compounds are expected to be present even after purification. These 

can cause deactivation of the catalyst, unless they are removed to sub ppm level. [50-52] 

However, in these experiments, no external sulfur or nitrogen compounds are added. 

Conversion of CH4 and CO2 as function of time is shown in figure 3.13 at different 

steam to CH4 ratios. 

  

Fig. 3.13 Steam reforming of a simulated biogas over CeAl0.8Ni0.2O3-δ catalyst. 

*Reaction conditions: Temp: 800°C; GHSV- 19,200 h-1; 1atm; CH4/CO2 = 3/2 

 

 During steam reforming of simulated biogas, several reactions are possible. 

Besides main reactions, carbon formation reaction mechanism depends on the process 

conditions like operating temperature, pressure, reformer design, gas composition and 

particularly steam content. The carbon formed during the reaction will gasify in the 

presence of steam or oxygen. [53] Hence, in order to suppress carbon formation, excess 

steam is added, which will also help to enhance CH4 conversion. But, excess steam 

requires more amount of energy, leading to higher process costs. Hence, the steam to 

carbon ratio needs to be optimized carefully. 

 As may be seen from Fig. 3.13, CH4 conversion linearly increased with steam 

but CO2 conversion steeply fell, as steam reforming reaction becomes pre-dominant 

over the dry reforming of methane. At steam to CH4 ratio 3:4 maximum CH4 

conversion (99%) was achieved. At lower steam to CH4 ratios, dry reforming reaction 
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is more prevalent. At increasing H2O/CH4 ratios, more H2 is produced leading to 

higher H2/CO ratios. This variability in H2/CO ratio is important, as different ratios 

are used for synthesis of various chemicals and fuels. When the reaction feed contains 

CH4, CO2 and H2O in the ratio of 3:2:4, the syngas produced has H2/CO ratio of ~ 2, 

which is useful for the synthesis of many chemicals, including methanol. Even for FT 

synthesis, this ratio is quite useful. Variation in H2/CO ratio with different steam to 

carbon ratios is shown in Fig. 3.14. This data helps to prepare syngas with a desired 

composition based on the application. What is remarkable with this catalyst is that for 

all these feed gas ratios, the catalysts are quite stable.  

 

Fig. 3.14 Variation of H2/CO ratio with H2O/CH4 ratio over the CeAl0.8Ni0.2O3-δ for 

Bi-reforming reaction. 

*Reaction conditions: Temp: 800 °C; GHSV- 19,200 h-1; 1atm; CH4/CO2 = 3/2 

 

3.4.8 Time on stream study of bi-reforming of methane 

Since, CeAl0.8Ni0.2O3-δ catalyst showed excellent catalytic activity and attained 

equilibrium CH4 and CO2 conversions, its durability was tested for 100 h. Its 

performance is depicted in Fig. 3.15. It can be seen that both CH4 and CO2 

conversions remained almost constant at about 95 and 88% respectively upto 100 h. 

The H2/CO ratio was close to 1.8. The stable activity of CeAl0.8Ni0.2O3-δ could be 

attributed either to the low coke formation on the surface of catalyst or the type of 

carbon deposited does not block the active sites of the catalysts during the reaction. 

Probably, the oxygen defects created on Ni substitution might be helping in the 
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removal of coke formed during the reaction, thus imparting greater durability to the 

catalyst. 

 

Fig. 3.15 TOS behaviour of CeAl0.8Ni0.2O3-δ perovskites in bi-reforming of CH4. 

*Reaction conditions: Temp: 800°C; GHSV- 22,068 h-1; 1atm; 

 CH4/CO2/H2O = 3/1.5/2 

3.5 Characterization of spent catalysts 

  Deactivation of the catalysts during SRM due to coking is a serious issue that 

needs to be addressed to develop a catalyst that is stable for thousands of hours. In 

this respect, characterization of spent catalysts is important to understand the types of 

coke precursors deposited on the catalyst, inorder to know the potential causes of 

catalyst deactivation. Generally, there are two main pathways that lead to the carbon 

formation on catalysts: 

CH4 decomposition (CH4          C + 2H2)                                 (3.8) 

Boudouard reaction  (2CO         C + CO2)                                (3.9) 

  The spent catalysts were extensively characterized by Raman spectroscopy, 

TGA, XPS and HRTEM to understand the coke formed, so that remedial measures 

can be suggested to suppress its formation. 

3.5.1 Raman and TGA analysis 

 Raman spectroscopy of spent catalyst throws light on various carbon species 

present on the surface of spent catalyst as shown in Fig. 3.16a.  
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Fig. 3.16 Characterization of coke present on spent catalysts after SRM for 18 h.  

(a) Raman spectra, (b) coke content from TGA.   

 

The three catalysts CeAl0.8Ni0.2O3-δ, NdAl0.8Ni0.2O3-δ and DyAl0.8Ni0.2O3-δ.are 

compared for the coke formation. Figure 3.16 also contains Raman spectra of coke 

precursors formed on the catalyst used for dry reforming of methane, to be used as a 

reference. All spectra show two major bands at 1328 cm-1 (D-band) and 1580 cm-1 

(G-band), with a low intensity peak on the right side to G band. The D-band 

corresponds to the disordered amorphous carbon formed with structural imperfections 

[54]. The G- band is attributed to stretching vibrations of sp2 carbon in graphitic 

material and was designated as E2g mode. The small band at 1620 cm-1 (D′-band) 

indicates the presence of disordered graphitic material. [55] On all spent catalysts 

following SRM, the intensity of D- band is higher than that of G- band. The Larger 

intensity of D- band indicates that during the deactivation abundant defective carbon 

species are formed which may subsequently convert to graphite. It is seen that 

relatively more coke was observed over Dy and Nd containing catalysts. In case of Ce 

substituted perovskite catalysts, minimal coke was observed, which is also confirmed 

by TGA. Moles of carbon formed per gram of catalyst after 18 h of reaction is shown 

in Fig. 3.16b. The amount carbon formed over the Ni samples increased in the 

sequence: CeAl0.8Ni0.2O3-δ < NdAl0.8Ni0.2O3-δ < DyAl0.8Ni0.2O3-δ.     

3.5.2 XPS of Spent catalysts 

Figure 3.17 shows C1s spectra of spent Ce, Nd and Dy doped perovskite catalysts. A 

broad peak at 284.5 eV corresponds to the graphitic carbon, while the peak at 286.2 
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eV corresponds to surface carbonates. The intensity of both carbon peaks is very high 

in the case of DyAl0.8Ni0.2O3-δ and NdAl0.8Ni0.2O3-δ perovskite catalysts. Whereas, 

CeAl0.8Ni0.2O3-δ spent catalysts has less amount of carbonate carbon. These carbon 

species are deposited on Ni faces of catalyst and may be responsible for rapid 

deactivation of DyAl0.8Ni0.2O3-δ and NdAl0.8Ni0.2O3-δ catalysts. [56] 

 

Fig. 3.17 XPS of spent LnAl0.8Ni0.2O3-δ (Ln = Ce, Nd and Dy) catalysts after SRM. 

3.5.3 TEM analysis of spent catalysts 

The Raman, TGA and XPS results demonstrate the formation of coke mostly 

on DyAl0.8Ni0.2O3-δ and NdAl0.8Ni0.2O3-δ perovskite catalysts. The type of carbon 

formed on the spent catalysts was investigated by electron microscopy. The TEM 

micrographs are expected to reveal the presence of different types of carbon present 

on the three catalysts depending on the nature of perovskite, oxygen defects and Ni 

particle size (derived from CO chemisorption). Generally, three types of carbon can 

be seen, i.e., (i) amorphous carbon, (ii) graphitic carbon and (iii) multi walled carbon 

nanotubes (MWCNT). Carbon nanotubes can form through diffusion/elimination path 

way, which would result in the separation of active Ni species from the support. [57] 

On the otherhand, some pear shaped Ni particles placed at the tip of carbon nanotubes 

are expected to be still active for the reaction, while Ni particles that are incorporated 

into the carbon nanotubes may no longer be available for the reaction.   

Figure 3.18 shows TEM micrographs of samples used for 18 h of SRM. The 

DyAl0.8Ni0.2O3-δ and NdAl0.8Ni0.2O3-δ catalysts show different kinds of surface carbon. 
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These are amorphous carbon, filamentous carbon or carbon nanotubes with Ni at the 

tip and carbon nanotubes embedded with Ni particles inside. On the otherhand, only 

amorphous carbon was seen on CeAl0.8Ni0.2O3-δ catalyst, which is not expected to 

cause any deactivation of the catalyst during the SRM reaction.  Over DyAl0.8Ni0.2O3-δ 

catalyst, formation of CNT along with Ni particles in the range of 30-40 nm were 

seen, which were separated from the perovskite phase. These masked Ni particles may 

no longer be active for the DRM reaction. Though carbon deposition was noticed in 

case of CeAl0.8Ni0.2O3-δ catalyst, this was to a less extent as seen from Fig. 3.18c. 

Also, the size of Ni particles over CeAl0.8Ni0.2O3-δ catalyst did not change much (20-

25 nm) demonstrating its excellent resistance to sintering.   

 

Fig. 3.18 HRTEM images of spent catalysts for LnAl0.8Ni0.2O3-δ ; where Ln = (a)Dy 

(b)Nd & (c)Ce. 

3.6 Conclusions 

 Lanthanide substituted perovskite oxides LnAlO3-δ and LnAl0.8Ni0.2O3-δ (Ln = La, 

Ce, Pr, Nd, Sm, Gd, Dy; x = 0.0 and 0.2) catalysts were successfully prepared by 

citrate gel method. These materials were characterized for structural and textural 

properties by XRD, Raman, BET surface area, CO chemisorption and the Ni 

substituted oxides were used as catalysts for steam reforming of methane and 

simulated biogas. Among the catalysts, CeAl0.8Ni0.2O3-δ was found to be better in 

terms of active metal dispersion, reducibility and oxygen defects which could be 

correlated with reforming activity. Similarly, when different Ni containing catalysts 

were prepared by citrate gel method, CeAl0.8Ni0.2O3-δ was found to be optimum for 

good activity. Moreover, when this catalyst was evaluated for 100 h to check its on-

stream stability; its activity was found to be stable even after 100 h on stream in bi-
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reforming of simulated bio-gas. Transient pulse experiments suggest that carbon 

species formed on the surface of CeAl0.8Ni0.2O3-δ perovskite are eliminated through 

reaction with surface oxygen and hence redox nature of perovskite plays an important 

role in reforming reactions.  However, in case of NdAl0.8Ni0.2O3-δ and DyAl0.8Ni0.2O3-δ 

catalysts, high content of coke was seen on the catalyst, when the catalyst was 

investigated using thermo gravimetric analysis. It appears from TEM studies that Ni 

particles on these catalysts are mostly covered with coke as they are present at the tip 

of the carbon nanotubes formed under steam reforming conditions. However, there is 

some increase in the size of some Ni particles on prolonged reaction time, which 

might be responsible for the formation of hard graphitic coke that is responsible for 

the deactivation of the catalysts. The high activity and stability of CeAl0.8Ni0.2O3-δ can 

be correlated to abundant concentration of labile oxygen vacancies and appropriate 

metal to lattice interaction. 
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This chapter deals with syngas generation through steam reforming (SRM), bi-

reforming (BRM) and tri-reforming (TRM) of methane over Ru and Rh substituted 

perovskites. It is divided into two parts. Part-I describes the synthesis, characterization 

and application of Ru substituted CeAlO3 and CeAl1-xNixO3-δ perovskites for SRM, 

BRM and TRM of methane, while part-II deals with synthesis and characterization of 

Rh substituted CeAlO3 perovskites and their sulfur tolerance in steam reforming of 

methane and simulated biogas.  

Part-I 

Ru and Ru-Ni substituted CeAlO3 perovskites for steam, bi- and tri-

reforming of methane 

4.1 Introduction 

 In chapter 3, steam reforming of methane over Ni substituted LnAlO3 (where 

Ln = La, Ce, Pr, Nd, Sm, Gd and Dy) perovskite catalysts was discussed. Among 

them, CeAl0.8Ni0.2O3 catalyst showed superior activity in steam and bi- reforming 

reactions. However, these Ni based catalysts are not expected to be tolerant to sulphur 

in methane even in ppm concentration. It is well known that noble metal based 

catalysts containing Ru, Rh and Pt are less prone to coke formation and sulfur 

poisoning compared to Ni based catalysts in reforming reactions.[1-4] Hence, in this 

chapter Ru substituted CeAlO3 catalysts were prepared, characterized and tested for 

SRM reaction. However, considering higher cost and the limited availability of noble 

metals, attempt was made to reduce Ru content by using it as second metal in Ni-

substituted CeAlO3, so that it can be translated for commercial applications. This little 

content of noble metal addition is expected to help promote easy reduction of Ni 

species and prevent its sintering at higher temperatures. Hence, this part of study was 

aimed at developing Ru and Ru-Ni metal based catalysts that are resistant to coke 

formation, while retaining good activity during SRM, BRM and TRM reactions. 

4.2 Experimental methods 

4.2.1 Preparation of Ru substituted CeAlO3 and Ru impregnated CeAlO3 

The CeAlO3 perovskite was reported for the first time by Zachariasen in 1949. 

It was prepared at high temperatures following a solid state reaction method under 
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vacuum at 1470 K for 48 h. [5] In fact, Fu et al. reported its preparation even at higher 

(1748 K) temperature. [6] In the present study, we have carried out CeAlO3 and CeAl1-

xRuxO3 synthesis by following a low temperature synthesis method and substituted 

transition metals such as Ru and Ni-Ru at its ‘B’ site. For this purpose, citrate gel 

method was employed to initially get the precursors of the mixed oxides, which were 

subsequently reduced in 25% H2 containing nitrogen gas stream at 750 °C for 6 h, to 

obtain CeAlO3 and corresponding metal substituted perovskite oxides. 

Perovskite type oxides, CeAl1-xRuxO3 (x = 0.07, 0.1, 0.15 and 0.2) with 

nominal Ru contents of 3.21, 4.54, 6.7 and 9 wt % of Ru were synthesized by the 

above described method. Required amount of precursors of B site cations 

Al(NO3)3.9H2O and Ru(NO)(NO3)3 and ‘A’ site cation Ce(NO3)3.6H2O were 

dissolved in minimum amount of de-ionized water. This nitrate solution was added to 

the citric acid solution at room temperature. The mixture was stirred vigorously at 80 

°C till a viscous gel was formed. The gel was further dried at 180 °C for 12 h and 

crushed to get powder. This was calcined in air at 550 °C for 6 h, to get homogeneous 

mixed oxides. The mixed oxide was reduced at 750 °C for 6-8h in 25% H2+75%N2 

gas to yield perovskite. 

Samples of CeAlO3, CeAl1-xRuxO3 and CeAl(1-x-y)RuxNiyO3 are obtained on 

removal of oxygen from oxide precursor according to the following reaction : 

2CeO2    +     Al2O3       ↔         2CeAlO3    +    ½O2                                                  (4.1) 

2CeO2    +  (1-x) Al2O3   +   xMO2   ↔         2CeAl(1-x)MxO3    +    ½(1-x)O2            (4.2) 

Ru impregnated CeAlO3 catalyst (CARu-imp) was prepared by dry impregnation 

method. Details of the method of preparation are given in chapter 2 (section 2.3.1). 

All the prepared catalysts were characterized using various physico-chemical 

characterization techniques and were evaluated for reforming of methane. 

4.3 Results and discussion 

4.3.1 X-ray diffraction (XRD) studies of CeAl1-xRuxO3 perovskites 

X-ray diffraction pattern of CeAlO3 (CAO), CeAl1-xRuxO3, with x = 0.07, 0.1, 

0.15 and 0.2 denoted as CARu0.07, CARu0.1, CARu0.15 and CARu0.2; and Ru 

impregnated CeAlO3 samples are given in Fig. 4.1. The CeAlO3 diffraction profile 

shows it has crystallized in cubic phase with space group Pm3m, which is in good 
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agreement with JCPDS 48-0051. No extraneous phases, particularly CeO2, are seen in 

this sample. The peaks are very sharp indicating high degree of crystallinity.  

 

 

Fig. 4.1 XRD of CeAlO3 family of perovskites (a) CeAlO3, (b) CeAl0.93Ru0.07O3,   (c) 

CeAl0.9Ru0.1O3, (d) CeAl0.85Ru0.15O3 (e) CeAl0.8Ru0.2O3 (f) Ru imp CeAlO3 

 (
ΔCeAlO3, 

ORu Metal, ♦CeO2) 

 

In the case of Ru substituted CeAlO3 samples, additional peaks were seen at 

28.61and 44.12° assigned to CeO2 and Ru present in the samples. At higher Ru 

content, the intensity of these peaks increased, which indicates non substitution of a 

part of Ce and Ru, used during the synthesis, into perovskite lattice. XRD results 

reveal that Ru in the perovskite samples exists in two forms: (i) as finely dispersed Ru 

metal on the surface and (ii) substituted Ru in the bulk of perovskite lattice. When 

large Ru3+ (0.68 nm) cation replaces Al3+ at the B site of the CeAlO3perovskite lattice, 

expansion of the host lattice is expected as the Al3+ (0.535 nm) is smaller than Ru3+. 

This expansion causes strain in the lattice and changes the lattice plane spacing with 

the diffraction peak shifting to lower ‘2θ’ positions, thus demonstrating the Ru 

substitution. The refinement of the diffraction data was carried out using Rietveld 

methodology [7, 8] to verify the crystal structure. It is observed from Table 4.1 that 

the cell parameter increased with increasing Ru content.     

4.3.2 Textural and structural properties 

The BET surface area and metal dispersion were determined by N2 

physisorption and CO chemisorption respectively.  Table 4.1 lists specific surface 

areas and metal dispersion of Ru substituted perovskites. It was observed that with 
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increasing Ru in the perovskite lattice, surface area has increased as a result of 

decrease in the crystallite size. However metal dispersion has decreased with 

increasing Ru content of the sample. In any case, specific surface areas as well as 

metal dispersion values are low probably as a result of higher calcinations/reduction 

temperatures used to obtain these structures. The crystallite sizes of the samples were 

estimated using XRD line-broadening of the peak at 2θ = 41.4° corresponding to the 

(111) plane using Scherrer equation. The crystallite sizes of CeAlO3, CARu0.07, 

CARu0.1, CARu0.15 and CARu0.2 were 42, 37, 35, 31 and 32 nm respectively 

(Table 4.1), suggesting that the crystallite size decreased with increasing Ru content 

of the sample. When a dopant is substituted in a lattice, the crystal growth is curtailed, 

hence their size is reduced. The results indirectly show the substitution of Ru in 

CeAlO3 lattice. However, all the textural properties are not much affected above 0.2 

substitution of Ru in the CeAlO3 lattice. 
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Table 4.1 Textural and structural properties of CeAl1-xRuxO3 perovskite type oxide catalysts. 

Formula CeAlO3 CeAl0.93Ru0.07O3 CeAl0.9Ru0.1O3 CeAl0.85Ru0.15O3 CeAl0.8Ru0.2O3 

Space group  Pm-3m Pm-3m Pm-3m Pm-3m Pm-3m 

a/Å 3.7707(3) 3.7712(2) 3.7716(2) 3.7718(2) 3.7719(3) 

b/Å 3.7707(3) 3.7712(2) 3.7716(2) 3.7718(2) 3.7719(3) 

c/Å 3.7707(3) 3.7712(2) 3.7716(2) 3.7718(2) 3.7719(3) 

V/Å3 53.612 53.634 53.651 53.659 53.663 

Rp (%) 7.4 5.2 8.7 5.3 4.9 

wRp (%) 9.3 6.1 9.5 7.6 6.1 

χ2 1.892 1.495 1.477 1.342 1.791 

Crystallite size (nm)a  42 37 35 31 32 

Ru wt% (From refinement) a 0 1.74 2.58 3.20 6.44 

Surface area (m2/g) b  5.7 6.3 8.8 10.5 10.8 

Tolerance factor c  1.00 0.995 0.993 0.989 0.985 

Ru wt % from ICP-OES 

(expected)   
- 2.9(3.2) 4.3(4.5) 6.4(6.7) 8.8(9.0) 

Ru dispersion (%)d - 10.5 7.8 6.0 4.7 

Ru metal surface area (m2/g)d - 0.71 0.8 0.98 1.14 
a calculated from XRD analysis, b calculated from N2 physisorption studies, c τ =  (rA + rO) /√2 (rB + rO), d calculated from CO chemisorption 

studies.
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4.3.3 Temperature programmed reduction of CeAl1-xRuxO3 oxides 

Reducibility of Ru substituted CeAlO3 perovskite type oxides was investigated 

by temperature programmed reduction (TPR). The H2-TPR profiles of CeAl1-xRuxO3 

oxides are given in Fig. 4.2.  

 

Fig. 4.2 TPR of CeAl1-xRuxO3 and Ru impregnated CeAlO3 perovskites. 

The peaks observed in the 50– 300 °C temperature range correspond to the 

reduction of ruthenium oxide species. The peak at lower reduction temperature (85-95 

°C) may be assigned to reduction of  Ru+4 to Ru+3 and peak at 120 °C is assigned to 

reduction of Ru+3 to metallic Ru. It is observed that as the Ru substitution increases to 

x= 0.15, the peak at around 120 °C is shifted to slightly high temperature and also 

became broad. This means that smaller Ru particles are formed that are more 

homogeneously distributed on the surface as a result of strong interaction with the 

lattice. In case of CARu0.2 catalyst, broad peak at 90 °C indicates weak interaction 

between the Ru metal and the oxide matrix, resulting in the formation of bigger Ru 

metallic particles. The peak at 250 °C could be attributed to the reduction of bulk Ru 

species in the sample. This can be further confirmed by comparing the TPR profiles 

with that of Ru impregnated CeAlO3 (CARu-imp), which shows a single reduction 

peak. The reduction temperatures and peak distribution shows that loading of Ru 

(below 0.2) has higher degree of interaction between metal and perovskite lattice. The 

broad reduction peak at around 720 °C is assigned to the reduction of ceria as a result 

of spill over of hydrogen atoms on to ceria from metallic Ru.  
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4.3.4 Raman spectroscopy of CeAl1-xRuxO3 perovskite oxides 

The XRD results reveal that on formation of CeAl1-xRuxO3 perovskite 

structures, part of Ru exists inside the perovskite lattice and a fraction of Ru is outside 

the lattice, distributed on the surface. Further, these results are confirmed by Raman 

spectroscopy as shown in Fig. 4.3. The Raman spectrum of CARu0.15 (calcined at 

400 °C) sample shows three major bands at 540, 630 and 720 cm-1 which are assigned 

to Eg, A1g and B2g modes respectively of oxidized Ru particles outside the CeAlO3 

frame work. [9,10] This spectrum is compared with reduced CARu0.15 (at 750 °C) and 

Ru impregnated samples. It reveals that Ru substituted CeAlO3 catalyst has some 

percentage of Ru still in the oxidized form which is expected to be present in the 

lattice of the perovskite phase. 

 

 
 

Fig. 4.3 Raman spectra of Ru perovskite oxides. 

4.3.5 XPS of CeAl1-xRuxO3 perovskite oxides 

The oxidation state of Ru in the substituted and impregnated perovskite oxides 

was examined by XPS, results are shown in Fig. 4.4. The peaks corresponding to 

Ru3d5/2 and Ru3d3/2 core level of spin-orbit components were found to be at 280.5 and 

284.6 eV, which are in good agreement with the reported results for Ru0 oxidation 

states. The peak positions at 281.8 and 285.9 eV provide information about the 

presence of Ru in higher oxidation state (Ru+3) which is influenced by the local 

environment of the perovskite. The concentration of Ru0/Ru+3 is 2.1 for CARu0.15 

perovskite catalysts. These observation show that in CARu0.15 catalyst has most of 

its Ru in metallic state on the surface, as the sample was reduced in H2. This is also 
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confirmed from XRD analysis. However, in case of Ru impregnated (CARu-imp) 

catalysts XPS spectra reveal the presence of only metallic Ru particles on the 

perovskite surface. In the CARu0.15 perovskite, part of Ru is present in the bulk of 

perovskite lattice in the form of Ru+3 and remaining Ru must be well dispersed on the 

perovskite surface after high temperature reduction. Both spectra are has an additional 

peak at 284.5 eV that belongs to C1s which overlaps with Ru 3d XPS spectra.  

 
Fig. 4.4 XPS spectra of CeAl0.85Ru0.15O3 and Ru impregnated perovskites. 

4.3.6 Transmission electron microscopy (TEM) 

 

HRTEM analysis results of CeAl0.85Ru0.15O3 and Ru impregnated (CARu-imp) 

catalysts is shown in Fig. 4.5a and 4.5b respectively. The analysis was carried out 

after reduction of the catalysts at 750 °C.  

 

Fig. 4.5 TEM images of (a) CeAl0.85Ru0.15O3, (b) CARu-imp; Ru distribution on (c) 

CeAl0.85Ru0.15O3, (d) CARu-imp. 
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The TEM micrograph of CeAl0.85Ru0.15O3 sample shows formation of 

spherical shape Ru nanoparticles of around 6.5 nm. The inset electron diffraction 

shows uniform interplaner spacing of 2.04 Å corresponding to 101 plane of the 

hexagonal closed packed Ru phase.  In the case of impregnated sample, TEM image 

shows formation of bigger and agglomerated Ru clusters on the surface. Ru particle 

size distribution was derived from TEM analysis, which is presented in Fig. 4.5c and 

4.5d for CARu0.15 and Ru impregnated CeAlO3 respectively. After reduction, the 

diameter of the particle ranges between 2 to 28 nm and the average size of particles is 

12 nm. Infact, the Ru impregnated catalyst has a high proportion of Ru particles in the 

size range larger than 30 nm.  

4.4 Catalytic activity of Ru containing CeAlO3 perovskites 

4.4.1 SRM activity at different temperatures  

Ruthenium substituted CeAlO3 catalysts (CeAl1-xRuxO3) and impregnated 

catalyst (CARu-imp) were evaluated for SRM activity in the temperature range of 

600-750 °C using steam to carbon (S/C) ratio of 3 and GHSV of 20000 h-1 at 1 atm 

pressure. The results of this study are given in Fig. 4.6.  

 

Fig. 4.6 Effect of temperature on activity of CeAl1-xRuxO3 (x = 0.07, 0.1, 0.15 and 

0.2) and Ru impregnated catalysts 

          *Reaction conditions: Pressure 1atm; GHSV- 20,000 h-1; Steam/CH4  = 3 

As may be seen, the CH4 conversion has increased with temperature over all Ru 

containing catalyst. In case of Ru impregnated catalyst (CARu-imp), though the Ru 

content in the catalyst was similar to that of CARu0.15, it has shown much lower 
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activity. Among all the Ru containing compositions, CARu0.15 showed relatively 

much higher activity throughout the temperature range compared to other catalysts. 

Hence, it appears that Ru mole fraction of 0.15 in the (CeAl1-xRuxO3) perovskite 

oxide appears to be optimum for high SRM activity. This could be attributed to the 

appropriate Ru metal surface area of the catalyst along its interaction with the 

perovskite lattice.            

4.4.2 Effect of GHSV  

Figure 4.7 shows the disparity in the steam reforming activity of all the Ru containing 

catalysts with increasing gas hourly space velocity (GHSV). At higher GHSV’s, the gap in 

the performance of these catalysts is amplified, as can be seen from Fig. 4.7.  In this plot, 

activity in terms of CH4 conversion is compared at high GHSV, particularly in 50,000– 

100,000 h-1 range at 700 °C and 1 atm pressure. The CH4 conversion dropped continuously 

with increasing GHSV on all catalysts, but on CARu0.15 catalyst the drop was moderate even 

upto GHSV of 100,000 h-1. This catalyst showed remarkable activity at high GHSV. The CH4 

conversion was ~98% at a space velocity of 20,000 h-1, which is quite good to translate it for 

commercial applications. Inspite of drop in CH4 conversion at higher GHSV, this catalyst still 

showed >90% CH4 conversion at GHSV of 100,000 h-1.  

 

Fig. 4.7 Effect of space velocity on activity of CeAl1-xRuxO3 (x = 0.07, 0.1, 0.15 and 

0.2) catalysts for SRM reaction 

*Reaction conditions: Pres- 1atm; Temp-700 °C; H2O:CH4 = 3:1 

Since, CARu0.15perovskite catalyst seems to be promising in terms of high activity 

(CH4 conversion), it was investigated further to get kinetic parameters, by conducting 

reforming experiments to get low conversions.  
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4.4.3 Kinetics of SRM reaction over CeAl0.85Ru0.15O3 catalyst 

Kinetic experimental data were collected in the 773-873 K (500-600 oC) 

temperature range at atmospheric pressure by varying contact times in a broad range. 

Contact /residence time in terms of physical volume of the catalyst and volumetric 

flow of feed is defined as: 

Contact time= (Vol. of the catalyst in m3)/ (Volumetric flow of feed in m3/sec)     (4.3) 

 

The methane conversion versus temperature, at different contact times is given in Fig. 

4.8a. It was observed that in the given temperature range, CH4 conversion increased 

with increasing contact time. As explained in section 1.6.2, on the basis of Wei Iglesia 

mechanism, C-H bond activation is kinetically important step in CH4 reforming 

reaction. The forward rate is not influenced by CO, H2O or H2 concentration, when 

they are varied by changing contact time. 

 

Rate of forward reaction in SRM   = k.XCH4                                                              (4.4) 

 

  

Fig. 4.8 (a) CH4 conversion versus reaction temperature at different space velocities; 

(b) Arrhenius plot for CeAl0.85Ru0.15O3 catalysts for SRM reaction 

*Reaction conditions: Pres- 1atm; H2O: CH4 = 3:1 

According to the Arrhenius law, reaction rate in steam reforming of methane is 

temperature dependant. The plot between rate of reaction as a function CH4 

concentration  (XCH4) can be used to calculate rate constants (k) in a wide range of 

temperatures. The plot lnk versus 1/T provides the true activation energy. Figure 4.8b 

shows the Arrhenius plot for CeAl0.85Ru0.15O3 perovskite catalyst and thus obtained 
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activation energy is 75.6 KJ/mol, which is in good agrement with the values given in  

literature. [11-13] 

4.5 Reforming activity of Ni containing CeAl0.9Ni0.1O3-δ catalysts promoted by Ru  

 All the above studies showed that Ru substituted CeAl0.85Ru0.15O3 catalyst 

shows excellent activity even at higher space velocities during SRM. However Ru is 

expensive compared to base metals like Ni. Hence it is advisable to use Ni catalysts, if 

the process has to be translated into a commercial one. But, Ni catalysts are prone to 

carbon deposition and sintering. It may be possible to minimize these short comings 

by adding minor content of relatively cheaper noble metal such as Ru to Ni 

substituted (CeAl0.9Ni0.1O3-δ) perovskite that may help to improve the performance 

and stability of the catalyst. It was reported that the addition of Ru to the Ni supported 

on Al2O3 and MgAl2O4 showed superior activity in SRM reaction than non-doped Ni 

catalyst under pre-reduction conditions by Jeong et al. [14] Hence, these studies have 

been aimed at developing Ru promoted CeAl0.9Ni0.1O3-δ catalyst by doping it with 

very lower content of Ru and test them for SRM, BRM and TRM activity. 

To study the stability of Ru substituted CeAl0.9Ni0.1O3-δ catalyst 

(CeAl0.86Ni0.1Ru0.04O3-δ, it was evaluated for SRM under reaction conditions of 

GHSV: 20,000 h-1; H2O:CH4 = 3:1; 800 °C and at 1 atm. The results of this 

experimental run are given in Fig. 4.9.  

 

Fig. 4.9 Time on stream stability of CeAl0.86Ni0.1Ru0.04O3 catalyst during SRM.   

*Reaction conditions: Temp.- 800 °C; 1atm; GHSV- 20,000 h-1; S:C = 3:1. 
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The CH4 conversion and product distribution in terms of H2 and CO were 

remarkably steady at about 95 and 75, 10 % respectively. Even at the end of 100 

hours of reaction, CeAl0.86Ni0.1Ru0.04O3-δ catalyst did not show any loss of activity, 

showing that it is highly stable for SRM reaction. 

 

4.5.1 Catalytic activity of CeAl0.86Ni0.1Ru0.04O3-δ in bi- and tri-reforming of CH4 

During the steam reforming reaction, if an oxidant like CO2, O2 and H2O can 

be injected along with the reactant feed, in small quantities, the coke formed is likely 

get oxidized instead of being accumulated on metal surface. In addition, the tri-

reforming (CO2+ CH4 + O2 + H2O) and bi-reforming (CO2+ CH4 + H2O) processes 

can also help to achieve the desired H2/CO ratios.  Hence, it is aimed to use the best 

catalyst of this study for tri-reforming and bi-reforming studies. These processes 

should help to increase the catalyst life to few thousands of hours or even longer. 

Figure 4.10 represents the bi-reforming (BRM) or combined steam and dry 

reforming reaction was carried out on CAN-Ru0.04 (CeAl0.86Ni0.1Ru0.04O3-δ) at 1 atm 

pressure and at 800 °C. The product syngas has a H2/CO ratio close to 2, which can be 

used for methanol synthesis, FT and many other applications, without involving 

additional steps such as WGS for adjusting the H2/CO ratio. [15-18] For the present 

investigation of combined reforming, reactant mixture in the ratio CH4:CO2: H2O = 

3:1.5: 2 was used. This composition is typical of biogas, after the removal of 

impurities such as H2S and nitrogen compounds. [19-22] Conversions of CH4 and CO2 

as a function of time were investigated and the results are shown in Fig. 4.10.  

 

 

Fig. 4.10 Time on stream stability of CeAl0.86Ni0.1Ru0.04O3 catalyst during BRM. 

*Reaction conditions: Temp., 800 °C; 1atm; GHSV- 22,068 h-1;  

CH4 :CO2: H2O = 3: 1.5: 2. 
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The most active catalyst CAN-Ru0.04 (CeAl0.86Ni0.1Ru0.04O3-δ) was chosen for this 

combined reforming study owing to its high activity and stability over extended 

periods during steam and dry reforming reactions. Stable activity was observed, in the 

bi-reforming of simulated biogas employing CH4:CO2:H2O in 3:1.5:2 ratio, when it 

was evaluated for 100 h continuously.  

 

Fig. 4.11 Long term stability of CAN-Ru0.04 catalyst during TRM.  

*Reaction conditions: Temp., 800 °C; 1atm; GHSV- 23,935 h-1; CH4 :CO2: H2O : O2 

= 1: 0.47 : 0.6: 0.03. 

 

Tri reforming of methane (TRM) was carried out on CAN-Ru0.04 at 800 °C, 1 

atm pressure, GHSV 23,935 h-1 with the reactant mixture composition of CH4: CO2: 

H2O:O2 = 1:0.47:0.6:0.03. The results of this study are given in Fig. 4.11. The best 

catalyst CeAl0.86Ni0.1Ru0.04O3-δ (CAN-Ru0.04) was chosen for tri-reforming study 

owing to its high activity and stability over extended periods during SRM, DRM and 

partial oxidation reactions. Stable activity was observed, in typical tri-reforming 

reaction, when it was evaluated for 500 h continuously. The H2/CO ratio was ~1.6, 

but it can be increased further by adding more steam to the input reactant mixture. 

4.6 Characterization of spent catalysts 

Though reforming activity of most of the catalysts evaluated in this study was 

stable for long hours on-stream, accumulation of some amount of coke and sintering 

of metal particles can not be ruled out.  Hence, we systematically studied the used 

(spent) catalysts by employing TGA and HRTEM studies.  
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4.6.1 Thermogravimetric analysis of spent catalysts 

Thermogravimetry (TGA) is a highly useful technique for quantification of 

coke present on a spent catalyst. Figure 4.12 shows the carbon estimated using TGA. 

This carbon was deposited during steam, bi- and tri-reforming reactions in terms of 

moles of carbon per gram per hour. The weight loss of spent catalysts is generally due 

to oxidation of carbon as COx from various types of carbon deposits. The TGA results 

show the weight losses occurred due to the loss of carbon deposits at 7x10-5 mol of C. 

g-1.h-1on CARu0.15 after 50 h of SRM reaction; 4.8x10-5 mol of C. g-1.h-1on CAN-

Ru0.04 after 100 h of SRM reaction, 5.1x10-5 mol of C. g-1.h-1 from CAN-Ru0.04 after 

BRM for 100 h. The CAN-Ru0.04 catalyst shows least amount of carbon deposited 

(1.5x10-5) in tri-reforming reaction after 500 h on stream. This small coke formed on 

CAN-Ru0.04 catalyst did not affect its activity, as the reaction is carried out under 

equilibrium conditions at high temperature (800 °C).  

 

Fig. 4.12 Coke estimation after steam, Bi and tri reforming of methane by using TGA.  

 

Figure 4.12 also shows that relatively lower amount of carbon is deposited on CAN-

Ru0.04 as compared to CARu0.15 catalyst during steam reforming reaction. This may 

be attributed to the presence of Ru metal as a promoter for CAN catalysts, creating a 

pool of oxygen for efficient gasification of the carbon formed during SRM 

reaction. Also, it is well known that noble metals increased the oxidation rate of 

carbon which results in prolonged performance of the catalyst. This enhanced 

resistance to deactivation is seen as the coke formation is very low on Ru promoted 

catalysts. 
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4.6.2 Transmission Electron Microscopy of spent catalysts 

The TEM analysis of spent CARu0.15 and CANRu0.04 catalysts after various 

reforming reactions is shown in Fig. 4.13. Spent CARu0.15 catalyst (Fig. 4.13a) 

shows high content of amorphous and graphitic carbon formation on the perovskite. 

On Ru promoted CeAl0.9Ni0.1O3 catalyst, i.e., CANRu0.04 no graphitic carbon was 

seen (Fig. 4.13b, c and d). The CANRu0.04 catalyst (Fig. 4.13d) shows least carbon 

formation on the catalyst surfaces in tri- reforming reaction. The TEM results clearly 

show that graphitization of carbon (carbon nanotubes) reduced with the introduction 

of oxidizing agents like CO2 and O2 in the reforming reaction. 

 

 

Fig. 4.13 TEM images of spent catalysts (a) CARu0.15 and (b) CANRu0.04 for SRM, 

(c) CANRu0.04 for BRM and (d) CANRu0.04 for TRM. 

 

The TEM analysis clearly shows that Ru promotion of CeAl0.9Ni0.1O3 catalysts helps 

to reduce the carbon formation as compared to unpromoted catalysts.  
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Part-II:  Rhodium substituted CeAlO3 (CeAl1-xRhxO3) catalysts for  

               SRM, BRM and their sulfur tolerance  
 

4.7  Introduction  

 In the earlier sections steam reforming, bi-reforming and tri-reforming activity 

of Ru substituted CeAlO3 perovskite catalysts was discussed. Among the Ru 

substituted catalysts, CeAl0.85Ru0.15O3 catalyst showed superior activity in SRM. Coke 

formation and catalytic performance has also been discussed. It is reported that 

supported Rh catalysts are less prone to coke formation and sulfur poisoning 

compared to Ni based catalyst in the reforming reaction. [1-3] The Rh substituted 

perovskite structure is expected to be less reactive with sulfur compared to Ni doped 

catalysts. [23] Substitution of different metal ions at B site creates vacancy and produce 

small sized active metal particles which can develop sulfur tolerance. Metal at B site 

is responsible for the catalytic activity, while metal at A site imparts thermal stability 

to the catalysts. [24, 25] Part-II of this chapter deals with synthesis, characterization and 

catalytic activity of novel Rh substituted CeAlO3 (CeAl1-xRhxO3) perovskite oxides. A 

comparative investigation of catalytic properties as a function of Rh metal content in 

the perovskite is discussed in the following sections.  

4.8 Experimental methods 

4.8.1 Preparation of Rh substituted CeAlO3 and Rh/CeAlO3 catalysts 

The CeAl1-xRhxO3 Perovskite oxide catalysts were synthesized using citrate 

gel method as described in Chapter-2 (section 2.3.3). They were characterized by 

various physico-chemical techniques for finding their phase purity, crystallinity and 

textural properties. The CeAl1-xRhxO3 perovskites were prepared with x= 0, 0.01, 

0.02, 0.035, 0.05 and 0.1; which are denoted as CAO, CARh0.01, CARh0.02, 

CARh0.035, CARh0.05 and CARh0.1 respectively. One additional catalyst with  2.3 

wt % Rh was prepared by impregnation using CeAlO3 as support, with Rh content 

equivalent to that of CeAl0.95Rh0.05O3 and denoted as Rh imp CAO.  
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4.9 Results and discussion 

4.9.1 Structural and textural properties 

The results of BET surface area, crystallite size, active metal dispersion, lattice 

parameters and bulk chemical analysis of catalysts by ICP-OES are summarized in 

Table 4.2. The crystallite size of CeAl1-xRhxO3 (where x = 0.0, 0.01, 0.02, 0.035, 0.05 

and 0.1) perovskite oxides were calculated from FWHM of prominent XRD peak 

present in the sample, using Scherrer equation. It is seen from the results (Table 4.2) 

that the crystallite size of the sample decreased on Rh substitution. The trend observed 

was: CAO > CARh0.01> CARh0.02 > CARh0.035 > CARh0.05 > CARh0.1. 

Consequently, the BET surface areas follow exactly the opposite order, as surface 

area increases with reduction in crystallite size. Hence, the BET surface areas follow 

the order: CAO < CARh0.01< CARh0.02 < CARh0.035< CARh0.05 < CARh0.1. 

The results of bulk chemical analysis by ICP-OES show that the Rh metal content of 

these samples is similar to that of input metal content used in their synthesis.  

4.9.2 X-ray diffraction studies of CeAl1-xRhxO3 perovskites 

The XRD pattern of CeAl1-xRhxO3 (X= 0.0, 0.01, 0.02, 0.035, 0.05 and 0.1) 

and Rh impregnated CeAlO3 perovskite (Rh/ CeAlO3) calcined at 550 °C followed by 

reduction at temperature 750 °C are given in Fig. 4.13. The XRD pattern show that 

CeAl1-xRhxO3 samples mostly contain single phases of cubic perovskite with space 

group Pm3m, upto Rh fraction x=0.05. These results are in good agreement with the 

standard JCPDS-28-0260 data. However, additional peak at 28.62° was observed at 

higher Rh concentration, which is attributed to the CeO2 phase. No additional peaks 

corresponding to Rh metal or its oxides were seen in the XRD. The plots also include 

the XRD of impregnated ‘Rh imp CAO’ catalyst 
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Fig. 4.14 XRD patterns of CeAl1-xRhxO3 and Rh impregnated catalysts. 

The refinement of all diffraction data was carried out using Rietveld methodology [7, 8] 

to verify the crystal structure and cell parameters as shown in Table 4.2. It is observed 

that cell parameters increased with increasing Rhodium content. This increase is due 

to unit cell expansion as the smaller Al3+ (0.535 Å) ions in the crystal lattice are 

substituted by the larger Rh3+ (0.66 Å) ions. This is seen in terms of shifting of peaks 

to lower 2 values, with increasing Rh substitution (see inset Fig. 4.14).  Metal 

dispersion was investigated through CO chemisorption. Dispersion of Rh decreased 

with increasing Rh metal content in the sample. 
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Table 4.2 Textural and structural properties of CeAl1-xRhxO3perovskite oxides 

Formula CeAlO3 CeAl0.99Rh0.01O3 CeAl0.98Rh0.02O3 CeAl0.965Rh0.035O3 CeAl0.95Rh0.05O3 CeAl0.90Rh0.1O3  

Space group  Pm-3m  Pm-3m  Pm-3m  Pm-3m  Pm-3m  Pm-3m  

a/Å 3.7707(3)  3.7708(2)  3.7710(3)  3.7713(3)  3.7717(4)  3.7718(2)  

b/Å 3.7707(3)  3.7708(2)  3.7710(3)  3.7713(3)  3.7717(4)  3.7718(2)  

c/Å 3.7707(3)  3.7708(2)  3.7710(3)  3.7713(3)  3.7717(4)  3.7718(2)  

V/Å3 53.61  53.62  53.63  53.64  53.65  53.66 

R
p
  0.1011  0.0935  0.0931  0.0966  0.1088  0.076 

WR
p
  0.1390  0.1208  0.1211  0.1242  0.1377  0.099 

χ 2 1.892  1.442  1.439  1.624  1.987  1.579 

Tolerance factor  1.0006  1.0000  0.9993  0.9983  0.9973  0.9942 

Crystallite size (nm) 64.3  70.1 57.2  56.2  55.8 57 

Surface area (m2/g) 5.7 6.2 10.5  11.0 12.3  10.8 

Rh wt% (ICP-OES) -  0.3  0.9  1.6  2.2  4.4  

Rh metal dispersion 

(%) 

- 11.9 9.5 8.8 7.3 6.0 

Metal surface area - 0.25 0.4 0.54 0.76 1.33 

Rh content determined by ICP-OES, BET Surface area by N2 sorption, Cell parameters and crystallite sizes were calculated by 

Rietveld refinement and active Rh metal dispersion obtained from CO chemisorption. 
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4.9.3 Temperature programmed reduction of CeAl1-xRhxO3 oxides 

Reducibility of the CeAl1-xRhxO3 perovskite oxides was investigated by 

temperature programmed reduction of H2. The H2-TPR profiles of CeAl1-xRhxO3 

samples are given in Fig. 4.14. All the catalyst gave mainly two reduction peaks; one 

in 60– 160 °C region, attributed to the reduction of Rh2O3 species, while the other 

broad peak in 140 -250 °C range was attributed to the reduction of Rh ions that are 

part of perovskite lattice. Increasing Rh content in the perovskite may have led to 

higher degree of interaction between metal and the lattice which may cause the shift 

of the reduction to higher temperature and increasing peak width. This indicates that 

the catalyst with higher Rh content may have more active metal after reduction, which 

will play role in C-H bond cleavage of methane.   

 

Fig. 4.15 TPR of CeAl1-xRhxO3 and Rh impregnated catalysts. 

4.9.4 X-ray photo electron spectroscopy of CeAl1-xRhxO3 catalysts 

X-ray photo electron spectroscopy is a useful technique to identify the 

chemical state of the elements and their surface proportions in CeAl1-xRhxO3 (x= 0.0 

0.05 and 0.1) perovskites. Figure 4.15a shows Ce 3d spectra (multiplets of v and u) 

that arise from spin-orbit coupling which gives 3d5/2 and 3d3/2 transitions. These spin 

orbit splittings are separated by 18.6 eV. The major difference in Ce (III) and Ce (IV) 

XPS spectra is that, Ce (III) oxides have two pairs of spin orbit doublets [26, 27] i.e. the 

highest binding energy (BE) peaks u׳ and v׳ are located at 905.2±0.4 eV and 

886.5±0.4 eV respectively which arise from Ce 3d9 4f1 O 2p6 state. [28] The lower BE 

state uₒ and vₒ are observed at 901.2±0.4 eV and 882.5±0.4 eV respectively, which 
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arise from Ce 3d9 4f2 O 2p5. In case of Ce (IV) oxides there are three pairs of spin-

orbit doublets with highest binding energy peaks u׳׳׳ and v׳׳׳ which are located at 

917.3±0.4 eV and 898.2±0.4 eV respectively arising from Ce 3d9 4f0 O 2p6 state. The 

lowest binding energy peaks are u, v and u׳׳, v׳׳ located at 902.5, 883.2 and 908.1, 

889.4±0.4 eV respectively resulting from Ce 3d9 4f2 O 2p4 and Ce 3d9 4f1 O 2p5. It is 

clear from the investigation of Ce 3d XPS analysis that Ce+4/Ce+3 ratio increases with 

substitution of Rh at Al site (see Fig. 4.15). 

  

Fig. 4.16 (a) Ce3d (b) O1s XPS analysis of CeAl1-xRhxO3 (x = 0.0, 0.05 and 0.1). 

The O 1s core level spectra of CeAl1-xRhxO3 (x= 0.0, 0.05 and 0.1) are given in 

Fig. 4.16b. Two different peaks of O1s peaks were observed. The first peak close to 

530 eV is assigned to lattice oxide in perovskite network and the other peak close to 

531.8 eV arises from weakly adsorbed surface oxygen species or defective oxygen 

species. [29] The comparison of O 1s spectra in CeAl0.95Rh0.05O3 catalyst shows very 

high contribution of surface oxygen species at 531.8 eV, which is expected to play an 

important role in the removal of carbon/coke during the reforming reaction. When 

CeAlO3 is compared with CeAl0.9Rh0.1O3, the later sample has higher contribution of 

surface oxygen species. The ratios of Ce+4/Ce+3 and Osurface/Obulk derived from XPS 

studies are shown in the Fig. 4.17. As may be seen, the Ce+4/Ce+3 ratios increased 

with Rh content, which reached maximum at x=0.5, and thereafter the ratio reduced 

with further increase in Rh content. On the otherhand, Osurface/Obulk (Osurf/OLattice) ratio 

continuously increased with Rh content which is parallel to increase in BET surface 

areas, except in case of sample CeAl0.9Rh0.1O3. 
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Fig. 4.17 Surface ratios of Ce+4/Ce+3 and OS/OL in CeAl1-xRhxO3 (x = 0.0, 0.05, 0.1) 

perovskites. 

 

4.9.5 Transmission electron microscopy 

Electron microscopy (HRTEM) results of CeAl1-xRhxO3 samples where x = 

0.0, 0.05, 0.1 are shown in Fig. 4.18a, 4.18c and 4.18e respectively. Figure 4.18b 

shows selected area electron diffraction (SAED) pattern of CeAlO3 catalyst, while 

Fig. 4.18d and Fig. 4.18f show particle size distribution in CARh0.05 and CARh0.1. 

 

Fig. 4.18 TEM micrographs and analysis; (a) CAO image, (b) SAED of CAO, (c) 

CARh0.05 image,  (d) particle size distribution in CARh0.05, (e) CARh0.1 image and 

(f) particle size distribution in CARh0.1. 

 

The HRTEM analysis was performed after subjecting the catalysts to 6 h 

reduction at 750 °C. The TEM micrograph of CeAlO3 (CAO) sample (Fig. 4.18a) 
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reveals uniform interplaner spacing of 2.66 Å corresponding to 110 plane of the cubic 

phase. The SAED image of CAO sample shows formation of perfect crystalline 

perovskite phase. Rh substituted CAO perovskite after reduction under H2 at 750 °C 

clearly shows the presence of spherical particles of Rh (Fig. 4.18c and 4.18e). Rh 

particle size distribution was derived from TEM analysis and shown in Fig. 4.18d and 

4.18f for CARh0.05 and CARh0.1 respectively. After reduction, the size of the Rh is 

in the range of 5 to 27 nm and most of them are less than 20nm in the case of 

CARh0.05, while their distribution is more dominant in the higher range in case of 

CARh0.1 perovskite sample.  

4.10 Catalytic activity of Rh containing CeAlO3 perovskites  

Steam reforming activity of various Rh substituted CeAlO3 perovskite catalysts was 

evaluated under various reaction conditions.  

4.10.1 Activity at different reaction temperatures  

The methane steam reforming over CeAl1-xRhxO3 (where x= 0.0 to 0.1) 

catalysts was studied and the results are given in Fig. 4.19. With increasing Rh 

content in CeAl1-xRhxO3, methane conversion increased upto x = 0.05, but no 

improvement was observed on increasing Rh further to x = 0.1. It shows that with 

increase in Rh substitution in CeAlO3 structure, more active Rh sites are available for 

the reaction, in addition to additional defects generated on Rh substitution.    

 

Fig. 4.19  CH4 conversion in SRM as function of temperature with variation of Rh in 

CeAl1-xRhxO3 compared with impregnated Rh catalyst. 

In Fig. 4.19, the performance of Rh impregnated CeAlO3 catalyst was compared with 

Rh substituted perovskites; methane conversion was lower on the former catalyst 
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compared to CeAl0.95Rh0.05O3 catalyst, which has Rh content similar to that of 

impregnated catalyst. From the above experiments, it may be summarized that three 

factors play important role in steam reforming reaction: (i) substitution of Rh at Al 

site in perovskite led to increase in defect sites were observed from O 1s in XPS; (ii) 

on reduction of the oxide, fine active Rh particles are formed as observed by CO- 

chemisorption and (iii) Reducibility of Rh is enhanced due to strong synergic effect as 

observed from H2-TPR. All these three factors led to better activity of 

CeAl0.95Rh0.05O3 catalyst. 

 

4.10.2 Time on stream study of CeAl0.95Rh0.05O3 catalysts  

The above described results demonstrate that CeAl0.95Rh0.05O3 perovskite 

derived oxide is a good catalyst for SRM. Hence, its performance was compared with 

Rh impregnated (2.5 wt %) catalyst for their durability. The activity of Rh substituted 

catalyst (CeAl0.95Rh0.05O3) was always higher compared to impregnated catalyst 

throughout its 50 h on stream.  But, methane conversion on both the catalysts was 

stable during the time of observation.  

 

Fig. 4.20 Comparison of SRM activity of CeAl0.95Rh0.05O3 with 2.5 wt% Rh 

impregnated CeAlO3.   

Reaction conditions: S/C = 3, Temp. 750 °C, GHSV = 20, 000 h-1 and 1 atm. 

4.10.3 Variation of S/C ratio in SRM reaction 

Above described results indicate that CeAl0.95Rh0.05O3 catalyst is highly active, 

for SRM reaction, in the temperature range studied and also during the period of time 

on stream. Hence, it will be interesting to understand catalytic activity at various 
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steam to carbon (S/C) ratios and at different temperatures. Figure 4.21 shows that by 

increasing S/C ratio, methane conversion has increased. Moreover, at lower S/C ratio 

(= 1), CeAl0.95Rh0.05O3 catalyst shows 60% CH4 conversion at 725 °C. Increasing the 

temperature enhanced the rate of reaction at all S/C ratios.  

 

Fig. 4.21 Changes in CH4 conversion as a fuction of S/C ratios and temperatures in 

SRM over CeAl0.95Rh0.05O3 catalyst 

  Reaction conditions: GHSV = 20, 000 h-1 and 1 atm 

4.10.4 Influence of sulfur during SRM over CeAl0.95Rh0.05O3, impregnated  

            Rh/CeAlO3 and CeAl0.8Ni0.2O3-δ catalysts 

 

 Effect of sulphur on CeAl0.95Rh0.05O3, impregnated Rh/CeAlO3 and Ni 

substituted CeAl0.8Ni0.2O3-δ catalysts was monitored at 700 °C using optimum steam 

(S/C=3), at GHSV 20,000 h-1 and at 1 atm, by cycling of methane containing 11 ppm 

of H2S (Fig. 4.22). The CeAl0.95Rh0.05O3 perovskite catalyst showed superior activity 

and stability throughout the duration of the experiment (20 h). When methane was 

sent without any sulphur, all the three catalysts CeAl0.95Rh0.05O3, Rh/CeAlO3 and 

CeAl0.8Ni0.2O3-δ catalysts performed well with methane conversions close to 99%, till 

the methane with 11 ppm sulphur is introduced after 7 h on stream. At this point, the 

methane conversion fell rapidly on Ni substituted CeAl0.8Ni0.2O3-δ catalyst, while the 

activity dropped slowly with some hysteresis on impregnated Rh/CeAlO3 catalyst. On 

the otherhand, only a very small dip in methane conversion (~ 97%) was observed on 

CeAl0.95Rh0.05O3 catalyst, which was steady for the next 6 h on stream, till the pure 

methane is switched back for reforming. On restoring pure methane feed, the initial 

conversion was restored on CeAl0.95Rh0.05O3 catalyst, while it was stable thereafter for 
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next 7 h. On the otherhand, SRM activity was not restored on CeAl0.8Ni0.2O3-δ and 

Rh/CeAlO3 catalysts. Infact, activity dropped continuously over CeAl0.8Ni0.2O3-δ, 

possibly due to irreversible adsorption of sulphur on Ni in this catalyst.   

 

Fig. 4.22 Effect of sulfur on CeAl0.95Rh0.05O3, Rh/CeAlO3 and CeAl0.8Ni0.2O3-δ 

catalysts during SRM reaction. 

  Reaction conditions: temperature 700 °C; GHSV = 20, 000 h-1 and 1 atm 

 

The spent catalysts after this study showed that the deactivation was due to the carbon 

formation. Based on this study, it may be concluded that CeAl0.95Rh0.05O3 catalyst 

shows superior activity even in the presence of sulphur in the feed. 

4.10.5 Effect of sulfur on reforming of simulated biogas over CeAl0.95Rh0.05O3 

It is challenging to develop sulfur tolerant catalysts for reforming reactions 

(SRM or DRM). Commercial Ni catalysts are highly sensitive to sulfur containing 

feed stocks. Hence, purification of hydrocarbon, free of sulphur, is a crucial step 

before the SRM step. Biogas is produced from livestock waste, food and municipal 

waste; hence it consists of some toxic and odour compounds. Among the impurities 

present in biogas, H2S is produced by sulfate reducing bacteria. [30] Commercial 

processes to achieve low H2S concentrations in the feed are quite common. But, this 

sulfur removal (<1ppm) step needs additional investment and operating costs in 

syngas manufacture. An alternative to overcome this problem is to use sulphur 

tolerant noble metal containing catalysts like CeAl0.95Rh0.05O3 perovskites for steam 

reforming of feeds that contain trace amount (~10ppm) of sulphur. Ceria type of 

oxides show sulfur tolerance in case of anode ceremets used in SOFC applications. It 
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is highly active,   low cost, effective in sulfur removal and improves coke resistance 

in many catalytic processes. [31-33] 

The above described results demonstrate that CeAl0.95Rh0.05O3 perovskite 

derived catalyst is resistant to sulphur poisoning during steam reforming of methane. 

Hence, it will be interesting to check the SRM activity for longer hours by using 

simulated biogas (60% CH4 and 40% CO2) containing sulphur. Usually, biogas has 

trace amount of H2S which can lead to significant deactivation of the catalyst. [17,18, 34] 

All the experiments were conducted using 11 ppm of H2S in methane at GHSV of 

19,200 h-1, temperature at 800 °C and at 1 atm pressure. The CH4 conversion, CO2 

conversion and H2/CO ratio are plotted as a function of time as shown in Fig. 4.23. 

Throughout the 50 h reaction, CeAl0.95Rh0.05O3-δ catalyst shows good activity and time 

on stream stability, while maintaining H2/CO ratio in the range of 1.8-2.0. This ratio is 

desirable for methanol, FT synthesis and in the manufacture of many chemicals. 

 

Fig. 4.23 Steam reforming of simulated biogas containing 11ppm sulphur over 

CeAl0.95Rh0.05O3-δ catalyst.  

Reaction conditions: CH4:CO2:H2O is 3:2:4, Temp. 800 °C, GHSV 19,200 h-1, 1 atm. 

4.11 Characterization of spent catalysts 

  When sulphur containing methane is used to test performance of steam 

reforming catalysts, several side reactions are possible. Besides, the carbon formation 

reaction mechanism depends on the steam reforming conditions like operating 

temperature, pressure and gas composition. A number of methods are available to 

investigate the coke formed during the reforming reaction. 
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4.11.1 Thermogravimetric analysis of spent catalysts 

Thermogravimetric analysis (TGA) was employed to estimate the coke/carbon 

deposited on the catalyst during the steam reforming (see Fig. 4.22) of H2S containing 

methane. The moles of carbon per gram of catalyst were calculated from the weight 

loss observed during TGA in air flow. This weight loss from spent catalysts is 

generally due to combustion of various types of carbon deposits. For the spent 

catalysts, which were on stream for 20h, the weight losses observed were 0.011 moles 

C.g-1 for CeAl0.8Ni0.2O3-δ; 0.002 moles C.g-1  per gram for impregnated Rh/CeAlO3 

catalyst and only 0.001 moles C.g-1 in case of CeAl0.95Rh0.05O3 catalyst respectively. 

These results clearly demonstrate that Rh substitution in CeAlO3 perovskite helped to 

reduce the coke deposition considerably. Further, the reactivity of the carbon also 

determines the catalytic activity, i.e., whether it is amorphous or graphitic carbon. If 

active metal is embedded by carbon, accessibility of the active metal to the reactants 

is restricted. All these factors decide the durability of the catalyst. Hence, from the 

results, though a small amount of coke is observed on CeAl0.95Rh0.05O3-δ catalyst, 

hardly any deactivation of the catalyst is observed.  

 

Fig. 4.24 Coke on Ni and various Rh spent catalysts during SRM of sulphur 

containing CH4.  

 

TGA data showed that accumulated carbon was lower on catalyst that is 

prepared by Rh substitution in CeAlO3 lattice. Further studies were carried out to 

investigate the type of carbon on these catalysts by using TEM. 
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4.11.2 Transmission Electron Microscopy of spent catalysts 

The TEM analysis of spent catalysts; CeAl0.8Ni0.2O3-δ, Rh/CeAlO3 and 

CeAl0.95Rh0.05O3 catalysts after 20 h on-off cycle run were carried out, these results 

are shown in Fig. 4.25. The spent catalyst CeAl0.8Ni0.2O3-δ (Fig. 4.25a) has large 

amounts of amorphous carbon, graphitic carbon and nano tubes with attached metal 

particles (dark regions) on their surface. Rh impregnated CeAlO3 catalyst (Fig. 4.25b) 

shows presence of carbon nanotubes attached with more agglomerated Rh particles. 

On the otherhand, CeAl0.95Rh0.05O3 catalyst shows very less carbon formation on its 

surface (Fig. 4.25c). 

 

 

Fig. 4.25 TEM images of spent catalysts (a) CeAl0.8Ni0.2O3 (b) Rh/CeAlO3,  

(c) CeAl0.95Rh0.05O3 catalysts. 

The TEM analysis could explain the reasons for deactivation in case of CeAl0.8Ni0.2O3 

and Rh impregnated CeAlO3 catalysts. In these catalysts metallic sites are covered 

with carbon, hence these active sites are not accessible to the reactants.   

4.12 Conclusions 

This chapter deals with reforming of methane on Ru and Rh containing 

CeAlO3 perovskites catalysts, which were prepared through citrate gel and 

impregnation methods. Their characterization by powder XRD and Rietveld 

refinement analysis revealed that all perovskites are crystallized in cubic phase. XPS 

and Raman analysis shows that even after reduction, part of Ru particles is present 

inside the perovskite lattice. As a result, substituted metal has greater interaction with 

the support compared to impregnated catalyst. These perovskite type oxides were 

tested for steam reforming of methane by varying their Ru content. Higher Ru content 

in perovskite structure enhanced the catalytic activity in steam reforming of methane. 

Moreover, it was proved that Ru substituted catalyst is better than Ru impregnated 
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catalyst, as former shows superior activity compared to the later. Kinetic experiments 

were carried out over CeAl0.85Ru0.15O3 catalysts following Wei and Iglesia mechanism 

and the activation energy observed was 75 kJ/mol. 

To reduce the Ru content, Ni substituted CeAlO3 perovskite was promoted by 

substituting it with Ru. These Ru and Ni substituted CeAlO3 structures (CeAl0.9-

xRuxNi0.1O3-δ) were synthesized by citrate gel method. Ru metal helped to reduce Ni 

in CeAl1-xNixO3 and helped to improve the dispersion of Ni metal in these samples. 

This Ru promoted catalyst was tested for bi- and tri reforming methane. It was highly 

active and durable for 100h and 500 h without deactivation in bi- and tri-reforming 

reactions respectively. Carbon content was estimated using TGA over these samples 

and found only 5.1x10-5 and 1.5x10-5 moles carbon g-1.h-1 after bi- and tri-reforming 

reactions respectively. The results show that substitution of a little fraction of a noble 

metal into the perovskite catalyst stabilizes the catalytic activity for long hours on 

stream. 

 It was also the goal of this study to develop highly stable catalysts that are 

tolerant to sulphur, when it is present in methane gas in ppm levels. Hence, Rh 

substituted CeAlO3 (CeAl1-xRhxO3) perovskites were prepared for steam reforming of 

methane and bi-reforming of simulated biogas. Substitution of Rh in CeAlO3 lattice 

was established using powder XRD refinement. The partial substitution of Al by Rh 

in CeAlO3 catalyst (CeAl1-xRhxO3, x = 0.0, 0.01, 0.02, 0.035, 0.05 and 0.1) led to 

changes in cell parameters, BET surface area and Rh particle size. The modification 

of these properties upon Rh substitution could be directly correlated with the catalytic 

activity of the perovskite in SRM and bi-reforming of simulated biogas. Based on 

TPR, reducibility of the Rh and oxygen defects (XPS study) appears to influence the 

activity in reforming. The CeAl0.95Rh0.05O3 catalyst showed superior activity and 

durability for 50 h time on stream. It is stable even when methane contains few ppm 

of sulphur, compared to Ni catalysts and Rh impregnated catalysts. Characterization 

of spent catalysts showed that CeAl0.95Rh0.05O3 has good thermal stability with less 

carbon deposited on it. The coke content and types of carbon present on these 

catalysts has been analyzed by TGA and TEM. Similarly, when CeAl0.95Rh0.05O3 

catalyst was studied for its durability during steam reforming of simulated biogas that 

contains 11 ppm of H2S, its activity was very good and stable during time on stream 

for 50 h at 800 °C, as it retained its high activity in terms of CH4 and CO2 conversion.  
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5.1 Introduction 

World community is grappling with the affects of global warming attributed to 

green house gas (GHG) emissions. Carbon dioxide (CO2) is at the top of all the GHG 

emissions. Currently, the CO2 in atmosphere is inching towards 400 ppm level [1], 

which is accounted for uncertain weather pattern that may lead to rising sea level, 

heavier precipitation and flooding etc. This has motivated tremendous interest in the 

development of CO2 capture and utilization technologies that can either cap or reduce 

CO2 level in the atmosphere. Similarly, CH4 being a GHG, its emissions are also a 

cause of concern. Recently, many research programmes are focused on utilization of 

the green house gases by transforming them into value added chemicals and fuels. In 

this context, dry reforming of methane (DRM) reaction is an interesting concept to 

utilize two abundantly available green house gases to produce syngas, which has 

many applications for obtaining fuels and chemicals. In DRM, the H2/CO ratio 

obtained is close to 1, which is useful to produce long chain hydrocarbons through 

Fischer-Tropsch (FT) synthesis. [2-7] Dry reforming reaction is given below: 

CH4 + CO2      ↔   2 CO + 2 H2                 (ΔH298K = +247 kJ/mol)       (5.1) 

The H2/CO ratio obtained from dry reforming reaction also depends on the occurrence 

of reverse water gas shift (RWGS) reaction,  

CO2 + H2      ↔     CO + H2O                       (ΔH298K = +40.6 kJ/mol)      (5.2) 

The DRM could not be translated to an industrial process so far due to two major 

problems. First problem, it is highly endothermic reaction, hence needs to be 

conducted at high temperatures; second problem is the lack of catalyst stability as a 

result of metal sintering and coke formation under the reaction conditions. [8] 

Numerous studies were reported using supported noble metal catalysts that are 

suitable for the dry reforming reaction as these are less sensitive to carbon deposition 

and metal sintering. [9-12] However, their utility is limited owing to their low 

abundance and high cost. Nickel based catalysts are best in this regard, but they are 

highly prone to deactivation due to sintering as well as coking. [13] Hence, 

understanding coking mechanism of Ni based catalysts and improve their resistance to 

carbon formation and sintering are worthy challenges to be tackled, if the dry 

reforming reaction has to be implemented on industrial scale. [14,15]  
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 In general, dry reforming reaction proceeds via CH4 decomposition and 

oxidation of carbon species. Hence, a bi-functional catalyst is most suitable for 

sustaining the reaction for a long duration on stream. The bi-functional catalysts 

should catalyze the CH4 cracking and effectively remove carbon species from the 

active metal surface. For this purpose, a catalyst has to be designed to attain high 

metal dispersion, good redox property and excellent thermal stability. In this 

connection, hydrotalcites, structural oxides like perovskites and spinels may be useful 

[16-17]. In addition, if promoters like basic or redox type oxides are added, they will 

fortify the catalysts further. [18-21] Addition of basic oxides to the support enhances the 

CO2 activation and also enables gasification of deposited carbon on the active sites, 

leading to decrease in the rate of deactivation by coking. [22,23] Considering these 

aspects, we have synthesized perovskite type oxide catalysts that have active metal Ni 

incorporated into their lattice. Also, substitution of alkaline earth metals Ca, Sr and Ba 

into A site of the perovskite lattice is expected to enhance the activity and stability of 

the catalysts. In heterogeneous catalysis, ZrO2 is widely used as support because of its 

higher thermal stability and unique chemical properties like redox and acid –base 

functions. [24] Several reports suggest that Ni/ZrO2 catalyst deactivates easily due to 

coke formation and sintering. The stability of Ni/ZrO2 catalyst can be improved by 

adding some basic oxides like CaO, MgO and CeO2. 
[25-26] The present chapter 

describes the successful synthesis of Ni substituted MZrO3 (M= Ca, Sr and Ba) 

perovskite oxides by citrate gel method, their characterization and applications DRM 

reaction. These were studied by CO2 -temperature programmed desorption (CO2-

TPD) for investigation of basicity and temperature programmed reduction (TPR) for 

finding reducibility. The results of these studies were used to establish structure-

basicity-performance relation of these perovskite type oxides.    

 

5.2. Experimental methods 

5.2.1. Preparation of MZr1-xNixO3-δ perovskites 

The MZr1-xNixO3-δ (M= Ca, Sr and Ba; x = 0 and 0.2) perovskite type oxides 

were prepared by conventional citrate gel method. Stoichiometric quantities of the 

corresponding metal nitrates were dissolved in minimum required water and added 

drop wise to the citric acid solution under constant stirring at 80 °C. Following the 
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complexation, the solution was evaporated and dried at 180 °C for 12 h to obtain 

spongy amorphous citrate gel. This fluffy material was crushed and calcined at 750 °C 

for 6 h in air to get the corresponding MZr1-xNixO3-δ (M= Ca, Sr and Ba; x = 0 and 

0.2) perovskite type oxides. 

5.2.2. Transient pulse study of CH4 and CO2 reactions 

 Transient pulse experiments of methane followed by CO2 reaction on different 

catalysts was conducted using a Micromeritics Autochem 2920 system coupled to a 

mass probe (Pfeiffer QMS 200). Typically, fresh calcined sample (100 mg) was held 

between quartz wool plugs in a U shaped quartz tube and reduced in 5% H2 /Ar flow 

(30 ml/min-1) at 600 °C for 2 h. Following this pre-treatment, the sample was purged 

in He flow for 1h. Subsequently, 0.5 ml of CH4 was pulsed into He flow which was 

followed by CO2 pulse (0.5 ml) at an interval of 8 minutes. Each experiment was 

conducted with four consecutive pulses of each gas, at three temperatures, viz., 600, 

700 and 800 °C. Signals of m/z = 2, 28, 15, 18 and 44 were monitored corresponding 

to H2, CO, CH4, H2O and CO2 respectively. The contribution of CO2 to the signal at 

m/z=28 was subtracted to eliminate the errors of CO signal. 

5.2.3. Evaluation of catalysts for dry reforming 

  The dry reforming reactions were carried out in a packed-bed tubular down 

flow reactor made up of Incolloy HT, after placing it in a programmable tubular 

furnace. All the gases (CH4, CO2 and N2) used for the reaction were regulated by 

thermal mass flow controllers (Brooks Instruments). In a typical experiment, 0.5 cc of 

catalyst particles in 0.3-0.5 mm range were mixed with 0.5 cc of same size quartz 

pieces and loaded in the reactor supported between ceramic wool plugs. The catalyst 

bed temperature was monitored by means of a chromel-alumel thermocouple centered 

in the catalyst bed. Prior to the reaction, catalyst was calcined at 400 °C for 3 h and 

reduced in situ at 600 °C for 6 h using 20% H2 in N2 gas mixture. Subsequently, the 

DRM reaction was carried using a gas mixture consisting of CH4, CO2 and N2 in the 

volume ratio of 1:1:1. The catalytic activity was evaluated at different temperatures 

(600, 650, 700, 750 and 800 °C). The product gas mixture was analyzed using an 

online gas chromatograph (Chemito 1000) equipped with a spherocarb packed column 

(1/8” OD and 8 feet length).  

Methane and CO2 conversions and H2/CO ratio were calculated based on the gas 
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composition estimated by GC and by using the following formulae: 

CH4 Conversion: 

   XCH4 % = [(FCH4 in - FCH4 out)/FCH4 in] x 100                                    (5.3) 

CO2 Conversion: 

   XCO2 % = [(FCO2 in - FCO2 out)/FCO2 in] x 100                                       (5.4) 

H2/CO ratio: 

   H2/CO = [Fout H2/Fout CO]                                                                 (5.5) 

Deactivation percent (%)  

                    = [(Initial conversion-Final conversion)/Initial conversion] x 100     (5.6) 

5.3. Results and discussion 

5.3.1. Textural and structural characterization of catalysts 

   The BET surface areas and active metal (Ni) dispersions obtained through CO 

chemisorption of MZr1-xNixO3-δ (M= Ca, Sr and Ba; x=0 and 0.2) perovskite type 

catalysts is listed in Table 5.1. Specific surface area of the MZrO3 perovskite type 

oxides has increased with change in alkaline earth cation down the group from Ca to 

Ba at the A site of perovskite. A similar trend was observed even in the case of Ni 

substituted samples. Hence, BET surface areas follow the order CaZr0.8Ni0.2O3-δ < 

SrZr0.8Ni0.2O3-δ < BaZr0.8Ni0.2O3-δ; for x=0 and 0.2. Surface areas of the samples 

increased to a little extent on Ni substitution, which is attributed to a small reduction 

in crystallite size. This was clearly seen from crystallite sizes calculated with the help 

of Debye–Scherrer equation using XRD line widths. The Ni metal dispersion on 

CaZr0.8Ni0.2O3-δ perovskite type catalyst was higher compared to Sr and Ba perovskite 

type catalysts, i.e. more active metal (Ni) is present on the surface of CaZr0.8Ni0.2O3-δ 

perovskite compared to SrZr0.8Ni0.2O3-δ or BaZr0.8Ni0.2O3-δ. 
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Table 5.1 Structural and textural properties of MZr1-xNixO3-δ (M= Ca, Sr and Ba; x=0 and 0.2) perovskite oxides.  

 

  CaZrO3 CaZr0.8Ni0.2O3 SrZrO3 SrZr0.8Ni0.2O3 BaZrO3 BaZr0.8Ni0.2O3 

Space group Pcmn (62) Pcmn (62) Pm-3m Pm-3m Pm-3m Pm-3m 

a/Å 5.5920(1) 5.5911(9) 4.1005(2) 4.0920(4) 4.1900(4) 4.1878(6) 

b/Å 8.0114(6) 8.0106(1) 4.1005(2) 4.0920(4) 4.1900(4) 4.1878(6) 

c/Å 5.7505(1) 5.7502(9) 4.1005(2) 4.0920(4) 4.1900(4) 4.1878(6) 

Rp (%) 6.2 5.6 6.3 6.4 6.3 7.6 

WRp (%) 8.3 6.4 8.4 8.1 8.4 9.3 

Chi2 2.3 1.6 2.7 2.6 1.6 2.3 

Surface area (m2/g) 9.2 13.2 12.1 14.1 13.4 14.6 

Tolerance factor* 0.91 0.92 0.94 0.95 1.00 1.01 

Crystallite size (nm) 42 38 40 36 35 34 

Ni dispersion (%) - 13.5 - 4.0 - 3.9 

Ni metal surface area (m2/g) - 6.2 - 1.5 - 1.4 

Average Ni crystallite size (nm) - 7.2 - 25.0 - 25.6 

* calculated using formulae τ =    (rA+rO)/(√2(rB+rO)). 
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5.3.2. X-ray diffraction of MZr1-xNixO3-δ 

Powder XRD pattern of freshly calcined MZr1-xNixO3-δ (M= Ca, Sr and Ba) 

perovskite oxides and corresponding Ni substituted compositions (x =0 and 0.2) is 

given in Fig. 5.1A. Spectra show that on varying the alkali earth cation in A site from 

Ca to Ba, the number of diffraction lines decreased indicating phase transition from 

orthorhombic to cubic lattice (See Fig. 5.2). Additional peaks belonging to respective 

alkaline earth carbonate impurities were also seen in the XRD spectra, particularly in 

the Sr and Ba containing samples. These carbonates were not decomposed even after 

calcination at 750 °C for 6 h in air. The cell parameters calculated by refinement of 

  

Fig. 5.1 XRD pattern of MZr1-xNixO3-δ perovskites; (A) x = 0 and (B) x = 0.2; where 

M = (a) Ca, (b) Sr and (c) Ba.  

 

XRD data are in good agreement with reported data (JCPDS –PDF No. 76-2401, 75-

0467 and 74-1299). Both Sr and Ba substituted perovskites crystallized in cubic 

phase, while cell parameter of BaZrO3 is higher compared to SrZrO3 sample. 

 

Fig. 5.2 Schematic presentation of MZr1-xNixO3-δ perovskites.  
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In the case of Ni substituted perovskites (MZr0.8Ni0.2O3-δ), the diffraction pattern 

clearly shows that the parent perovskite phase is retained on Ni substitution, as shown 

in Fig. 5.1B. Minor peaks in the 2 range of 25 to 30° are assigned to the respective 

alkaline earth carbonate impurities and small impurity of NiO ( = 43.2°) was also 

seen in these samples. The intensity of impurity peaks increased on Ni substitution. 

Moreover, the Rietveld refinement results reveal that on Ni substitution into Zr site, 

the lattice parameter decreased, indicating the incorporation of Ni into the perovskite 

lattice. A fraction of NiO also appears to be well dispersed on the surface. The 

decrease in lattice parameter is explained on the basis of smaller Ni+2 (69 pm) 

replacing the larger Zr+4 (72 pm), with the same coordination number (VI). Thus, it 

appears that the Ni in these samples is present in two forms; i.e (i) Ni substituted in 

the bulk of perovskite lattice and (ii) a small fraction of Ni highly dispersed on the 

surface. The stability and distortion in ideal ABO3 cubic perovskite structure is 

determined by tolerance factor (τ). The tolerance factor for Ca substituted sample is 

somewhat deviated from the ideal value (~1). Hence, this perovskite is crystallized in 

orthorhombic phase (space group: Pcmn (62)). 

                                        τ  =    (rA+rO)/(√2(rB+rO))                                             (5.7) 

where rA, rB and rO are the ionic radii of A, B and O ions. The cell parameters, surface 

areas and tolerance factors are given in Table 5.1. 

5.3.3. Raman spectroscopy 

The Raman spectra of calcined MZrO3 (M= Ca, Sr and Ba) samples are given 

in Fig. 5.3. They show that the number of vibration modes decreased during the 

orthorhombic to cubic phase transition from Ca to Ba substituted perovskites. In case 

of CaZrO3, which has orthorhombic Pcmn (62) phase, it is theoretically expected to 

show 24 Raman active modes.  But, some modes may not be detectable due to their 

low polarizability or some modes could be hidden in highly intense bands. [27] Hence, 

we observe only 10 vibrations in the 80-600 cm-1 region (Fig. 5.2). Also, at higher 

frequencies, the Raman peaks are broad due to second order scattering, resulting in 

the superposition of different combination modes. The frequencies of the observed 

Raman bands and their modes are listed in Table 5.2 and all are in agreement with 

reported data. [28-31] The shapes of the Raman bands indicate that the CaZrO3 particles 
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exist in nano regime as confirmed by XRD. The grain size of the perovskite is 

inversely proportional to the half width at half height of the Raman bands. [28]  

 

Fig. 5.3 Raman spectra of MZrO3; where M = (a) Ca, (b) Sr and (c) Ba. 

 

Table 5.2 Raman vibration modes of CaZrO3 type perovskite oxides.  

Our work 

(Γ cm-1) Mode 

K. Boobalan et 

al. [28] (Γ cm-

1) 

Martine Tarrida 

et al. [29]  (Γ 

cm-1) 

Orera et al. 

[30] (Γ cm-1) 

Perry et al. 

[31] 

(Γ cm-1) 
149     Ag 121, 147 145, 151, 172 145 153 

186     B2g 183 185  186 

214     B2g 212 213, 229 212, 227  

233     B2g  235 234 228 

264     Ag 262 263 262  

288     Ag 283 287, 310 286, 305  

358     Ag 356 358, 423 358, 418 340 

439   Ag+B1g  437 439 439 377, 418 

470     B2g 469 470 469 515 

547  B1g or B3g 546 548 543 551 

 

On the otherhand, Raman bands corresponding to carbonate impurities (151,182, 

413,554 and 155,227) were seen only for SrZrO3 and BaZrO3 perovskite samples. 

Since, these samples crystallized in cubic phase (Pm3m), they are expected to show 

12 vibrations, but all of them are forbidden Raman transitions. [32] The spectra of Ba 

and Sr based carbonates are similar, but due to the difference in their atomic mass 
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(137.33 for Ba and 87.62 for Sr) bathochromic shift is expected in the case of Ba 

carbonate. The Raman bands of carbonates are narrow; revealing covalent bonding of 

CO3 vibrational units with no disorder. [33] The presence of these carbonates was also 

confirmed by XRD. 

5.3.4. Temperature programmed reduction 

The reduction nature of Ni substituted perovskites was investigated by H2-

TPR. Figure 5.4 shows deconvoluted TPR profiles of three regions of hydrogen 

consumption observed for CaZr0.8Ni0.2O3- and SrZr0.8Ni0.2O3- perovskite oxides. In 

case of BaZr0.8Ni0.2O3-, only two peaks were seen. Bai et al. also observed similar 

TPR peals in the 230-330 °C temperature range, which were attributed to the 

reduction of NiO. [34] Rudolfo et al. also reported 300 °C reduction peak belonging to 

the amorphous NiO on surface. [35] The low temperature peak corresponds to the 

reduction of weakly interacting NiO species, which are present on the perovskite 

surface. 

 

Fig. 5.4 Deconvoluted TPR profile of (a) CaZr0.8Ni0.2O3- (b) SrZr0.8Ni0.2O3-  and (c) 

BaZr0.8Ni0.2O3- perovskites. 

In the case of CaZr0.8Ni0.2O3-  and SrZr0.8Ni0.2O3-  samples, peaks at 499 °C and 410 

°C may be assigned to the reduction of NiOx species, which are present on surface and 

sub surface region of the perovskite. The high temperature peaks above 510 °C are 

assigned to the NiOx species, which are part of bulk perovskite lattice (Zr+4-O-Ni+2). 

Above 550 °C, reduction of carbonate impurities of Sr and Ba samples has been 

observed, whose presence was confirmed by Raman and XRD spectra. On close 
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observation of TPR profiles of CaZr0.8Ni0.2O3-, it is clear that the peaks appear at 

higher temperatures compared to other two catalysts. The evolution of reduction peak 

at high temperature could be due to presence of smaller NiO crystallites on the 

surface. These observation indicate relatively less probability of Ni sintering in 

CaZr0.8Ni0.2O3-  at lower temperatures, which is expected to play vital role in 

retaining dry reforming activity at high reaction temperatures. 

5.3.5. Temperature programmed desorption of CO2 and O2 

             The nature of surface basicity and strength were studied using CO2-TPD, 

these results are illustrated in Fig. 5.5A. Since CO2 is an acidic gas, basic support is 

expected to adsorb and promote its activation. It can be seen that all the samples show 

CO2 desorption at high temperatures; therefore carbonate species must have formed 

on exposing the sample to CO2. The CO2-TPD profiles indicate that strength of 

basicity increased from Ca to Ba substituted perovskite samples. The CaZr0.8Ni0.2O3-δ 

sample shows sharp desorption peak in the 500-750 °C temperature region. In case of 

SrZr0.8Ni0.2O3-δ and BaZr0.8Ni0.2O3-δ perovskites, the peaks were seen at higher 

temperatures (around 800 °C), as the corresponding SrCO3 and BaCO3 are 

decomposed only at high temperatures. [36, 37]  

  

Fig. 5.5 TPD of (A) CO2 and (B) O2 profile of MZr0.8Ni0.2O3-δ perovskites,  

where M= (a) Ca, (b) Sr and (c) Ba 

Since the gas-solid reaction occurs over the perovskite surface, the amount of 

carbonate formation is expected to be related to surface area of the perovskite. The 

CO2-TPD spectra of CaZr0.8Ni0.2O3-δ indicate that CO2 is adsorbed on the surface at 

lower temperature and is subsequently activated with ease. This activation is expected 
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to play a key role in the elimination of carbon during dry reforming of methane. 

Further, on Sr and Ba substituted perovskites, the carbonate desorption peaks are 

broader and shifted to very high temperatures.  Yan et al. [38] also observed similar 

results in case of BaxSr1-xCo0.8Fe0.2O3 and have observed higher CO2 adsorption with 

increased Ba doping. Finally, CO2-TPD results confirm that CO2 is adsorbed on the 

perovskite surface and form carbonate species which are decomposed at high 

temperatures (>650 °C). The shape of the TPD peak is asymmetric, indicating that 

desorption rate follows first order kinetics. The CO2 desorption activation energy can 

be calculated following the Chan-Aris-Weinberg method. [39] 

                                      Ed = RTm                           (5.8) 

where R is the gas constant, Tm is the maximum temperature of TPD peak and W1/2 is 

the peak width at half maximum and Ed is the activation energy of the desorption 

(directly proportional to Tm). The calculated activation energy values of CO2 

desorption from different alkaline earth substituted perovskites are in the order: 

       Ca (55.9 kcal.mol-1) < Sr (84.2 kcal.mol-1) << Ba (more than 84.2 kcal.mol-1) 

The O2 –TPD MS experiments help to identify oxygen defect sites in the perovskite 

lattice unambiguously. In this experiment, the temperature is raised in a programmed 

manner leading to the release of the oxygen from the lattice associated with lower 

valence cations (Ni+2/Ni+3) that were substituted in place of high valence (Zr+4) 

cations, as the perovskite lattice must compensate for the charge imbalance. [40] This 

charge imbalance creates oxygen defects/vacancies. This charge compensation 

phenomenon is more important under reducing atmosphere. The O2-TPD experiments 

were carried out for all the Ni substituted catalysts and is shown in Fig. 5.5B.  For 

CaZr0.8Ni0.2O3-δ sample, the oxygen desorption peak has been observed in temperature 

range of 600-800 °C. But in case of SrZr0.8Ni0.2O3-δ and BaZr0.8Ni0.2O3-δ perovskites, 

O2 desorption peak shifted to >800 °C, while their intensities were lower compared to 

Ca substituted perovskite. The loss of lattice oxygen at elevated temperature leads to 

increase in the volume of the unit cell or decrease in the density of unit cell. [41] 

Moreover, passing over from Ca to Ba substituted samples, the amount of O2 

adsorption decreases drastically, with the peak areas in the order CaZr0.8Ni0.2O3-δ> 
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SrZr0.8Ni0.2O3-δ > BaZr0.8Ni0.2O3-δ. Higher concentration of defect sites in the form of 

adsorbed O2 is favourable in terms of resistance to carbon formation during dry 

reforming reaction. Consequently CaZr0.8Ni0.2O3-δ perovskite catalyst should have 

more ability to provide oxygen vacancies and improved donation of lattice oxygen 

from bulk to surface, which is useful for removal of carbon.  

5.4. Activity of alkaline earth substituted MZr0.8Ni0.2O3- catalysts in DRM 

The perovskite type oxides containing Ni and different A site cations (Ca, Sr 

and Ba) were evaluated for their performance in dry reforming of methane (DRM). 

5.4.1. Effect of temperature over MZr0.8Ni0.2O3- (M = Ca, Sr and Ba) catalysts 

Basicity of the perovskite oxides is expected to be influenced by the presence 

of the alkaline earth cation substituted at A site, while the catalytic activity depends 

on factors like active metal dispersion and oxygen defects. The CO2 reforming of 

methane was studied over the three MZr0.8Ni0.2O3- (M= Ca, Sr and Ba) perovskite 

type oxides following their in-situ reduction in H2 at 600 °C. Conversion of CH4 and 

CO2, as a function of reaction temperature are given in Fig. 5.6A and 5.6B 

respectively.  

 
 

Fig. 5.6 Influence of temperature over MZr0.8Ni0.2O3- catalysts in DRM of methane;  

 (A) CH4 conversion and (B) CO2 conversion; M= Ca, Sr and Ba. 

 Reaction conditions: CH4:CO2:N2 = 1:1:1, GHSV = 28,800 h-1 at 1 atm. 

 

Both CH4 and CO2 conversions increased with temperature, with a sharp rise in the 

600- 800 °C temperature range.  At higher reaction temperatures, the CO2 conversion 

was slightly higher than CH4 conversion, resulting in the lower H2 to CO ratio (< 1) of 

syngas produced. If DRM reaction occurred stoichiometrically, the H2/CO ratio would 
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have been equal to unity. But, at higher temperatures, the side reactions like reverse 

water gas shift reaction (RWGS) and reverse Boudouard reaction must be prevalent 

resulting in H2/CO ratio < 1. As a result of these side reactions, additional CO is 

produced, leading to lower H2/CO ratio. There were several studies that reported such 

observations during dry reforming reaction. [42] 

CO2 + H2     ↔   CO + H2O        (ΔH°298 K = 41 kJ.mol-1)                       (5.9) 

CO2 + C(s)   ↔   2CO                          (ΔH°298 K = 171 kJ.mol-1)                         (5.10)         

The CaZr0.8Ni0.2O3- catalyst shows relatively higher CH4 and CO2 conversions 

compared to SrZr0.8Ni0.2O3-  and BaZr0.8Ni0.2O3- catalysts. Based on these results, 

reaction temperature of 800 °C was chosen for further studies.    

5.4.2. Durability of MZr0.8Ni0.2O3-δ (M = Ca, Sr and Ba) catalysts during DRM 

  

Fig. 5.7 DRM Catalytic activity with time on stream over MZr0.8Ni0.2O3- perovskites, 

(A) CH4 conversion and (B) CO2 conversions. 

Reaction conditions: CH4/CO2/N2 = 80/80/80, 800 °C, GHSV = 28,800 h-1 at 1 atm. 

 

It is generally reported that DRM catalysts deactivate rapidly due to the 

formation of coke that blocks the active metal sites. The coke formation occurs as a 

result of side reactions such as methane cracking and CO disproportionation 

(Boudouard) reactions. Hence, the durability of the above catalysts was investigated 

for 12 h on stream, under optimized dry reforming conditions: GHSV 28,800 h-1; 

CH4:CO2:N2 (1:1:1), temperature, 800 °C; atmosphere pressure. The results of this 

experiment are given in Fig. 5.7A and 5.7B. The CaZr0.8Ni0.2O3-δ catalyst showed 
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stable CH4 and CO2 conversions of 95 and 96% respectively without any noticeable 

drop in the activity. On the otherhand, both SrZr0.8Ni0.2O3-δ and BaZr0.8Ni0.2O3-δ 

catalysts deactivated with time. To understand this deactivation process, spent 

catalysts were characterized after 12 h of time on stream, using various techniques to 

analyze the quantity and nature of carbon deposited over them.   

5.4.3. Comparison of catalytic activity of Ni substituted CaZrO3-  with Nickel 

           impregnated (Ni/CaZrO3) catalyst 

 

         The above discussed results demonstrate that CaZr0.8Ni0.2O3- perovskite derived 

oxide is a good catalyst for DRM reaction. Hence, it will be interesting to study the 

role of substituted Ni in the reaction. Hence, a Ni impregnated (6 wt %) catalyst was 

prepared by using CaZrO3 as the support and compared its performance with Ni 

substituted perovskite oxide catalyst prepared through citrate gel method. Fig. 5.8 

shows that the activity of Ni substituted perovskite oxide (CaZr0.8Ni0.2O3-) catalyst is 

much better compared to impregnated (Ni/CaZrO3) catalyst. Moreover, the CO2 

conversion is relatively higher compared to CH4 conversion on impregnated catalyst. 

 

 

Fig. 5.8 DRM activity of CaZr0.8Ni0.2O3- compared with impregnated 6% Ni/CaZrO3.   

Reaction conditions: CH4:CO2:N2 = 1:1:1, 800 °C, GHSV = 28,800 h-1 at 1 atm. 

 

This in turn led to lower H2/CO ratios (< 1).  In terms of stable activity of catalysts in 

the form of CH4 and CO2 conversions, both catalysts appear to be similar. But, 

impregnated catalyst is expected to coke at a faster rate, as a result of side reactions, 

which would have been seen if the reaction is continued for a longer duration,.    

 



Chapter 5 – Catalytic applications over Ni substituted (Ca, Sr & Ba) ZrO3 

2017 Ph.D. Thesis: Dama Srikanth                                    CSIR – NCL Page 140 

 

5.4.4. Effect of variation in concentration of CH4 and CO2 on H2/CO ratio in  

          product syngas over CaZr0.8Ni0.2O3- catalyst 

 

The variation in the feed gas concentrations in dry reforming experiment were 

carried out by keeping one of reactent concentration constant. The results of product 

H2/CO ratio with concentration of one of the feed are shown in the Fig. 5.9a and 5.9b. 

Two different sets were performed at five different temperatures 650, 675, 700, 725 

and 750 °C. As illustrated in Fig. 5.9a, that with increasing the concentration of CH4 

in the feed by keeping CO2 constant, the H2/CO ratio in the product gas increased. 

This indicates increased rate of CH4 decomposition reaction, during dry reforming 

reaction. This rate of decomposition reaction is accelarated with increasing the 

temperature. However, in case of increasing the moles of CO2 at constant 

concentration of methane, the H2/CO ratio decreased (<1). This is due to the lower 

extent of dry reforming reaction, along with higher contribution of RWGS reaction to 

the overall process. Keeping these findings in view, equal concentration of feed (CH4: 

CO2 = 1:1) was used for all ther studies, where the DRM is of primary intrest.    

  

Fig. 5.9 Effect of H2/CO ratio as function of concentration of reactants (a) CH4 ; (b) 

CO2 and temperature in DRM reaction over CaZr0.8Ni0.2O3- perovskites. 

 

5.4.5. Long term durability of CaZr0.8Ni0.2O3- catalyst 

Since, CaZr0.8Ni0.2O3-δ catalyst showed excellent catalytic activity and attained 

equilibrium CH4 and CO2 conversions, its performance was monitored for 500 hours, 

which was shown in Fig. 5.10. Both CH4 and CO2 conversions remained stable and 

almost constant at 95 and 96%, respectively upto 500 h. The H2/CO molar ratio was 
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also close to unity. The stable activity of CaZr0.8Ni0.2O3-δ could be attributed either to 

the low amount of carbon formed on the surface of the catalyst or the type of carbon 

formed does not block the active sites of the catalysts during the reaction, as it must 

be undergoing gasification continuously. Moreover, the well dispersed active metal 

may not have sintered significantly to retard the reaction.  Probably, the oxygen 

defects generated on Ni substitution may also have been helpful for the removal of 

coke formed, thus giving long life to the catalyst. 

 

Fig. 5.10 On stream stability study of CaZr0.8Ni0.2O3-δ catalyst in DRM reaction. 

 Reaction conditions: CH4:CO2:N2 = 1:1:1, GHSV = 28,800 h-1, Temp.800 °C, 1 atm. 

 

5.4.6. Transient pulse experiments 

Mass spectral signals of transient pulse experiments are given in Fig. 5.11A 

and 5.11B. Hydrogen species were detected as soon as CH4 was pulsed in to the cell 

containing CaZr0.8Ni0.2O3-δ or BaZr0.8Ni0.2O3-δ perovskite catalysts, which indicate 

CH4 decomposition over active Ni sites. More importantly, H2O signal was observed 

with some hysteresis as compared to H2, CO, CO2 and CH4 signals. Moreover, the 

intensity of the H2O signal increased at higher reaction temperatures. This clearly 

suggests that CH4 decomposition increased with temperature and thus formed 

hydrogen reacts with surface oxygen species to generate hydroxyl species. These 

hydroxyl species on dehydration give water. The hysteresis could be due to the slower 

reaction rate of dehydration reaction relative to other reactions. Upon pulsing 

methane; CO and CO2 species were also detected, which were probably generated by 

the reaction between lattice oxygen and the carbon species. The intensities of CO and 
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CO2 signals were much stronger in case of CaZr0.8Ni0.2O3-δ perovskite catalyst 

compared to BaZr0.8Ni0.2O3-δ, which may be interpreted for its higher active metal 

dispersion (see Table 5.1). CH4 decomposition over Ni0 sites produces adsorbed CHx 

and H species; the latter species combine with each other and leave the surface as H2. 

Finally, after complete decomposition of CH4, the carbon species formed is oxidized 

to CO and CO2 at the interface of Ni and support oxide [11, 43], leading to the 

generation of surface oxygen vacancies. These vacant sites are positively charged and 

must be possessing high affinity to oxygen. When CO2 interacts with the oxygen 

vacancies, it results in the rupture of C-O bond leading to the decomposition of CO2 

with simultaneous transfer of oxygen to vacant sites. These processes indicate that 

both metal and redox sites in CaZr0.8Ni0.2O3-δ perovskite are important for achieving 

high activity of the catalyst and also to retain it for long hours.  

  

Fig. 5.11 MS signals from (A) CaZr0.8Ni0.2O3-δ and (B) BaZr0.8Ni0.2O3-δ  catalysts 

during pulsing of CH4 followed by CO2. 

 

In case of BaZr0.8Ni0.2O3-δ catalyst, CO formation was not observed on pulsing 

of CO2 and the intensity of CO2 signal at the outlet was less intense probably due to its 

strong adsorption on the catalyst. Higher intensity of CO signals after the CO2 pulsing 

over CaZr0.8Ni0.2O3-δ perovskite indicates ease of dissociation of CO2 at oxygen 

vacant sites and deposition of inactive carbon over the active metal that can be easily 

removed by CO2 via reverse Boudouard reaction. Absence of CO signals during 

pulsing of CO2 on BaZr0.8Ni0.2O3-δ catalyst may be attributed to the nature of carbon 

formed, which must be capping the Ni surface of the catalyst leading to its 

deactivation. 
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 5.4.7. Insitu FTIR studies 

Insitu FTIR experiments were conducted initially in N2 flow at 25 °C to study 

various vibrations of the sample that were used as background spectra.  Subsequently, 

the reaction mixture containing CH4 and CO2 in 1:1 ratio was passed through the 

sample and spectra were recorded in the temperature range of 250 to 400 °C, at 50 °C 

intervals. Figures 5.12A and 5.12B show different species present over the catalysts 

CaZr0.8Ni0.2O3-δ and BaZr0.8Ni0.2O3-δ at various temperatures.   

  

Fig. 5.12 Insitu FTIR spectra of various species present during the reaction between 

CH4 and CO2 over MZr0.8Ni0.2O3-δ catalysts at different temperatures; (A) 

CaZr0.8Ni0.2O3-δ and (B) BaZr0.8Ni0.2O3-δ. 

There are significant differences in the type of species present over 

CaZr0.8Ni0.2O3-δ and BaZr0.8Ni0.2O3-δ catalysts, which were better evident with 

increasing temperature. A major difference was observed in the intensities of the 

hydroxyl species (~3630 cm-1) and formate type intermediates (1590 and 1365cm-1), 

which were more intense on CaZr0.8Ni0.2O3-δ as compared to BaZr0.8Ni0.2O3-δ. This 

shows that coke accumulation follows different mechanistic pathways on these 

catalysts during the DRM depending on the nature of substituted alkaline earth cation 

at A site. Aparicio et al. reported use of transient techniques by employing 

isotopically labelled reactants over Ru on silica and alumina supports. According to 

the authors, the nature of the support influences the reactant residence time. [44] On 

catalysts that are supported on alumina, a complex reaction network is involved 

during DRM reaction, in which hydroxyl groups are continuously supplied by the 

support to the active Ru metal-Al2O3 interface, which effectively can remove the 

carbon species. [16] Similar features were observed in the present investigation over 
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CaZr0.8Ni0.2O3-δ catalyst. On CH4 decomposition over Ni sites, hydrogen atoms are 

produced and also consumed by perovskite for the formation of hydroxyl species. 

Subsequently, reaction takes place between adsorbed H and OH species leading to the 

formation of H2O and desorption of CO as illustrated below: 

 

 

 

CH4 activation on 

metal surface 

CH4 → CH3(metal) – ads  +  H(metal) – ads 

2H(metal) – ads ↔ H2 (g) 

OH(support) – ads ↔ OH(metal) – ads 

OH(metal) – ads ↔ O(metal) – ads + H(metal) – ads 

H(metal) – ads + OH(metal) – ads ↔ H2O(g) 

CHx(metal) – ads + O(metal) – ads ↔ CO(metal) – ads +                     

                                                            xH(metal) – ads 

CO(metal) – ads ↔ CO(g) 

 

The H atoms upon CH4 decomposition over metal surface spill over on to the surface 

of support. 

Surface diffusion of H2 2H(metal) – ads  ↔ 2H(support) – ads 

After adsorption of CO2 on catalyst surface, CO2 reacts with surface oxide/hydroxyl 

species to form carbonate/bicarbonate species. 

 

Carbonate  formation 

CO2 (g)  ↔ CO2(support) – ads  

CO2(support) – ads + O-2 
(support)  ↔ CO3

-2
(support) – ads  

CO2(support) – ads + OH- 
(support)  ↔ HCO3

-
(support) – ads 

 

Finally carbon monoxide is released into gas phase from adsorbed intermediate 

species (formates) which is formed by reaction between CO2 and hydrogen/hydroxyl 

species on the perovskite surface. These formate species decompose to release CO. 
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Formation and 

decomposition of 

formate intermediates 

CO3
-2

(support) – ads + 2H(support) – ads ↔  

                                     HCO2
-
(support)–ads + OH- 

(support) 

HCO3
-
(support) – ads + 2H(support) – ads ↔  

                          HCO2
-
(support) – ads + H2O(support) – ads  

HCO2
-
(support) – ads ↔ CO(support) – ads + OH- 

(support) 

CO(support) – ads ↔ CO(g) 

 

FTIR studies show that increase in the residence time of carbonaceous intermediates 

on the surface of active metal leads to its polymerisation and eventually leads to 

graphitization of carbon over the active Ni metal. 

 

Fig. 5.13 Deconvoluted FTIR spectra of MZr0.8Ni0.2O3-δ perovskite under DRM 

conditions at 400 °C. 

After collection of spectra using dry reforming reaction mixture, strong intense bands 

in the 1300-1620 cm-1 region were seen for both the Ca and Ba substituted catalysts, 

which are attributed to carbonate and bicarbonate species (Fig. 5.12). The main bands 

in the spectra with high intensities may be attributed to the gaseous adsorbed species 

of (i) C-H vibrations of CH4 at 3014 cm-1and 1305 cm-1, (ii) CO2 gaseous rotation-

vibrations of P band at 2360 cm-1 and R band at 2340 cm-1. On increasing the 

temperature, additional bands are generated at 1800 cm-1 and 1747 cm-1 which are 



Chapter 5 – Catalytic applications over Ni substituted (Ca, Sr & Ba) ZrO3 

2017 Ph.D. Thesis: Dama Srikanth                                    CSIR – NCL Page 146 

 

assigned to the CO stretching vibrations of polydentate or bridged carbonate species 

present on the surface. [45] In case of CaZr0.8Ni0.2O3-δ perovskite, a small peak was 

seen at 2000-2200 cm-1 assigned to the gaseous CO formation at 400 °C which is also 

confirmed by online GC analysis.  

Figure 13 illustrates the deconvolution of FTIR bands of Ca and Ba perovskite 

in the 1300-1620 cm-1 region obtained at 400 °C. These deconvoluted peaks of 

CaZr0.8Ni0.2O3-δ at 1590 and 1365cm-1 are assigned to asymmetric C-O stretching and 

bending modes of H-C-O of the formate species respectively on the surface. [46] The 

intensity of the formate species bands change as a function of temperature with the 

protons for formate species being obtained from surface hydroxyl groups, whose 

intensity is high in the case of Ca perovskites. Bitter et al. proposed formation of 

similar kind of formate species at metal – support interface through bifunctional 

mechanism in DRM reaction over Pt/ZrO2 catalyst. [47] They found that catalyst is not 

efficient if the carbonate species are not formed. The bands at 1075, 1440 and 1510 

cm-1 were assigned to the formation of mono-dentate and poly-dentate carbonate 

formation over the perovskite surface respectively. In case of BaZr0.8Ni0.2O3-δ 

perovskite, bands were observed at lower wave numbers, i.e., 1057, 1430 and 1475 

cm-1, which are assigned to strongly bonded mono-dentate and tridentate carbonates 

on the surface. The free CO3
2- ions have D3h symmetry and hence expected to show 

single band around 1500 cm-1, but bands are observed at lower than uncoordinated 

carbonates [16] and they loose trigonal symmetry of free carbonate ions. The main 

difference in IR spectra is in the intensity of O-H stretching frequencies at 3500-3750 

cm-1 attributed to the terminal or polydentate hydroxyl species. The intensity of this 

band increases with temperature, which is present on the perovskite surface. In case of 

Ca perovskite the intensity of polydentate O-H band at 3630 cm-1 band is very sharp 

and highly intense compared to Ba perovskite. This shows that in case of Ca 

substituted perovskite, more hydroxyl species are produced during the reaction and 

transported to metal– support interface to form formate intermediates at a very high 

rate. Hence, CaZr0.8Ni0.2O3-δ catalyst shows stable conversion for longer hours. But, in 

case of BaZr0.8Ni0.2O3-δ catalyst, CO2 dissociative adsorption appears to be much 

lower and there is less formation of hydroxyl species for the DRM reaction to 

proceed. Eventually, accumulation of dehydrogenated carbon occurs on active Ni site 
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which undergoes graphitization leading to the deactivation of the catalyst. Based on 

all the aforementioned results, mechanism of dry reforming reaction over Ca and Ba 

perovskite surfaces is proposed in scheme 5.1. 

  

Scheme 5.1 Schematic representation of reaction mechanism in the DRM process. 

 

5.4.8. Bi-reforming of methane or steam reforming of simulated biogas  

 Bio gas contains both CH4 and CO2.  Hence, its reforming can be termed 

either as Bi-reforming of methane (BRM) or steam reforming of biogas. The most 

active catalyst (CaZr0.8Ni0.2O3-δ) in DRM was used for reforming of simulated biogas. 

The composition of biogas depends on the specific treatment process, its origin like 

domestic waste or and industrial effluent. In this investigation, simulated biogas with 

the composition 60% CH4 and 40% CO2 was used for reforming. 

Variation of steam to CH4 ratio in simulated biogas steam reforming 

 Usually, in biogas, H2S and NH3 are expected to be present, unless the biogas 

is subjected to thorough purification. Presence of these impurities can affect the 

performance of the catalysts and lead to their deactivation. [48-50] Hence, all the 

reforming experiments were conducted in the absence of sulfur and ammonia. 

Variation of steam to CH4 ratio as a function of time is plotted in Fig. 5.14a and 

5.14b, with separate plots for CH4 and CO2 conversions.  

During steam reforming of biogas, several reactions are possible in which carbon 

formation reaction mechanism depends on the reforming reaction conditions like 

operating temperature, pressure, gas composition and amount of catalyst loaded in the 
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reactor. The carbon formed is expected to be gasified by the steam or oxygen. [51] 

Hence to avoid carbon accumulation, excess steam is required which will also 

enhance CH4 conversion. But in a commercial operation, high energy is needed to 

produce steam which increases size of the plant as well as cost of the equipment. 

Hence, optimal steam to carbon ratio is maintained based on energy considerations. 

  

Fig. 5.14 Bi-reforming reaction over CaZr0.8Ni0.2O3-δ perovskite catalyst. 

 Reaction condition: GHSV = 19,200 h-1 temperature = 800 °C and 1 atm. 

 

Figure 5.14 shows that with increasing steam to carbon ratio, CH4 conversion 

increased, but conversely there is a steep drop in CO2 conversion. At steam to CH4 

ratio of 4:3, maximum CH4 conversion (94%) was achieved. More steam in the feed 

facilitates WGS reaction producing more CO2 and less of CO. In case of lower steam 

to CH4 ratio, the rate of dry reforming is higher than steam reforming. By increasing 

H2O/CH4 ratio, yield of H2 as well as H2/CO ratio is increased. The H2/CO values 

have a lot of significance for the synthesis of various chemicals. The CH4:CO2:H2O 

ratio in proportion of 3:2:4 produces desired H2/CO ratio of 2. This ratio is desirable 

for methanol, FT synthesis and many other applications. A plot depicting the 

influence of steam to carbon ratio on H2/CO ratios is shown in Fig. 5.15. As may be 

seen from the plots, the H2/Co ratio was less <1, when CH4:CO2:H2O ratio was 3:2:1, 

while there is a gradual increase in H2/CO ratio with increasing steam (H2O) content 

from 1 to 4, finally reaching  H2/CO ratio of ~2, for the composition CH4:CO2:H2O 

ratios in proportion of 3:2:4. 
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Fig. 5.15 Variation of H2O/CH4 ratio over the CaZr1-xNixO3-δ for Bi-reforming 

reaction. 

 Reaction condition: GHSV = 19,200 h-1, temperature = 800 °C and 1 atm. 

5.5. Characterization of spent catalysts 

During dry reforming reaction, some undesired reactions are responsible for 

the carbon (coke) formation, which may lead even to breakdown of the catalyst 

tablets, leading to pressure drop across the catalysts bed. This in turn can cause 

generation of hot spots, as a result of uneven flow distribution. [52] Two major 

reactions that are responsible for the carbon formation are;   

CH4 decomposition              CH4    →    C + 2H2                                                   (5.11) 

Boudouard reaction              2CO   →    C + CO2                                                  (5.12) 

Characterization of spent catalysts is expected to help to understand the carbon 

formation mechanism and types of carbon formed in relation to the nature of support. 

Hence, the spent catalysts were extensively characterized by XRD, TGA, TEM, XPS 

and Raman spectroscopy. 

5.5.1. X-ray diffraction and Thermo gravimetric analysis of spent catalysts 

Powder XRD of MZr0.8Ni0.2O3-δ  (M = Ca, Sr and Ba) catalysts that were used 

for 12 h of SRM reaction are given in Fig. 5.16A. The diffraction patterns show that 

the structure is retained under the reaction. However, spectra of SrZr0.8Ni0.2O3-δ and 

BaZr0.8Ni0.2O3-δ catalysts after reaction have an additional peak at 2 =26.4°, which is 

assigned to the graphitic carbon (JCPDS-41-1487). On the otherhand, only a small 

peak of negligible intensity was seen for CaZr0.8Ni0.2O3-δ spent catalyst. Besides this 
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carbon peak, small peaks that belong to alkaline earth carbonates were also seen, 

particularly in Sr and Ba substituted catalysts. The intensity of the graphitic peak of 

BaZr0.8Ni0.2O3-δ is relatively higher compared to SrZr0.8Ni0.2O3-δ after 12 h of DRM 

reaction. In addition, presence of metallic Ni(111) was also noticed, crystallite size of 

which was estimated using Scherrer's equation. The crystallite sizes of metallic Ni in 

used catalysts were 13.4, 30.0 and 35.2 for catalysts CaZr0.8Ni0.2O3-δ, SrZr0.8Ni0.2O3-δ 

and BaZr0.8Ni0.2O3-δ respectively.  

  

Fig. 5.16 Spent XRD of (A) MZr0.8Ni0.2O3-δ (where M = (a) Ca, (b) Sr and (c) Ba) and 

(B) CaZr0.8Ni0.2O3-δ catalysts before and after DRM reaction for different TOS  

 

Figure 5.16B illustrates the XRD pattern of CaZr0.8Ni0.2O3-δ catalyst prior to the 

reaction and after 12 h and 500 h of DRM reaction. No crystalline graphitic peak was 

observed even after 500 h of reaction, but a broad hump centered around 2 =26.4° 

was observed, which may be assigned to amorphous carbon. It appears that this 

amorphous carbon has hardly affected the activity of the catalyst, as CH4 and CO2 

conversions remained same even after 500 h on stream. The metallic Ni crystallite 

size estimated after 500 h reaction was 15.2 nm, which was increased from 13.4 nm 

observed after 12 h of reaction. These results show that there is only small growth of 

Ni crystallite size, probably as a result of strong interaction between the metal and the 

support. These results clearly explain the reasons for high stability of CaZr0.8Ni0.2O3-δ 

catalyst.  
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To further understand the extent of carbon formation after 12 h time on 

stream, all the three samples were investigated by TGA analysis. These experiments 

were carried out in presence of air and the carbon oxidized was calculated in terms of 

moles of carbon per gram of catalyst per hour. Results are given in Fig. 5.17, which 

illustrate that after 12 h of reaction, the average carbon accumulation increased per 

gram of catalyst while moving from CaZr0.8Ni0.2O3-δ to BaZr0.8Ni0.2O3-δ catalysts. This 

shows that alkaline earth cation substituted at the A site of perovskite catalyst plays 

significant role along with Ni particle size and oxygen defects in coke accumulation 

during the DRM reaction. Zhang et al. reported that the rate of coke accumulation 

depends on the Ni particle size. [53] On the other hand, there was negligible coke 

formation in CaZr0.8Ni0.2O3-δ catalysts even after 500h of time on stream. 

 

 

Fig. 5.17 Coke estimated (moles of C.g-1.h-1) after DRM using TGA analysis. 

  

Ruckenstien and Wang et al. studied deactivation rate of Rh supported on 

various supports for dry reforming reaction. They found that catalysts are stable when 

there is a balance between coke/ carbon generation and its oxidative removal under 

DRM conditions. [54] In case of CaZr0.8Ni0.2O3-δ catalyst, probably this balance is 

maintained as carbon formation and its removal as CO/CO2 are in equilibrium. Hence, 

it has not shown any observable deactivation even after 500 h of reaction.  
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5.5.2. HRTEM of spent catalysts 

The XRD results show the formation of coke mostly on SrZr0.8Ni0.2O3-δ and 

BaZr0.8Ni0.2O3-δ perovskites. The type of carbon formed on the spent catalysts was 

investigated by electron microscopy. The TEM micrographs expected to reveal 

presence of different types of carbon species formed on the three catalysts depending 

on the nature (basicity) of support, oxygen defects and Ni particle size (derived from 

CO chemisorption). Generally, three types of carbons can be seen, i.e., (i) amorphous 

carbon, (ii) graphitic carbon and (iii) multi walled carbon nanotubes (MWCNT). 

Carbon nanotubes can form through diffusion/elimination path way, which would 

result in the separation of active Ni species from the support. [55] On the otherhand, 

some pear shaped Ni particles placed at the tip of carbon nanotubes are expected to be 

still active for the reaction, while Ni particles that are incorporated into the carbon 

nanotubes may no longer participate in the reaction.   

TEM micrographs of samples tested for 12 h reaction is shown in Fig. 5.18. 

The SrZr0.8Ni0.2O3-δ and BaZr0.8Ni0.2O3-δ catalysts show different kinds of surface 

carbons. These are amorphous carbon, filamentous carbon or carbon nanotubes with 

nickel at the tip and carbon nanotubes with embedded Ni particles inside 

 

Fig. 5.18 TEM images of spent catalysts (a) CaZr0.8Ni0.2O3-δ, (b) SrZr0.8Ni0.2O3-δ, (c) 

BaZr0.8Ni0.2O3-δ. 

On the otherhand, on CaZr0.8Ni0.2O3-δ catalyst, only amorphous carbon was seen, 

which may not cause any catalyst deactivation during the DRM reaction.  Over 

SrZr0.8Ni0.2O3-δ catalyst, formation of CNT along with Ni particles in the range of 25-

30 nm were seen, which were separated from the perovskite phase. Whereas, in case 

of BaZr0.8Ni0.2O3-δ catalyst, formation of CNT with embedded Ni particles (30-40 nm) 
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inside the tube were seen. These masked Ni particles can no longer be active for the 

DRM reaction. 

5.5.3. XPS analysis  

The XRD and TEM analysis reveal the formation of different kinds of carbon 

species like amorphous carbon, carbon nanotubes and graphitic carbon during the 

DRM reaction over the catalysts. However, these techniques are inadequate to 

identify carbonate and carbide formation on the active metal surface while, XPS is 

highly useful for this purpose. Figure 5.19A shows that the C1s spectra of all spent 

catalysts show a broad peak at 284.5 eV corresponding to the adsorbed carbon after 

exposure to ambient air or graphitic carbon. The intensity of this carbon peak 

(284.5eV) is very high for CaZr0.8Ni0.2O3-δ and SrZr0.8Ni0.2O3-δ perovskite catalysts. 

Whereas, in case of BaZr0.8Ni0.2O3-δ and SrZr0.8Ni0.2O3-δ spent catalysts, additional 

binding energy (BE) peak at 280 eV was seen. This is at lower position than the 

normal nickel carbide peak (283.9 eV), associated with the NiCx species on the 

surface. [56] These carbon species are formed on selective Ni faces of catalyst and are 

responsible for rapid deactivation of BaZr0.8Ni0.2O3-δ and SrZr0.8Ni0.2O3-δ catalysts. An 

additional higher binding energy peak is seen at 289.5 eV, which indicates the 

formation of oxidized carbon species on CaZr0.8Ni0.2O3-δ and SrZr0.8Ni0.2O3-δ 

perovskite catalysts. [57]  

  

Fig. 5.19 (A) C1s XPS and (B) O1s XPS spectra of spent MZr0.8Ni0.2O3-δ  perovskites 

after 12 h of TOS study, where M= (a) Ca, (b) Sr and (c) Ba. 
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The above results show that the formation of different types of carbon species 

depends on the nature of substituted alkaline earth cation in the perovskite lattice, 

metal dispersion and oxygen defects. This is further confirmed through the analysis of 

O 1s spectra of all the catalysts after reaction. Two main peaks labelled as OL and Os 

with various intensities can be seen in Fig. 5.19B. The first peak at lower binding 

energy (530.4 eV) can be assigned to the O-2 ions which are part of perovskite lattice. 

The second peak at 532.5 eV corresponds to the surface oxygen containing species 

like carbonate and hydroxyl species. [58] The intensity of this peak is much higher for 

CaZr0.8Ni0.2O3-δ catalyst compared to SrZr0.8Ni0.2O3-δ or BaZr0.8Ni0.2O3-δ perovskite 

catalysts. Table 5.3 provides information on binding energies of C1s and O1s and 

their assignments based on literature data. [59] 

Table 5.3 C1s and O1s Binding energies of MZr0.8Ni0.2O3-δ catalysts and their  

                 assignment. 

Sample 
C 1s B.E 

(eV) 
Assignment O 1s B.E (eV) Assignment 

CaZr0.8Ni0.2O3-δ 284.5 

289.1 

Hydrocarbon 

COx 

530.2 

532.5 

Lattice oxygen 

Carbonate/ 

hydroxyl groups 

 

SrZr0.8Ni0.2O3-δ 280.0 

284.6 

289.2 

Carbide 

Hydrocarbon 

COx 

530.1 

532.4 

Lattice oxygen 

Carbonate/ 

hydroxyl groups 

 

BaZr0.8Ni0.2O3-δ 280.1 

284.5 

Carbide 

Hydrocarbon 

530.3 

532.3 

Lattice oxygen 

Carbonate/ 

hydroxyl groups 

5.5.4. Raman analysis of spent catalysts 

Raman spectroscopy is an effective tool to identify different types of carbon 

species present on the sample, i.e., carbon nanotubes, carbon films and synthetic 

diamond like carbon, after the DRM reaction. [60] There are many reports on various 

kinds of carbon species present on the catalyst surfaces. [61] Figure 5.20A shows first 

order transition Raman spectra of spent Ca, Sr and Ba substituted MZr0.8Ni0.2O3-δ 

perovskite catalysts. The peaks were seen at 1330 and 1600 cm-1 on all catalysts used 

for 12 h of DRM. These are assigned to D-band (1330 cm-1) and G-band (1600 cm-1). 

The band at 1330 cm-1corresponds to the disorder induced band and it is allowed only 

if the selection rule breaks down (k = 0), which is originating from structural 
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imperfections that exist in carbonaceous material. [62] This type of carbon is more 

reactive in reforming conditions. The G- band is attributed to stretching vibrations of 

sp2 carbon in graphitic material and was designated as E2g mode. This band intensity 

depends on crystal size of the carbon. The shoulder peak at 1610 cm-1 (D׳- band/ E2g׳ 

mode) is an indication of disordered graphitic material. [63]  

  

Fig. 5.20 Raman spectra of spent (A) MZr0.8Ni0.2O3-δ  perovskites after 12 h of TOS 

study, where M= (a) Ca, (b) Sr and (c) Ba ; (B) spent CaZr0.8Ni0.2O3-δ after different 

hours of reaction.  

 

The intensity ratios of D- and G-bands (ID/IG) provide information about index 

of the crystalline order of graphitic carbon .[64] In Fig. 5.20B, the intensities of D and 

G bands are compared for fresh CaZr0.8Ni0.2O3-δ catalyst and catalysts used for 

reaction after 12 and 500 h of DRM reaction. It was observed that on increasing 

reaction time, only small increase in intensity of the disordered graphitic carbon was 

seen. The ID/IG values of all the spent catalyst samples were calculated. It was 

observed that ID/IG values decreased (Table 5.4) from CaZr0.8Ni0.2O3-δ to 

BaZr0.8Ni0.2O3-δ samples, with the Ba substituted sample showing very large graphitic 

carbon of 3.3 nm size just after 12 h of reaction. On the other hand, corresponding 

value for CaZr0.8Ni0.2O3-δ catalyst was only 1.4 nm after 12 h of reaction, which has 

increased to 2.4 nm after 500 h DRM reaction. After 12 h of reaction, ID/IG ratios 

were 3.1, 2.1 and 1.3 for used Ca, Sr and Ba substituted perovskite catalysts 

respectively. Whereas, ID/IG of Ca perovskite catalyst after 500 h reaction was 1.86, 

giving graphitic carbon crystallite size of 2.4 nm. 
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Table 5.4 Crystallite size of graphitic carbon calculated using Raman spectra. 

Catalysts ID/IG IG/ID 

Crystallite size 

of graphitic 

carbon (nm) a 

CaZr0.8Ni0.2O3-δ - 12 h 3.14 0.32 1.4 

SrZr0.8Ni0.2O3-δ - 12 h 2.10 0.47 2.1 

BaZr0.8Ni0.2O3-δ - 12 h 1.32 0.75 3.3 

CaZr0.8Ni0.2O3-δ - 500 h 1.86 0.53 2.4 

(aEstimated from IG/ID using formula crystallite size (nm) = 4.4[IG/ID]). 

The above results clearly show that crystalline order of graphitic carbon 

depends on the nature of substituted alkaline earth cation and Ni particle size. The 

crystallite size of graphitic carbon calculated based on a reported method has been 

summarized in Table 5.4. [65] Catalyst CaZr0.8Ni0.2O3-δ shows very low crystallite size 

of graphitic carbon, which must be responsible for its high on-stream stability. 

Moreover, the smaller sized graphitic carbon can readily undergo oxidation or react 

with CO2 (C + CO2 → 2CO) leading to long catalyst life. 

5.6. Conclusions 

Perovskite oxides MZr1-xNixO3-δ (M= Ca, Sr and Ba; x=0 and 0.2) were 

synthesized and evaluated as catalyst precursors in the dry reforming of methane. 

Changes in the lattice parameters, determined by XRD, confirmed that Ni is 

incorporated into MZrO3 lattice. TPR of H2 reveals that Ni in CaZr0.8Ni0.2O3-δ 

perovskites was difficult to reduce as compared to corresponding Sr and Ba 

substituted samples. The results show that Ni reducibility, oxygen storage, Ni 

dispersion and surface area of catalyst play vital role in achieving good DRM activity 

and also helps in retaining the activity for long hours on stream. Among the catalysts, 

CaZr0.8Ni0.2O3-δ seems to have all desirable characteristics, as it shows superior 

activity and sustains its activity even after 500 h. Transient pulse experiments suggest 

that redox property of the support is vital for the removal of carbon species formed 

during CH4 decomposition and also in recovering the lattice oxygen through CO2 

activation. Infrared results revealed that adsorbed intermediates like formate and 

surface hydroxyl species are crucial in the minimization of carbon in dry reforming 

reaction. Additionally best catalyst was tested for steam reforming of simulated 
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biogas by changing the steam to carbon ratio, to yield syngas with variable H2/CO 

ratio.   

Characterization of spent catalysts, used in dry reforming reaction, show high 

growth of graphitic carbon on SrZr0.8Ni0.2O3-δ and BaZr0.8Ni0.2O3-δ catalysts, thus 

leading to their rapid deactivation. XPS analysis confirms the formation of NiCx 

species on these catalysts, which must be partly responsible for their rapid 

deactivation, in addition to growth of Ni cyrstallites. This study clearly establishes 

that CaZr0.8Ni0.2O3-δ is a highly active and durable catalyst for dry reforming of 

methane with immense potential for commercial exploitation.  
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6.1. Summary and conclusions 

Synthesis gas (syngas) is an important feedstock for methanol production, gas 

to liquid process (GTL), dimethyl ether (DME), H2 for petroleum refining processes 

and as fuel for fuel cells. Syngas is mostly obtained through steam reforming of lower 

hydrocarbons, particularly natural gas. There is also a growing interest in the 

utilization of major greenhouse gases, viz., CH4 and CO2 for syngas production, 

through dry reforming of methane (DRM). But, DRM yields syngas with H2/CO ratio 

close to ‘1’, while methanol and DME processes need syngas with H2/CO ratios in the 

range of 1.5 to 2. It is possible to realize required syngas composition by adding 

steam (bi-reforming) and O2 + steam (tri reforming) to the input CH4+CO2 gas 

mixture. In these processes, steam to CH4 (H2O/C) and O/C ratios determines the 

H2/CO ratio of syngas. Biogas contains CO2 to the tune of 30-40%, in addition to CH4 

and other impurities. In addition to dry reforming, bi-reforming of methane (BRM) is 

an attractive route for syngas production as expensive CO2 separation step can be 

avoided. Various reforming routes for syngas generation are described below:  

Steam reforming of methane (SRM)    

CH4 + H2O          3H2 + CO (∆H°298 K = 206.2 kJ/mol)                           (6.1) 

Dry reforming of methane (DRM)       

CH4 + CO2          2H2 + 2CO (∆H°298 K = 247 kJ/mol)                            (6.2) 

When steam and dry reforming of methane are combined, it gives syngas with H2/CO 

ratio close to 2. 

3CH4 + 2H2O + CO2           8H2 + 4CO (∆H°298 K = +220 kJ/mol)                          (6.3) 

Oxidation of methane (POX or Combustion) 

CH4 + 1/2O2          2H2 + CO (∆H°298 K = -35.6 kJ/mol)                          (6.4) 

CH4 + 2O2              2H2O + CO2 (∆H°298 K = -880 kJ/mol)                      (6.5) 

Tri-reforming of methane is a synergetic combination of endothermic steam 

reforming of methane (eq. 6.1), dry reforming of methane (eq. 6.2) and exothermic 

oxidation of methane (eq. 6.4 and 6.5). The tri-reforming concept was proposed as a 

new process route for the utilization of CO2 in flue gas from fossil fuel based power 

plants without CO2 separation to produce synthesis gas with variable H2/CO ratios. 

This flexibility to produce syngas with variable H2/CO ratios is useful in the synthesis 

of chemicals, particularly in oxo synthesis and long chain hydrocarbons by FT 

synthesis.   
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In addition to the above reactions, water gas shift (WGS), reverse water gas 

shift (RWGS) and carbon formation reactions (v, vi and vii) as described below are 

prevalent during reforming processes. 

WGS and RWGS  

    CO + H2O        H2 + CO          (ΔH° = -41.2 kJ/mol)                           (6.6) 

Methane cracking            

    CH4              C + 2H2                (ΔH° = 75 kJ/mol)                              (6.7) 

CO disproportionation    

    2CO              C + CO2               (ΔH° = -172 kJ/mol)                          (6.8) 

 Boudouard reaction           

   CO + H2     C + H2O                 (ΔH° = -131 kJ/mol)                           (6.9) 

The steam and dry reforming reactions are highly endothermic; hence need to 

be conducted at very high temperatures. 

A major issue in syngas production is deactivation of the catalysts due to 

active metal sintering at high reaction temperatures and carbon deposition. Metal 

sintering can be avoided by promoting stronger metal to support interaction or by 

locking the active metal in a stable perovskite lattice, which can withstand red-ox 

atmosphere and high reaction temperatures. Hence, this work was aimed at preparing 

highly active and durable perovskite type oxide catalysts for syngas generation 

through steam reforming, dry reforming, bi-reforming and tri-reforming of methane. 

Nickel is a preferred metal in these catalysts, but it is highly prone to sintering and 

sulphur poisoning. Hence, this work also addresses this problem through 

incorporation of noble metals in perovskite lattice to carry out reforming of even 

sulfur containing methane gas. 

Aim of this thesis is to prepare novel perovskite type oxide catalysts for steam, 

dry, bi- and tri-reforming of methane to generate syngas. For these processes, 

catalysts should be highly active and durable. Active metals in a perovskite-type 

structure are less prone to sintering. If the support has redox properties, it may help to 

oxidize the coke formed during reforming reactions. Further aim is to develop sulfur 

resistant catalysts, by doping noble metals such Rh into perovskite lattice and test 

their performance in steam reforming of simulated biogas. Hence, it was aimed at 

investigation of various perovskite compositions by using different physico-chemical 

characterization techniques and correlating the obtained results with their catalytic 

performance. To understand carbon formation and durability of these perovskite 
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catalysts, their performance has to be monitored for longer durations. Hence, the 

overall objective of this study is to unravel the factors influencing the catalytic 

activity and durability of transition metal doped perovskite catalysts in various 

reforming reactions.          

The thesis is covered in six chapters, with three chapters dedicated to results & 

discussion sections. The description of each chapter is given below: 

Chapter 1 gives a brief introduction to heterogeneous catalysis with an 

overview of global warming as a result of green house gas emissions to the 

atmosphere. This chapter also provides information on utilization of biogas, which is 

generated from bio-wastes, for production of syngas. It also discusses various syngas 

production technologies like steam, dry, bi- and tri- reforming reactions. Their 

thermodynamic possibilities at various temperatures, advantage and disadvantages are 

discussed. Desirable syngas production from dry reforming of methane (DRM), bi- 

reforming (BRM) and tri-reforming of methane (TRM) are more interesting to get 

feed stocks for chemical synthesis. The DRM is not only commercially attractive; it 

also has environmental significance as it utilizes CO2, a green house gas. But, in case 

of DRM, the catalysts are prone to severe deactivation due to carbon formation and 

sintering of the active metal. Sintering can be prevented by anchoring the metal to the 

support through strong metal to support interaction and also by choosing a transition 

metal which is less prone to sintering. It also describes a variety of catalyst supports 

that are used in this study, such as perovskites, hydrotalcites and spinels. Finally, the 

objectives of the thesis are outlined briefly. 

Chapter 2 describes the catalyst preparation methods and experimental 

methods used in characterization of catalyst materials. The catalysts prepared were Ni 

substituted LnAlO3 (where Ln = La, Ce, Pr, Nd, Sm, Gd and Dy) perovskites using 

citrate gel method. In addition, noble metals like Ru and Rh were substituted in 

CeAlO3 at Al site using citrate gel method. Besides these catalysts; Ni, Ru and Rh 

metal impregnated on CeAlO3 were also prepared. Another family of novel 

perovskites, Ni substituted MZrO3 (M = Ca, Sr and Ba) structures were prepared by 

citrate gel method. All these structured oxide catalysts were characterized using 

various physico-chemical techniques like XRD, N2 sorption (BET), Thermal analysis 

TPR, TPD of CO2/O2, FTIR-DRIFT, Transient pulse experiments, Raman 

spectroscopy, ICP-OES, HRTEM, XPS etc. The results of these experiments helped 
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to understand the structural and textural properties of these materials which could be 

correlated with catalytic properties in reforming applications.  

Chapter 3 describes the synthesis of LnAl(1-x)NixO3 (Ln = La, Ce, Pr, Nd, Sm, 

Gd and Dy) perovskites and their characterization by various physico chemical 

techniques. Refinement of powder XRD and Raman analysis helped to establish 

substitution of lanthanides (La to Dy) in the perovskite lattice and the phase transition 

occurred from cubic to orthorhombic via rhombohedral phase. Among these catalysts 

CeAl0.8Ni0.2O3, NdAl0.8Ni0.2O3 and DyAl0.8Ni0.2O3 were better in terms of Ni 

dispersion, higher labile oxygen and strong metal to support interaction as observed 

through CO chemisorption and temperature programmed techniques. These 

perovskite type oxides were tested for steam reforming of methane (SRM) and bi-

reforming of simulated biogas.  Their stability on stream and carbon formation were 

investigated. CeAl0.8Ni0.2O3 shows superior activity as compared to other perovskites, 

hence this catalyst was tested for 500 h. The results clearly show that high metal 

dispersion, reducibility at appropriate temperature and active role of support through 

surface oxygen play important role in activity and stability of these catalysts. 

Further, substituted Ni content in CeAlO3 structure was varied and tested for 

SRM. The activity and stability of the substituted catalysts was compared with Ni 

impregnated CeAlO3catalyst. Impregnated catalyst shows lower activity and less 

stability as compared to substituted catalyst. The low activity and stability of the 

impregnated catalyst is attributed to weak metal to support interaction, resulting in the 

sintering of metal particles. Kinetic experiments were carried out over CeAl0.8Ni0.2O3 

catalysts following Wei and Iglesia mechanism, which states that the rate of reaction 

is proportional to CH4 partial pressure and independent of the partial pressure of co-

reactants (H2O and CO2). The activation energy obtained was 95 kJ/mol, which is in 

line with reported values. 

 Chapter 4 deals with the noble metal (Ru and Rh) substituted CeAlO3 

structures. These catalysts were tested for SRM and bi-reforming of methane (BRM), 

the later using a biogas composition. This chapter is divided in to two parts. The first 

section deals with substitution of Ru into CeAlO3 prepared by citrate gel and 

impregnation methods and their characterization using various physico-chemical 

techniques. Refinement of XRD data reveals that all perovskites are in cubic phase. 

XPS and Raman analysis show that even after reduction part of Ru is located inside 

the perovskite lattice. Therefore, substituted Ru catalysts have greater interaction with 
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the support, compared to impregnated catalyst. These perovskite type oxides were 

tested for SRM by varying their Ru content. Optimum Ru content in perovskite 

structure enhanced the catalytic activity in steam reforming of methane. Moreover, it 

was proved that Ru substituted catalyst is better than Ru impregnated catalyst. Hence, 

kinetic experiments were carried out over CeAl0.85Ru0.15O3 catalysts to get activation 

energy (75 kJ/mol) of methane reforming. 

Since, Ru based catalysts are expensive, Ru promoted Ni substituted CeAlO3 

(CeAl0.9-xRuxNi0.1O3-δ) was synthesized to test its activity and durability. Ru metal 

helps to improve reducibility of Ni in CeAl1-xNixO3 catalyst thus leading to its better 

dispersion. This catalyst was tested for steam, bi- and tri-reforming methane reaction. 

This catalyst was highly durable when tested for 100 and 500 h respectively for bi- 

and tri-reforming reactions. Following the reaction carbon formation was estimated 

using TGA, which was only 5.1*10-5 and 1.5*10-5 mol of carbon g-1h-1 during bi- and 

tri-reforming reactions respectively. These results show that substitution of small 

amount of noble metal stabilizes the activity for longer duration.  

In the second section, Rh substituted CeAlO3 perovskites were investigated 

by varying Rh content to test them for SRM. These catalysts were prepared by the 

citrate gel method and characterized using various physico-chemical techniques. Rh 

incorporation into CeAlO3 perovskite lattice was established by powder XRD and 

refinement studies. An optimum Rh content of about 2.3 wt% (CeAl0.95Rh0.05O3) was 

found to give high CH4 conversion. Optimized CeAl0.95Rh0.05O3 catalyst was tested 

for its durability, as no deactivation was observed even after 50h on stream. Activity 

of these catalysts also did not get affected in presence of 11 ppm of H2S in methane. 

Hence, this catalyst was tested for SRM of simulated biogas, by adding 11 ppm of 

H2S to the feed. The catalyst showed stable activity even in presence of sulfur. 

In Chapter 5, focus is mostly on the structure-basicity-performance 

relationship of MZr1-xNixO3 perovskites (where M = Ca, Sr and Ba) in dry reforming 

of methane (DRM. These perovskite oxides were synthesized by citrate gel method. 

Following their characterization, they were evaluated in DRM. Refinement of XRD 

data revealed that substitution of Ca, Sr and Ba led to changes in perovskite phase 

from orthorhombic to cubic phase. Studies revealed that Ni on Ca perovskites has 

better reducibility and higher oxygen storage capacity at reaction temperature. Among 

the three alkaline earth substituted catalysts in dry reforming reaction, CaZr0.8Ni0.2O3 

shows superior activity in the temperature range of 600-800 °C. During 12 h of 
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reaction run, Sr and Ba substituted perovskites were deactivated due to coke 

formation on their catalyst surface. The Ca substituted catalyst was tested for its 

durability; it showed only little coke (8.1x10-6 moles of C. g-1. h-1) after 500 h of 

reaction. These catalysts were also tested for steam reforming of simulated biogas by 

varying S/C ratio. They showed excellent performance with minimum carbon 

formation. The results clearly show that high metal dispersion, good reducibility and 

active role of the support through surface oxygen mobility play important roles in 

activity and stability of these Ca substituted perovskites. 

6.2. Recommendations for future work 

At present, there is a great focus world over on how to overcome green house gas 

affect emanating from CO2 emissions. Utilization of this gas for syngas production 

through dry reforming, bi-reforming and tri-reforming of methane could be one option 

to overcome this problem. To accomplish and establish syngas production through 

these processes, highly active and durable catalysts are a must. Present work helped to 

unravel various aspects of these reactions and also established utility of various 

perovskite structures for syngas generation. This work need to be advanced further by 

scaling of these catalysts and test them more vigorously in pilot scale. In addition, bi-

reforming is a useful process for reforming of biogas, which will bring down the cost 

of CO2 separation. Based on our experience with various catalysts used for steam 

reforming and bi-reforming of simulated biogas, we suggest the following work for 

future studies.  

1. Development of catalysts for steam reforming of biogas 

Since, biogas is produced from many sources, its utilization is very important. 

However, in existing processes, CO2 is separated and released to the atmosphere thus 

adding to GHG emissions. Hence, it will be prudent to use biogas without removal of 

CO2 to get valuable syngas.  This syngas in turn can be used to produce methanol or 

other fuels and chemicals.  Since, this study helped to identify few good catalyst 

compositions; they may be scaled up and tested for reforming of real biogas. This 

study should also concentrate on affect of various impurities in biogas on the catalyst 

performance. 
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2. Developing sulfur tolerance reforming catalysts 

During the reforming reaction, if the fuel has sulfur, NH3 like poisoning compounds 

then the catalyst will not work for longer time. For example, biogas is produced from 

anaerobic degradation of plants and animal wastages. It has trace amount of sulfur 

along with CH4 and CO2 feed. During the reforming of biogas the active catalyst is 

poisoned by sulfur and the catalyst is deactivated. This process therefore requires a 

novel sulfur tolerant catalyst for reforming. 

3.   Bi- and Tri reforming process using monolith based catalysts  

During the dry reforming reaction, if an oxidant like O2 or H2O is mixed with 

the feed in small quantities, the coke formed may be removed continuously without its 

accumulation on metal surface. In addition, the tri-reforming (CO2+ CH4 + O2 + 

steam) and bi-reforming (CO2+ CH4 + steam) processes can also help to achieve the 

desired H2/CO ratios.  Hence, it is suggested to use the best catalysts of this study for 

scale up and apply them for tri- and bi-reforming studies. It is better to conduct these 

processes by wash coating these catalysts on metallic honeycomb monoliths that 

facilitate better control of contact time, heat transfer leading to suppression of coke as 

well as a gas with desired H2/CO ratio.  
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