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 World energy demand is growing with an alarming rate. It is predicted that 

global energy demand will be about 30 % higher in 2040 compared to 2010. Today’s 

80% of the world energy supply comes from fossil fuels[1-2]. Globally, about two-

thirds of the primary energy uses for transportation and heating accounts more than half 

of the green house gas emissions and a significant fraction of air pollution. Because of 

the increasing demand of fuels, most of the energy forecasts project that greenhouse gas 

emissions and air pollution emissions will grow over the next century. Present 

atmospheric concentration of greenhouse gases is 30% higher than it was at the 

beginning of the industrial revolution. The Intergovernmental Panel on Climate Change 

(IPCC) projects a temperature increase of 1 to 3.5° C, which leads to many harmful 

environmental consequences[3]. A variety of alternative fuels are proposed for the 

future those includes methanol, ethanol, synthetic liquids from natural gas or coal and 

hydrogen. Of these, hydrogen offers the greatest potential environmental and energy 

supply benefits. Hydrogen is a versatile energy carrier that can be made from a variety 

of widely available primary energy sources including natural gas, coal, biomass, 

sunlight, wind and nuclear power[4-5]. 

CHAPTER 

1 
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1.1. Hydrogen as an energy carrier 

 Hydrogen has the highest energy content per unit mass of any fuel. For example, 

on a weight basis, hydrogen has nearly three times the energy content of gasoline (140.4 

MJ/kg versus 48.6 MJ/kg). However, on a volume basis the situation is reversed: 8,491 

MJ/m3 for liquid hydrogen versus 31,150 MJ/m3 for gasoline [6]. Electricity is presently 

the only energy carrier which does not create environmental impact when used. 

Hydrogen has the same advantage. Hydrogen is an energy carrier like electricity, not an 

energy source, but it can be produced from diverse renewable (for instance, wind, solar, 

geothermal and hydroelectric power to split water) and non- renewable sources (such as 

coal, natural gas and biomass or using nuclear energy). There are three main important 

reasons to opt hydrogen as a promising energy carrier of the future. The diversity of 

supply, which offers as the potential to replace our reliance on limited and insecure 

energy sources, such as fossil fuels is the first important reason. The second reason is 

the reduction of environmental impacts of the energy system. The third reason is the 

control of acceptable costs and the hope of stable price over time. Main properties of 

hydrogen are reported in table1.1[7-8]  

Table 1.1. Main properties of Hydrogen[9]  

Gas density 0.0899 kg/Nm3 

Liquid density 70.99 kg/ m3 

Boiling point 20.4 K 

Melting point 14 K 

Lower heating value (LHV) 121 MJ/kg 

Burning range 4 – 74.5 % volume 

Detonation range 18.3 – 59 % volume 

Stoechiometric ratio 34.5 

  Hydrogen gas is the ideal energy carrier, due to its pollutant-free combustion, 

which produces exclusively energy and water. The use of hydrogen as potential fuel is 

possible together with PEM fuel cells (Figure 1.1). Fuel cells are electro-chemical 

devices which transforms chemical energy to electrical energy with high efficiency. 
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Hydrogen can power highly efficient fuel cells that generate both electricity and heat 

with no emissions, other than pure, drinkable water. Hydrogen represents one of the few 

substitutes for oil as a transportation fuel that will not contribute to global warming- if 

generated by renewable sources, such as wind power, or even by coal, should the 

capture and storage of carbon dioxide (CO2) on a massive scale prove practical and 

affordable[8]. A comparison of hydrogen with other fuels is reported in table 1.2. For 

small scale hydrogen power generation, such as for stationary and mobile applications 

hydrogen storage system is necessary, and it must meet simultaneously the following 

six requirements decided based on economical and environmental considerations (i) 

high gravimetric (>9 wt%) and volumetric (>36g H2/L) densities, (ii) the operation 

temperature approximately in the range 333–393 K, (iii) reversibility of the thermal  

asorption/desorption cycle, (iv) low cost, (v) low-toxicity and (vi) safety[10]. Present 

hydrogen storage processes are unsuitable for small scale power generation 

applications, therefore an onboard reforming process is proposed.  

 

 

Figure 1.1. PEM fuel cell 
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Table 1.2. Characteristics of hydrogen as a fuel[4] 

Physical properties of Hydrogen, Methane, and Gasoline  

Properties Hydrogen Methane Gasoline 

Molecular  weight (g/mol) 2.016 16.04 ~110 

Mass density (Kg/NAm3) at P=1 
atm=0.101 MPa, T=0°C 

0.09 0.72 720-780 (liquid) 

Mass density of liquid H2 at 20 K 
(Kg/NAm3) 

70.9 - - 

Boiling point (K) 20.2 111.6 310-478 

Higher heating value (MJ/Kg) 142.0 55.5 47.3 

Lower heating value (MJ/Kg) 120.0 50.0 44.0 

Flammability limits (% volume) 4.0-75.0 5.3-15.0 1.0-7.6 

Detonability limits (% volume) 18.3-59.0 6.3-13.5 1.1-3.3 

Diffusion velocity in air (m/s) 2.0 0.51 0.17 

Buoyant velocity in air (m/s) 1.2-9.0 0.8-6.0 Nonbuoyant 
Ignition energy (mJ)    

At stoichiometric mixture  0.02 0.29 0.24 
At lower flammability limit 10 20 n.a. 

Flame velocity in air (cm/s) 265-325 37-45 37-43 

Toxicity Nontoxic Nontoxic Toxic above 50 ppm 

1.2. Hydrogen Production 

 Hydrogen can be produced from a variety of processes, including 

electrochemical processes, thermochemical processes, photochemical processes, 

photocatalytic processes, or photo- electrochemical processes[11-12]. Thermochemical 

methods are normally used to derive hydrogen from hydrocarbons such as natural gas, 

coal, and biomass. Thermochemical production methods are the well established 

method and commercially used for the production of hydrogen which includes, steam 

reforming (SR), partial oxidation (POX) of hydrocarbon and gasification of biomass, 

coal, or wastes. The major chemical processes used today for the hydrogen production 

from hydrocarbons are steam reforming [Eq.(1.1)] times(SR), partial oxidation (POX) 

[Eq.(1.4)]times and autothermal reforming (ATR) [Eq.(1.5, 1.6)] (it is a balanced 

operation of SR and POX) [5, 13] followed by water gas shift reaction (WGS) and 

preferential oxidation of CO (PROX-CO) for the deep purification. Natural gas is 
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CH4 + H2O    CO + 3H2  (H2/CO = 3; ∆H = 206.3 kJ/mol)  (1.1) 

commonly used source for hydrogen production. Table 1.3 report the global hydrogen 

production from different sources.   

Table 1.3. Global Hydrogen production 

Origin Amount (billions of Nm3/year ) Percent 

Natural gas 240 48 

Oil 150 30 

Coal 90 18 

Electrolysis 20 4 

TOTAL 500 100 

 Source: U.S. Department of Energy,2003 
 Note: Nm3 are normal cubic meters of hydrogen 

1.2.1.  Steam Reforming (SR) 

 Steam reforming is a well established reaction in the chemical industry for the 

production of synthesis gas for several decades since its first development in 1926[14-

15]. About half of the world hydrogen production is based on steam reforming. Steam 

reforming is an endothermic reaction which is favorable at higher temperatures. Steam 

reforming process involves reacting hydrocarbon source with steam at 750-850°C to 

produce a synthesis gas (syngas), a mixture of hydrogen (H2) and carbon monoxide 

(CO).  

  

Industrially steam reforming is carried out at high temperature (>750°C) and pressure 

(>2Mpa), over a nickel – alumina catalyst with steam to carbon (S:C) ratio adjusted 

above to stoichiometric ratio. Methane is normally used as the hydrogen source due to 

its greater availability[16-18]. For methane, steam to carbon ratio is 2.5 – 3 are 

commonly used to reduce the coke formation during the process. Alkali metals such as 

K and alkaline earth metals such as Mg and Ca are frequently used to improve catalyst 

stability, which helps the gasification of coke formed during the reaction [19-20]. The 

presence of CeO2 in the catalyst combination found to be effective for improving the 

catalytic activity and coke gasification through its high oxygen storage capacity[20]. 

Noble metal based catalysts such as Rh, Ru supported Al2O3 or MgO are highly active 
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 CH3OH + H2O    CO2 + 3H2  ∆H°298 = 50 kJ/mol       (1.3) 

 CH4 + H2O    CO + 3H2   (1) 

 CH4  C + 2H2  (2) 

 C + H2O    CO + H2  (3) 

 CO + H2O    CO2 + 3H2  (4) 

 2CO    C + CO2  (5) 

 

CnHm + n H2O    nCO  +  (n+ m/2) H2  (∆H > 0 )   (1.2) 

and stable for this reaction but high cost of these materials reduces its application in 

industrial processes.  

Scheme 1.1. Reactions involved in the steam reforming of methane[21]  
 

         

 

Steam reforming can applied to higher hydrocarbons, naphtha, heavy oil fractions, 

methanol or coal for the hydrogen production. 

Higher hydrocarbons are much more active than methane, but these compounds readily 

lead to the formation of coke which deactivates the nickel catalysts. 

 Hydrogen can be produced from steam reforming of alcohols, such as methanol 

and ethanol. Recently, steam reforming [Eq. (1.3)] of methanol has received drawing 

interest as hydrogen source for portable fuel cell applications [22-23]. 

 

 Methanol has many advantages as a hydrogen source in steam reforming, the 

miscibility of methanol with water is a distinct advantage in terms of fuel handling 

system. Methanol is a synthetic fuel, it does not suffer from sulfur contamination the 

way that typical automotive or residential fuels do. There is no C-C bond in methanol 

structure it reduces the risk of coke formation[22]. Compared to hydrocarbon reforming, 

methanol reforming reaction is only moderate endothermic, therefore it is possible to 

carry out the reaction at low temperatures (200 to 400°C) with low steam-to-carbon 

ratio to produce a reformate with high H2 concentration. On the other hand, methanol 

decomposition causes CO formation, a byproduct that poisons fuel cells so water gas 

shift reaction is necessary for further purification of hydrogen.  
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 CH3OH + H2O    CO2 + 3H2   (1) 

 CH3OH  CO + 2H2  (2) 

 CO + H2O    CO2 + H2  (3) 

 2CO     C + CO2   (4) 

 C + H2O       CO + H2  (5) 

CH4 + ½ O2 CO + 2H2 (H2/CO = 2;  ∆H°298 = - 35.6  kJ/mol)  (1.4) 

Scheme 1.2. Reactions involved in the steam reforming of methanol[21]  
 

 

 

 

 

Copper based catalysts are commercially used for methanol steam reforming. Copper is 

in combination with promoters ZnO and Al2O3 are used to enhance the activity of the 

catalyst. Pyrophoric nature of this catalyst makes them unsuitable for mobile and 

stationary applications. Recently developed Pd-supported catalysts are found to be 

highly active for methanol reforming and high selectivity towards H2 formation [24]. 

1.2.2. Partial Oxidation (POX) 

 Partial oxidation, an exothermic non-catalytic reaction used for the production of 

syngas. In partial oxidation the hydrocarbon feed reacts with air or pure oxygen at 

~1300°C and 30-100 atm [Eq.(1.4)][18]. One key advantage of partial oxidation is that 

it can be applied to all hydrocarbon feeds without the use of a catalyst. Commercially 

non-catalytic partial oxidation process in presence hydrocarbon feed with oxygen 

occurs at flame temperatures between 1300 and 1500°C to ensure the complete 

conversion and reduce the carbon formation[25].  

 Catalyst can be used to reduce the reaction temperature of partial oxidation. Ni 

or Rh based catalyst are used for the partial oxidation of methane[26-27], it is observed 

that Ni based catalysts have strong tendency to coke, which reduce the activity[25]. The 

reaction over precious metal catalysts at high temperature (~750°C) and short residence 

time (0.1 s) results above 90% methane conversion and 95-99% selectivity [17, 28-29]. 

Recently an economic approach made to maximize the hydrogen yield by combined 

partial oxidation reaction of methane and water gas shift reaction resulted a hydrogen 

production of 2.9 mol H2 per mole of CH4 reacted[17, 30]. Compared to steam 

reforming of methane, partial oxidation has several advantages: its greater selectivity to 
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CH4 + 3/2 O2  CO  +  2H2 ( ∆H°298 = - 519  kJ/mol)   (1.5) 

 CH4 + H2O     CO  +  3H2 ( ∆H°298 = 206  kJ/mol)     (1.6) 

synthesis gas production, its exothermic nature, and more desirable CO/H2 ratio of the 

product are making this a suitable method for the production of hydrogen[29].  

1.2.3. Autothermal Reforming (ATR) 

 An alternative approach for the production of syngas is autothermal reforming, a 

combination of partial oxidation (POX) and steam reforming (SR) process was first 

developed in the late 1970s by Haldor Topsoe [14, 31]. It is the most promising 

reforming technology for fuel cell applications because of its adiabatic design 

permitting a compact smaller reactor. In autothermal reforming the fuel is mixed with 

steam and sub-stoichiometric amount of oxygen or air [Eq.(1.5)(1.6)].  

 

 

This reaction can be carried out in a single reactor or in separate reactors that are in 

good thermal contact. The autothermal reforming consists of two zones; the thermal 

zone and the catalytic zone. In thermal zone the partial combustion occurs and the heat 

generated is supplied to the catalytic zone where the endothermic steam reforming 

occurs[18].   

 The catalyst compositions used for autothermal reforming process is Ni 

promoted by Pt supported on Al2O3 [32-34]. Nickel catalysts exhibit high activity in 

steam reforming in the absence of oxygen, but in autothermal reforming it loses its 

reforming activity by the oxidation of nickel by the presence of oxygen in the feed. 

Surface modification with Pt increases the reduction rate and inhibit the Ni oxidation 

near the bed inlet, which favor the reforming reaction as well as the combustion 

reaction[32]. A detailed report of the advantages and disadvantages of steam reforming, 

partial oxidation, and autothermal reforming are reported in table 1. 4. 
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Table 1.4. Advantages and disadvantages of reforming technologies [25, 35] 

Technology Advantages Disadvantages 

Steam reforming Most extensive industrial experience 
Oxygen not required 
Lowest process temperature 
Best H2/CO ratio for H2 production 

Highest air emissions 
 

Autothermal reforming Lower process temperature than POX 
Low methane slip 

Limited commercial 
experience 
Requires air or oxygen 

Partial oxidation Decreased desulfurization requirement 
No catalyst required 
Low methane slip 

Low H2/CO ratio 
Very high processing 
temperatures 
Soot formation/handling adds 
process complexity 

 All the methods mentioned above are efficient for hydrogen production, but the 

production of carbon monoxide as a byproduct together with hydrogen are not suitable 

for many of the industrial process. Therefore, further purification processes like water 

gas shift and preferential oxidation of CO are necessary for the reducing the CO 

concentrations to ppm levels for its application in fuel cells.  

1.3. Water Gas Shift Reaction (WGS) 

 “Water gas”, a mixture of hydrogen and carbon monoxide is of particular 

importance in many industrial and petrochemical processes. Water gas is manufactured 

by the conversion of carbonaceous materials with steam [Eq.(1.1)], or oxygen 

[Eq.(1.4)]. Water gas shift (WGS) reaction [Eq.(1.7)] is a reversible exothermic 

chemical reaction in which carbon monoxide (CO) and water vapor (H2O) reacts over  

 

a catalyst to form carbon dioxide (CO2) and hydrogen (H2). This reaction was 

discovered by Italian physicist Felice Fontana in 1780.  

 It is a historically and industrially important chemical reaction. In industry this 

reaction is used together with steam reforming [Eq.(1)] of methane or other 

hydrocarbons to reduce carbon monoxide (CO) from the reformate gases and to produce 

additional hydrogen. Most of the hydrogen today is produced by steam reforming and 

CO (g) + H2O (g)    CO2 (g) + H2 (g)       (∆H = - 41.1 kJ/mol)   (1.7) 
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partial oxidation of hydrocarbons. However, these processes produces carbon monoxide 

as a side product together with hydrogen are not suitable for many of the industrial 

applications. For instance, purity of hydrogen is very important in ammonia production, 

a high level of carbon monoxide deactivates the synthesis catalyst [36-38]. In Industrial 

hydrogen plant (Fig) water gas shift reaction (WGS) is carried out in series of two 

adiabatic stages, high temperature(HTS) shift and low temperature(LTS) shift to reduce 

the CO concentration in the reformate stream. A schematic representation of the 

industrial hydrogen production plant is shown in figure 1.2. 

 

Figure 1.2. Schematic representation of an industrial hydrogen generation for ammonia 
synthesis[39]  

1.3.1.  Thermodynamics 

 Water gas shift (WGS) is a reversible exothermic (∆H = - 41.1 kJ/mol) and 

equilibrium controlled chemical reaction [Eq.(1.7)]. The equilibrium constant Kp for the 

water gas shift reaction is expressed by Eq. (1.8).[36]  

   Kp = exp [(4577.8/ T) - 4.33]    (1.8) 

Where T is in °K.  

From the above equation it is clear that the equilibrium constant Kp decreases as the 

temperature increases, a detailed report of the WGS equilibrium constants at various 
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(a) (b) 

temperatures are in table 1.5. To obtain higher CO conversion, it is desirable to perform 

the WGS at low temperatures [36, 40]. Concentration of water has a significant effect on 

the equilibrium CO concentration. The effects of S/G ratios (0.25-0.75) at various 

temperatures on the equilibrium CO concentrations are reported in figure 1.3 (a) and (b) 

for HTS and LTS, respectively. An increase of S/G ratio from 0.25 (20% H2O) to 0.75 

(42.9% H2O) increases the equilibrium temperature to 100°C for maintaining 1% CO. 

This shift of equilibrium temperature by S/G ratio is useful to achieve a significant 

reduction of the reactor size and more favorable kinetics at higher temperature [38-39].  

 Table 1.5. WGS equilibrium constants at various temperatures[39] 

Temperature 
(°C) 

Kp Temperature 
(°C) 

Kp 

93.3 

148.9 

204.4 

260.0 

315.6 

371.1 

4523 

783.6 

206.8 

72.75 

31.44 

15.89 

426.7 

482.2 

537.8 

593.3 

648.9 

704.4 

9.030 

5.610 

3.749 

2.653 

1.966 

1.515 

 

 

Figure 1.3. Effects of S/G ratios at various temperatures on HTS (a) and LTS (b) 
equilibrium CO concentrations: gas from autothermal reformer [38-39]  

 The syngas production method can also affect the WGS equilibrium. Hydrogen 

concentration is lower in autothermal reforming compared to steam reforming process. 

Hydrogen concentration in the gas stream affect the equilibrium CO conversion, lower 
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H2 concentration from autothermal reformer improves the equilibrium CO conversion, 

whereas high H2 concentration from steam reformer lowers the WGS reaction 

equilibrium conversion. Effect of H2 concentration on the equilibrium CO conversion 

from ATR and SMR at constant CO and CO2 concentrations are reported in figure 1.4 

(a) and (b). 

 

Figure 1.4. Effect of H2 concentration on CO equilibrium of HTS (a) and LTS (b): 
Autothermal vs steam methane reformer (SMR)[38-39]. 

It is clear from the Figure that increase of H2 concentration from 35% to 74% increases 

the CO equilibrium concentration. If we compare the equilibrium CO concentration for 

steam reforming and autothermal reforming with the hydrogen concentration, it is not 

significant as S/G ratio, but considerable when trying to maximize the efficiency and 

minimize volume of the WGS reactor. 

Table 1.6. Effect of pressure on equilibrium CO concentrations (inlet dry gas: 13.2 % 
CO, 10.3% CO2, 35.3% H2, 41.2% N2, S/G =0.5)[39] 

Temperature 
(°C) 

P= 3 atm 
(% CO) 

P= 30 atm 
(% CO) 

P= 300 atm 
(% CO) 

200 

300 

400 

500 

600 

700 

0.12 

0.68 

1.98 

3.93 

6.15 

8.38 

0.12 

0.65 

1.94 

3.88 

6.10 

8.34 

0.07 

0.48 

1.61 

3.46 

5.68 

7.95 

 

(a) (b) 
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 The equilibrium CO concentration is not affected, significantly, by changes in 

total pressure. The effect of pressure on equilibrium CO concentrations is reported in 

table 1.6. No significant change observed by increasing pressure from 3 to 30 atm, 

however at 300 atm slight differences observed in the equilibrium CO concentration, 

but it is not practical to operate at a higher pressure to take the advantages of slight 

increase in the equilibrium CO conversion. 

1.3.2. High- Temperature Shift (HTS) 

 High temperature shift reactor play a major role in reducing the CO 

concentration. Iron oxide-based catalysts are commercially used in HTS convertors for 

last few decades. The advantages of high temperature catalysts (Fe/Cr oxides) are low 

cost, long life and its reasonable sulphur resistance has been recognized for many years. 

Iron based catalyst usually contain about 8-12 wt. % of Cr2O3 and it forms a solid 

solution of Fe3O4-Cr2O3 spinel type. The specific activity and activation energy of the 

iron-based catalyst are same with or without Cr2O3, but the addition of Cr2O3 increases 

the stability of the catalyst  and prevent the high temperature sintering and loss of 

surface area, there by increases the activity of the catalyst [36, 41]. The BET surface 

area of commercial Fe-Cr catalysts amount to 30-80 m2 g-1, it depends on the Cr2O3 

content and calcination temperature [40, 42]. To improve the selectivity of the Fe HTS 

catalysts with respect to methane formation,  sulfur resistance and mechanical strength, 

MgO and ZnO are sometimes present in the catalysts in addition to Cr2O3[36, 40]. The 

low activity of the Fe-Cr catalysts causes high reaction temperature and large reactor 

volume both are unsuitable for the stationary and mobile applications. During the last 

few decades efforts has been made to develop an improved HTS catalysts; (i) by 

replacing, at least partially Fe by more active elements (like noble metals) and  (ii) 

replacing Cr, partially or completely by non-toxic elements like Cu, Ca, Ce, Zr, La etc 

[43-49]. Addition of small amounts of precious metals increases the activity of the HTS 

catalyst, among the precious metal promoters Rh was found to be the most active 

promoter for HTS reaction. It is found that the Rhodium promotion increases the rates 

of reduction/oxidation steps. Promotion of Fe-Cr catalysts with Ag, Cu, Ba, Pb and Hg 

were investigated for HTS reaction and the activity of the catalyst found to be Hg > Ag 

~ Ba > Cu > Pb > unpromoted Fe-Cr > B. Ag and Ba promoted catalysts are promising 
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among the series, a 10-15% increase in CO conversion observed over these catalysts 

[43]. It was found that the addition of promoters decreases the activation energy of the 

reaction, CO adsorption is an important factor controlling the relative catalytic activity 

of the samples in the WGS reaction [38].  

 Due to the toxic nature of the Cr6+ in commercial Fe-Cr catalysts, efforts has 

been made to replace Cr from Fe catalysts or to develop combinations without 

chromium[50-52]. Fe-Ca, Fe-Ce, Fe-Zr, Fe-Mg and Fe-Zn combinations were 

investigated for HTS reaction and found that these systems are not as active as the 

commercial Fe-Cr catalysts [50]. Catalysts combinations Co-Mn were found to be more 

active and sulfur resistant than commercial catalyst, but methane formation was 

observed over this catalyst is a drawback [51]. Pure oxides such as ZnO, MgO, SnO2, 

Al2O3, TiO2, SiO2 and Na-mordenite were investigated for HTS reaction and found that 

these systems are less active compared to commercial Fe-Cr catalyst[50]. 

1.3.3. Low- Temperature Shift (LTS) 

 Up to the late 1950s the industrial ammonia synthesis plant employed with Fe-

Cr oxide catalyst in the high temperature shift as well as in the second stage converter at 

low temperatures. Limited activity of the iron based catalysts in lower temperature 

range motivated further investigations to develop an active catalyst combination for the 

lower temperature shift reaction [38-39]. Unsupported metallic copper or copper 

supported on Al2O3, SiO2, MgO, and Cr2O3 were investigated as a low temperature 

catalysts. But in 1960s a more active combination of CuO- ZnO or CuO/ZnO/Al2O3 

catalyst developed for the low temperature shift (LTS) reaction. This catalyst typically 

composed of 32-33 % CuO, 34-53 % ZnO, 15-33 % Al2O3 [53-54]. The active species 

for the reaction is copper metal, ZnO provides the structural support and Al2O3 helps for 

the dispersion. It is extensively used in the industry in low temperature shift reactor to 

reduce the CO concentrations to about 0.3%.  

 The Cu-Zn catalyst is active in the low temperature WGS reaction, however its 

stringent activation procedure before and after reaction and poor thermal stability above 

300°C are the drawbacks of the catalyst, which reduces its use in stationary and mobile 

power generation applications. It is necessary to develop a catalyst combination besides 
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higher activity and improved stability but also the combination which must possess 

other important characteristics compared to the traditional catalyst: non-pyrophoric, 

stability towards condensation and poisoning, fast startup and no requirement for 

exceptional pretreatments [55-56].  

 Many efforts have been made to develop catalyst combinations active and stable 

for fuel processing applications. Last few years many catalysts combinations are 

investigated for the low temperature WGS reaction, which includes noble metal based 

catalysts and base metal oxide combinations with partially reducible metal oxide 

supports. The noble metal catalyst combinations mainly includes Pt, Rh, Ru, Au and Pd 

deposited on partially reducible oxides such as ceria, zirconia, titania, iron oxide, and 

mixed oxides of ceria[57-69]. These combinations maintain the crucial requirement of 

the fuel processor catalysts by its quite active performance in the 250-400°C range, non 

pre-reduction requirement and non-pyrophoric nature. Among the noble metal based 

catalysts investigated, gold catalysts showed promising activity at low temperatures 

compared to Pt based catalysts; Pt- based catalysts are less active below 250°C in WGS 

reaction. Activity of the gold catalysts at low temperature is explained due to the 

synergism of gold-metal oxide. Activity of the gold catalyst is depending on many 

factors: preparation conditions, dispersion, gold particle size, metal-support 

interaction[70]. Improvement in the performance of the gold catalyst is observed by the 

addition of another metal (like Pt) in the catalyst combination. The bimetallic Au-Pt-Ce 

catalyst exhibit much higher activity compared to Au-ceria at the same temperature 

[71]. The superior activity of the bimetallic Au-Pt-ceria catalyst in WGS reaction was 

strongly correlated with the ease of surface reducibility compared to Au-ceria. 

Promising activity of the precious metals catalysts are useful for its application in fuel 

processing, however high cost and less availability is a drawbacks of these catalysts. 

 Base metal combinations with partially reducible metal oxides are investigated 

for WGS reaction. These include Cu-CeO2 [69, 72], Ag-TiO2, Cu-TiO2 [60], Cu-ZrO2 

[73], Cu-Fe2O3. Among base metal combinations Cu-CeO2 catalysts are promising 

alternative for the traditional low temperature WGS catalyst. Compared to other low 

temperature WGS catalyst, Cu-Ce catalysts exhibit high activity, and thermal stability. 

Improved thermal stability observed in ceria by doping with La [74-75]. Activity of the 

Cu-Ce catalysts are comparable with the ceria- supported noble metal catalysts, 
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however, less sulfur resistant is a drawback. Low cost, better thermal stability and ease 

of availability makes it more attractive for fuel processing applications.  

1.4. Low-temperature removal of carbon monoxide  

 Carbon monoxide is a highly flammable gas, its combustion together with air 

can occur between 12 and 75 vol%, but its homogeneous combustion at much lower 

concentrations (50 - 50 000 ppm) is virtually impossible. To achieve the elimination of 

CO particularly at the lower concentration range, it is necessary to catalyze its 

oxidation. There for catalytic oxidation is an efficient way to convert lower amount of 

CO to CO2 [76]. CO oxidation (CO-OX) at lower temperature is important for several 

technological applications, which include automotive exhaust abatement, CO sensors, 

closed-cycle CO2 pulsed. It is also involved in the CO removal from hydrogen streams 

by preferential oxidation (CO-PROX), a process which would make feasible the 

required deep clean-up of the hydrogen feeds to proton exchange membrane fuel cells 

for mobile applications. 

 The polymer electrolyte membrane fuel cell (PEM-FC) is the most promising 

technology for generating electricity at low temperature (~80-120°C) together with 

hydrogen. It offers efficient and clean energy production for mobile and stationary 

applications. High purity hydrogen is one requirement for the efficient functioning of 

the PEM fuel cells. The fuel cells anodes are based on precious metals and are highly 

sensitive to deactivation by carbon monoxide adsorption at low temperatures[77-78]. 

The reformate coming out from the fuel processor normally contains ~75 vol% H2, ~ 24 

vol% CO2 and ~ 1-3 vol% CO. Using high H2O/CO ratio the CO reduction below 100 

ppm cannot be achieved using water gas shift reaction, 1 vol% CO is usually contained 

in the hydrogen stream [79]. The amount of CO present in the hydrogen stream strongly 

poisons the Pt or Pt-Ru anodes, thereby blocking the active sites where the 

dissociation/oxidation of H2 can take place and deteriorating cell performance. 

 The CO concentration at the WGS reactors exit is too high and not suitable for 

PEM fuel cells. Final purification is necessary for its use in PEM fuel cells efficient 

functioning. For platinum anode acceptable CO concentration is below 10 ppm and 

below 100 ppm for CO-tolerant alloy anodes [80-81]. Final purification to less than 10 

ppm is achieved by several processes: (i) Pressure Swing Adsorption (PSA), (ii) 
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methanation of residual CO, (iii) membrane separation or (iv) preferential CO oxidation 

(PROX). The processes (i) and (ii) are commonly used in mass production of hydrogen 

and the last two processes are more suitable for small-sized stationary and mobile 

hydrogen production units[82]. Among this Preferential oxidation of CO is the low cost 

method to reduce CO to the desired level. 

1.4.1. Low temperature oxidation of carbon monoxide (LT-CO) 

 Catalytic oxidation of CO may be the most extensively studied reaction in 

history of heterogeneous catalysis. The catalytic oxidation of CO at ambient 

temperatures is important in the control of environmental pollution, particularly in the 

cleanup of vehicle emission. It has application in mine rescue devices, CO sensors, 

closed-cycle CO2 pulsed lasers [83-85]. CO oxidation is often used as a probe reaction 

for the oxide surface characterization. Supported noble metal catalysts are typically 

used to catalyze the reaction. Precious metals used for the reaction are not suitable to 

oxidize CO at lower temperature and low O2/CO ratios due to the competition of 

adsorption of O2 and CO for the same site. An efficient catalyst must accommodate CO 

chemisorptions and simultaneous dissociative adsorption of O2 at low temperature, for 

this purpose composite materials with different components are used. This includes 

noble metal supported reducible oxides, and base metal oxides catalysts are used for the 

oxidation of CO at low temperatures. 

1.4.1.1. Noble metal-reducible oxide catalysts  

 Noble metal- reducible oxide combinations are intensively studied material for 

carbon monoxide oxidation reaction. The material combinations studied for this reaction 

includes Pt/SnO2[86-87], Pt/MnOx, Pt/CoOx [88], Pt/CeO2, Pd/SnO2 [89], Pd/MnOx 

[90], Pd/CeO2, Pd/ZrO2 [91], Rh/TiO2, Au/MnOx [92-94], Au/CeO2, Au/Fe2O3 [95-97], 

Au/Co3O4 [96, 98], Au/TiO2 [99-100], etc. The activity of these catalysts at low 

temperatures are claimed to be due to the strong metal- support interaction (SMSI). It is 

proposed that the reaction is proceeds through the adsorption of CO on the metal 

surface and oxygen is provided by the support. High price and less availability of 

precious metals motivate further research to find a suitable base metal oxide catalyst. 
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However, gold supported reducible metal oxides are promising catalyst for the low 

temperature CO oxidation reaction. 

1.4.1.2. Gold- based catalysts 

 Gold is supposed to be an inactive material for long period of time, but the 

research conducted by Haruta and co-workers have shown that gold nano-particles can 

catalyze CO oxidation at room temperature or even below, if it highly dispersed on 

reducible oxide support such as TiO2 [96, 99-100], Fe2O3 [95-97], Co3O4 [96, 98], 

ZrO2[101], MnOx [92-94], NiO[98]and CeO2 [102-103]or mixed oxides: CeO2-ZrO2 

[104], CeO2-TiO2, Fe-TiO2[105] Zn, Fe/CeO2-Al2O3[106], MnOx-CeO2 [107-108], etc. 

Ordered mesoporous silicas such as SBA-15, MCM-48, MCM-41[109-111] and metal 

oxides doped mesoporous silicas also served as a support for gold [112-114]. High CO 

oxidation activity observed over these catalysts due to the high dispersion of gold nano-

particle on the supports. Gold deposited SBA-15 showed CO oxidation activity only 

when the material under goes subsequent H2/He treatment at higher temperatures. The 

higher temperature pretreatment generates E’ centers which is responsible for the 

formation of O2
- on silica surface upon exposure of oxygen[111, 115]. Activity of gold 

catalysts depends on many factors: preparation method, pH, particle size, types of 

support used for the deposition[116]. Mechanism of CO oxidation over gold-based 

catalysts is not clear. Schematic representation of the proposed reaction mechanism of 

CO oxidation over Au/TiO2 catalysts are reported in scheme 1.3. 

 

 Scheme 1.3. Reaction mechanism of CO oxidation over Au/TiO2 [117] 
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1.4.1.3. Base- metal oxide catalysts 

 Base metal oxides have got intense research attention as catalyst for CO 

oxidation before noble metals proved their dominant activity in automotive exhaust gas 

catalysis. Compared to noble metal catalysts, their undesirable behavior in cycled 

transient conditions and high deactivation in presence of sulfur and water were the main 

reason to its withdrawal from catalytic converters. Hopcalite (combination of 

CuO/MnO2) was the active base metal oxide catalyst for CO oxidation at ambient 

temperatures. Activity of the material at low temperature promotes its application in 

life-rescue equipment, however deactivation in presence of moisture is a major 

drawback of this catalyst [76, 118]. It is necessary to develop a catalyst which is active 

in the low temperature range with good stability and moisture resistance is of recent 

research interest. Several combinations of base metal oxides were investigated for the 

low temperature CO oxidation reaction, those are classified as supported and 

unsupported metal oxides [76]. 

1.4.1.3.1. Unsupported metal oxide catalysts 

 Cobalt oxide and copper oxide catalysts showed interesting activity for CO 

oxidation reaction. Cobalt oxide a cubic spinel type transition metal oxide composed of 

Co2+ and Co3+ ions in the tetrahedral and octahedral sites, respectively. This material 

intensively studied for CO oxidation and found that the materials intrinsic activity is 

very close to that of noble metals. The co-existence Co2+- Co3+ ion pairs seems to be 

essential for the catalytic activity of the material. Steam and pretreatment conditions 

strongly affect the activity of the catalyst in CO oxidation. Presence of steam in the 

reaction mixture dramatically inhibits the CO oxidation activity [119].Catalysts 

pretreatment in reducing conditions (CO or H2 in N2) make drastic change in the 

Co2+/Co3+ balance this makes negative effect on CO oxidation activity of the catalyst 

[120]. Recent study suggest that the morphological control of Co3O4 is very rewarding, 

cobalt oxide nano-rod catalyst exhibit high activity and stability for CO oxidation in 

presence of H2O and CO2 at 200-400°C [121].  

 Unlike cobalt oxide, copper oxides are more rarely used in CO oxidation. 

Copper oxides are not very stable, its oxidation state varies during the course of the 

reaction. Many efforts have been made to identify the active sites for the CO oxidation 
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reaction. Excellent CO oxidation activity at room temperatures was observed over Cu2O 

catalyst by Garner et al but Jermnigan and Somorjai observed superior CO oxidation 

activity of metallic copper at 275°C and the activation energies were 37, 70, and 57 kJ 

mol-1 for Cu0, Cu2O, and CuO[122]. Huang and Tsai observed superior activity of Cu2O 

surface for CO oxidation in oxygen rich and oxygen lean conditions at 140 and 

205°C[123]. Langmuir- Hinshelwood mechanism proposed for CO oxidation over Cu 

and CuO, whereas Mars-van Krevelan mechanism observed over Cu2O [122]. 

1.4.1.3.2. Supported metal oxide catalysts 

 Huge numbers of supported metal oxides are investigated for CO oxidation 

reaction, most studied combinations are supported copper oxide based catalyts such as 

CuO/Al2O3, CuO/CeO2, CuO/TiO2, CuO/ZnO, CuO/ZrO2 and many other mixed oxides 

like CeZrOx, CeSnOx, CeTiOx [76]. Supported copper oxides combinations are of 

particular interest due to its promising activity, SO2 tolerance compared to other 

combinations. Ceria based materials are of great interest in the field of catalysis, the 

suitability of ceria is mainly due to its high oxygen storage capacity [124]. Ceria 

supported or mixed oxides of ceria (like CeZrOx) supported copper oxides are 

intensively studied for CO oxidation reaction. Pure ceria shows CO oxidation activity at 

300°C, but a very small amount of copper promotes its activity at lower temperatures 

[125]. Liu and Flytzani- Stephanopoulos first reported the high activity of Cu-CeO2 

catalysts for CO oxidation reaction[126-127] and they concluded that the high activity 

is related to the special Cu-Ce-O interaction and not due to the dispersion of copper. 

Some other approaches proposed that the high CO oxidation activities of Cu-CeO2 

catalyst are due to the finely dispersed CuO surface species. For this reason they 

prepared high surface area CuCeO2 catalysts by different preparation methods [128-

131]. Improvement in the oxygen storage capacity and thermal stability of ceria was 

observed by the introduction of other metal ions in to the ceria lattice [132-133]. Copper 

promoted mixed oxides of ceria are more active for CO oxidation compared to Cu-

CeO2. Most investigated combinations are CuO/CeZrOx, CuO/CeSnOx, CuO/CeTiOx 

[134-136]. These mixed oxides support helps to increase the dispersion and stability of 

copper oxides. 
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1.5. Preferential oxidation of carbon monoxide (PROX-CO) 

 Preferential oxidation of CO is the most studied and most effective method for 

the removal of traces of the CO from the reformate stream. Carbon monoxide in the exit 

of the water gas shift reactor is selectively oxidized in the PROX reactor over oxidation 

catalysts with externally supplied oxygen. In a PROX system the following three 

reactions can occur. A schematic representation of the fuel processor for PEMFC is 

reported in Figure 1.5. 

 

 

 

The PROX catalysts need to be active and selective between the outlet temperature of 

the WGS reactor and the inlet temperature of the fuel cell (~80°C). An efficient catalyst 

must selectively oxidize 0.5 - 1 vol% CO from the reformate to levels applicable to a 

fuel cell. Hydrogen is the major component in the reformate, its oxidation reduces the 

overall fuel efficiency and the water formation (by hydrogen oxidation) affect the 

catalytic activity of the catalysts. Therefore, high CO oxidation activity and low 

hydrogen oxidation activities are the essential requirement for PROX catalysts [55, 137-

138]. 

 The performance of the PROX catalysts is affected by the O2/CO ratio, reactor 

temperature, and space velocity. Higher O2/CO ratio promote the CO and H2 oxidation 

resulting heat generation due to its exothermic nature, which promote the reverse water 

gas shift (RWGS) and methanation of CO and CO2 reaction [Eq.(1.11)] consumes large 

amount of hydrogen compared with preferential oxidation of CO (PROX) [79].  

 CO (g) + 1/2 O2 (g)     CO2 (g)    ∆H = -282.98 J/mol           (1.9) 

 H2 (g)  +  1/2 O2 (g)    H2O (g)    ∆H = -241.82 J/mol           (1.10) 

 CO (g) + 3 H2 (g)     CH4 (g) + H2O (g) ∆H = -205.81 J/mol (1.11) 
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Figure 1.5. Schematic representation of the fuel processor for PEMFC  

1.5.1. Catalysts for CO-PROX 

 Many catalytic systems are reported to be active for the preferential oxidation of 

CO (PROX). They can be grouped into three classes: supported noble metal catalysts 

(Pt, Pd, Ir, Ru or Rh), nano-gold catalysts, and base metal oxide catalysts. 

1.5.1.1. Supported noble metal catalysts 

 Commercially used catalysts for selective oxidation of CO are alumina 

supported noble metal catalysts (alumina supported Pt, Ru, and Rh), operating at 

temperatures in the 120-160°C range [139-141]. Among these metals, platinum based 

catalysts are the most studied system for preferential oxidation of CO. A comparative 

study of γ-Al2O3 supported Pt, Ru and Rh were investigated for the preferential 

oxidation reaction and the selectivity of the catalyst observed as ~40%, ~80%, and 

~80% for Pt- γ-Al2O3, Ru/γ-Al2O3, and Rh/γ-Al2O3, respectively, at CO conversion 

close to 100% in presence of H2[140]. Zeolite and alumina supported platinum catalysts 

investigated for PROX in a reaction mixture similar to the reformate gases, superior 

selectivity observed for Pt based catalysts compared to alumina supported Ru and Rh 

catalysts. Ru and Rh based catalysts showed 25% selectivity and Pt based catalysts 

showed selectivity between 40% and 50% for almost complete CO conversion [142-

143]. Platinum catalysts supported on different zeolites are claimed to be active for 
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preferential oxidation (NaY zeolite, NaX zeolite, Na mordenite, KL zeolite, NaZSM-5 

zeolite and Naβ zeolite)[138]. A comparative study of selective CO oxidation in H2 rich 

fuels at 150-200°C was investigated over zeolite supported Pt catalysts (5.8-6 wt%) and 

alumina supported Pt catalysts, the reaction mixture consisting of 1% CO, 2% O2, and 

balance H2. The selectivity was found to decrease in the following order Pt- zeolite A > 

Pt- mordenite > Pt- zeolite X > Pt- alumina. The zeolite supported platinum catalysts 

oxidize CO much more selectively with less oxygen consumption compared to 

conventional Pt-Al2O3. Pt-mordenite require only 1.5 % oxygen to remove CO whereas 

conventional Pt-Al2O3 catalyst require 3% oxygen for the removal of CO. Pt-morenite 

catalyst are suggested as a promising catalyst for PROX because it had resistance to 

water in the feed [144]. 

 Base metal oxides promoted platinum catalysts are active for the selective 

oxidation of CO. The addition of a second metal to the platinum based catalysts 

enhances its activity in PROX at low temperatures.  Metals such as Sn [145-146], 

Fe[147-148], Ce [149-150], Mn [151-152], Co[153-154], Ni [152, 155], Nb [156], and 

alkali metals [157-159] were the active promoters for platinum based catalysts. 

Addition of these promoters provides the active oxygen for the selective CO oxidation 

and also the presence promoters creates a non-competitive dual site adsorption pathway 

enhancing the CO activity for the promoted catalyst. A dual site non- competitive 

mechanism over Pt-M (M= Ni or Co) are shown in scheme 1.4. 

 Among the commercial catalysts studied, both Ru/Al2O3 and Rh-Al2O3 are the 

most active catalysts for the selective CO oxidation at 100°C, their T50 values ~70°C 

lower than that for Pt/γ Al2O3. The activity of the commercial catalysts in preferential 

oxidation of CO in H2- rich gas (between 100 and 200°C) is found to be decreased in 

the order Ru/γ-Al2O3 > Rh/γ-Al2O3 > Pt/ γ-Al2O3 > Pd/ γ-Al2O3 [118, 140]. Rhodium 

supported catalysts are promising candidate for selective CO oxidation [140], Rh/MgO 

catalysts showed superior activity in preferential oxidation compared to Ru/γAl2O3 and 

Pt/γ Al2O3. The better performance of Rh/MgO at higher temperature (250°C) in the 

presence of H2O and CO2 may be due to its poor activity for reverse water gas shift 

reaction and methantion reaction compared to CO oxidation activity[160]. 
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Scheme 1.4. Reaction scheme for the PROX over Pt-M (M= Ni or Co) catalysts [138]. 
 
 The detailed mechanism of the preferential oxidation of CO over noble metals is 

not revealed. Due to the strong chemisorption of CO over noble metal surface compared 

to H2 and O2, hydrogen oxidation is strongly inhibited [161-162]. CO displaces the 

weakly chemisorbed H2 and O2 species from the metal surfaces and prevents the 

reaction. Desorption of CO happens when the temperature is high enough to desorbs 

some of the CO on the surface [163-164]. This indicates that the light-off behavior of 

the noble metal catalysts in CO-H2-O2 mixtures is dominated by the kinetic features 

characteristics of the CO-O2 reaction rather than by the kinetics of H2 oxidation. The 

hydrogen in the feed can interact with the chemisorbed CO to form a complex such as 

H-CO, its easier desorption from the surface may increase the CO oxidation activity 

significantly [140]. 

1.5.1.2. Nano - gold catalysts 

 Gold has a rich coordination and organo-metallic chemistry, but was considered 

to be catalytically inactive for a long time. The remarkable catalytic activity shown by 

gold depends on forming it into very small particles thereby forming a number of low-

coordination surfaces atoms which chemisorb the reactant molecules strongly compared 

to its large particles[165]. Supported gold catalyst has been a subject of intense 

investigation since the report of its exceptionally high CO oxidation activity at a 

temperature as low as 200 K [96, 98]. Numerous investigations have been made over 
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Au based catalysts for CO oxidation and preferential oxidation of CO (PROX). The 

nature of the support and gold particle size affect the catalytic activity to different 

extents[166]. The suitable supports are the metal oxides which could be partially 

reduced, such as TiO2, Fe2O3, Co3O4 and NiO [96, 98, 167-168], MnOx [169-170], 

SnO2 and CeO2 [171-172] or mixed oxides: MnO2-CeO2 [173], CeO2-Fe2O3 [174], 
ZnO–Fe2O3 [175], and CeO2–TiO2[176], CeO2-Co3O4[177]. Supported gold catalysts 

showed promising activity for PROX especially at lower temperatures however, the 

selectivity for CO oxidation over H2 oxidation decreased rapidly with increasing 

reaction temperature. The DFT calculations showed that for PROX reaction, OH 

formation step is compete with the CO oxidation step and the relative rates of these two 

steps appear to determine the selectivity of PROX. The activation energy barrier for CO 

oxidation on Au (111) was calculated to be 0.18 eV and for OH formation was 0.90 eV. 

At higher temperatures weaker CO adsorption was observed on Au surfaces, which 

cause a loss in selectivity of CO oxidation [178]. Bimetallic Au-Cu catalysts showed 

good selectivity for CO oxidation with less H2 consumption. The interaction between 

Cu and Au seemed to be able to modify the catalytic properties of Au active sites for 

CO oxidation. There is an optimal Cu content to benefit the CO oxidation, as high 

contents of copper lead to blocking of gold active sites [179]. 

 Deposition-precipitation technique using NaOH or Na2CO3 [180]or urea [181] 

are used to prepare finely dispersed gold particle (2-3 nm) on reducible supports. 

Chloride ions have a crucial role in the deactivation of gold catalyst; the presence of 

chloride ions in the catalyst agglomerates gold particles faster at elevated temperatures 

thereby poisoning the active sites. Chloride ions accelerates the Au sintering and 

strongly deactivates the catalyst in PROX reaction, so the elimination of chloride ions 

from the catalysts prior to PROX reaction is mandatory[182]. The reaction mechanism 

of gold supported catalysts is not clear but it claimed that the reaction occurs at the 

metal/support interface [183]. Compared to Pt based catalysts, gold based catalyst are 

more active and selective in a large temperature range but deactivation due to sintering 

during the reaction is a drawback of this catalyst.  
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1.5.1.3. Base metal oxide catalysts  

 The high cost and less availability of the precious metals has encouraged the 

researchers around the world to develop alternative base metal oxide catalysts for 

preferential oxidation. It is worthy to develop a catalyst without precious metals in their 

combinations that is active, selective and stable during reaction is of particular interest. 

Transition metal oxides have a remarkable role as a catalyst or as a catalyst support for 

catalyzing various chemically and industrially important reactions. Preferential 

oxidation of CO was a subject of intense research over transition metals and transition 

metals promoted base metal oxides. Cobalt oxide show the best performance among the 

3d transition metal oxides for PROX, its supported combinations with CeO2, ZrO2, 

Al2O3, SiO2 and TiO2 [184-185] were investigated for PROX, Co-Zr combination found 

to be most active among the series. However, CO methanation in the presence of excess 

hydrogen is the drawback of this catalyst. Transition metals (Co, Cu, Cr, Ni, and Zn) 

supported on base metal oxides with different acidic, basic and redox properties (MgO, 

La2O3, SiO2–Al2O3, CeO2, CeO2-ZrO2) investigated for preferential oxidation [186]. 

Out of them, ceria- and ceria- zirconia- supported copper catalysts showed promising 

activity compared to the platinum group catalysts classically used for this reaction. A 

comparative study of preferential oxidation of CO was carried out over Pt/γAl2O3, 

Au/αFe2O3 and Cu-CeO2 with same reaction conditions. Noble metal catalysts showed 

superior activity at lower temperature range but the selectivity of Cu-CeO2 catalysts at 

100-200°C range is higher than the selectivity of Pt or Au catalysts [187]. Copper–ceria 

catalysts are promising alternative catalyst to noble metal and gold based catalysts, less 

cost, ease of availability and remarkably higher resistance to carbon dioxide and water 

poisoning makes it more suitable for the preferential oxidation.  

 Among the mixed oxide catalysts, CuO-CeO2 is intensively studied material for 

preferential oxidation. The catalytic properties of CuO-CeO2 systems are studied in 

detail for PROX with effect of preparation method[188-193], copper content and 

calcinations temperature[194], promoters [195-198] and support [135, 199-201]. The 

effect of preparation method on the preferential oxidation of CO over CuO-CeO2 was 

investigated with different preparation methods, activity of the catalyst according to the 

preparation method is found in the following order urea-nitrates combustion > citrate-

hydrothermal > co-precipitation > impregnation[188]. Superior activity of the catalysts 
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prepared by unrea-nitrate combustion method is claimed to be related to the formation 

of well-dispersed copper oxide species in strong interaction with ceria and the absence 

of bulk CuO. A detailed report regarding the effect of preparation method on PROX of 

CO over CuO-CeO2 is reported in Table 7. Amount of copper content in the CuO-CeO2 

catalysts increases the CO oxidation activity but the amount beyond the dispersion 

capacity (1.2 mmol CuO/100 m2 CeO2) of ceria promotes the undesirable H2 oxidation 

(due to the formation of bulk copper on ceris surface) decreases the selectivity [202]. 

 Calcination temperature promotes the PROX activities of the CuO-CeO2 catalyst 

to a particular extend. Increasing calcination temperature not only decreases the surface 

area of the material, but also in a better interaction between CuO and CeO2, which 

promotes the activity of the catalyst [192, 194]. Increase of calcination temperature to a 

particular extend favor the activity of the catalyst, beyond that CuO phase separation 

occurs, which results weak interaction between CuO and CeO2 thereby reduces the 

specific reaction rate. Doping ceria with promoters such as, ZrO2, SnO2, Fe2O3, TiO2, 

and La2O3 improves its oxygen storage capacity, redox properties and thermal stability. 

Oxygen storage capacity of CexZr1-xO2 solid solution is three to five times larger than 

pure CeO2 [203]. Copper promoted Ce0.9Zr0.1O2 catalysts shows increased mobility of 

lattice oxygen and promote activity in selective CO oxidation compared to CuO-CeO2 

catalyst [204].  

 The enhancement of CO oxidation activity of Cu-CeO2 catalysts is attributed to 

the “synergistic” effect [205]. It is proposed that well dispersed copper on ceria is 

reducible at lower temperature compared to bulk CuO. The Cu-O-Ce interface is 

proposed to be the active site for the preferential oxidation of CO [190]. Copper content 

and calcination temperature has some role in promoting the activity of the catalyst. 

Doping of ceria with promoters improves oxygen storage capacity, redox properties, 

thermal stability of the material compared to its pure form.  
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Table 1.7. Effect of catalyst preparation method for preferential oxidation of CO over CuO-CeO2 

Catalyst Preparation method Feed composition Temperature 
(K) 

CO conversion 
(%) 

Space velocity Reference 

20% CuO-CeO2 Co-precipitation 1% CO, 1% O2, 13.5% CO2, 50% H2, 
20% H2O, and He balance 

438-448 ~100 250 ml/min/gcat [206] 

3% Cu-CeO2 Impregnation 2% CO, 1% O2, 70% H2,  and He balance 409 76.2 1000/h [186] 

Cu0.1Ce0.9O2-y Sol-gel 1% CO, 1.25% O2, and H2 balance 393 ~80 1000 ml/min/ gcat [207] 

Cu0.15Ce0.85 Urea nitrate combustion 1% CO, 1.25% O2, 15% CO2, 50% H2, 
10% H2O, and He balance 

463 99 417ml/min/ gcat [188] 

15% Cu-CeO2 Single-step citrate 0.03% CO, 0.03% O2, 1% H2,  and He 
balance 

473 98 83,000/h [189] 

5% CuO-CeO2 Urea gelation/co-precipitation 1% CO, 1.25% O2, 20% CO2, 50% H2, 
10% H2O, and He balance 

438 99 1333 ml/min/gcat [190] 

25% CuO-CeO2 Citrate- hydrothermal 1% CO, 1.25% O2, 15% CO2, 50% H2, 
10% H2O, and He balance 

473-483 99 417 ml/min/gcat [192] 

Cu0.8Ce0.2O2 Microemulsion 1% CO, 1.25% O2, 50% H2, and Ar 
balance 

353-363 ~100 80,000/h [208] 

Cu/CeO2 Hydrothermal synthesis with 
cetyltrimethylammonium bromide  

CO/O2/H2/H2O/CO2 (1/1/50/10/20) 393 97.3 1.12 gcat h/mol [193] 

4% Cu-CeO2 Impregnation 0.5% CO, 0.5% O2, 50% H2, and N2 
balance 

383 99.8 120 ml/min/gcat [209] 
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1.6. Conclusions  

 

A detailed literature survey about the hydrogen production and purification processes is 

carried out in this chapter and the conclusions are as follows: 

 

 

� Hydrogen is the most attractive alternative fuel to fossil fuels due to its 

 pollution energy production with PEM fuel cells.  

 

� Hydrogen can be produced from a variety of sources, however  thermo-

 chemical methods are commercially well established methods. 

 

� Steam reforming of methane is the cheapest method to produce hydrogen. 

 

� Water gas shift reaction and preferential oxidation of CO have crucial role in 

 purifying the hydrogen. 

 

� Noble metal catalysts are active for these reaction, but high cost and less 

 availability reduces its use in industrial processes. 

 

� Compared to precious metal catalysts, copper-ceria catalysts are the 

 promising alternative catalyst for water gas shift (WGS) reaction and 

 preferential oxidation (PROX) reaction. 

 

� Preparation methods, promoters, pre-treatment conditions affect the 

 performance of the copper-ceria catalysts. 

 

� Further research is needed to find a suitable catalyst which is active, 

 selective, stable and cost effective for the hydrogen production and 

 purification processes. 
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1.7. Outline of the thesis  

 Present PhD thesis deals with the investigation on the development of active, 

selective and stable base metal oxide catalyst combinations for CO oxidation and 

preferential oxidation of CO at low temperatures. Four base metal oxide catalytic 

systems were developed by hard template method using SBA-15 mesoporous silica as a 

hard template. Among the four base metal oxide catalytic systems developed, two of 

them are cobalt based catalysts and other two are ceria based catalysts. Cobalt oxide and 

ceria based catalysts have remarkable role in catalyzing various chemically and 

industrially important reactions. One of the most important properties of cobalt oxide 

spinel is its ability to accommodate wide range of metal cations and oxidation states 

into its structure. Cerium and cerium containing materials got special research interest 

in catalysis due to its exceptional oxygen storage capacity. In present study we 

developed transition metal ions doped cobalt oxide and ceria based catalyst 

combinations for low temperature CO oxidation and preferential oxidation of CO.  

 Chapter three gives the detailed report about the synthesis, characterization and 

catalytic activity of Cu2+ doped cobalt oxide (CuCo-x systems). All the catalysts show 

similar activity in CO oxidation and preferential oxidation of CO till 100°C, beyond this 

point copper doped catalysts found to be superior compared to pure cobalt oxide. 

Chapter four report the synthesis and characterization of Fe3+ doped cobalt oxide and 

gold deposited FeCo-x spinels for CO oxidation and preferential oxidation of CO. Gold 

based catalyst was superior in CO oxidation reaction compared to FeCo-x spinels, but in 

the presence of hydrogen gold based catalyst completely lost its CO oxidation activity. 

Superior activity of the FeCo-x spinels observed in preferential oxidation of CO 

compared to pure cobalt oxide. 

 Chapter five report the details about the synthesis, characterization and catalytic 

activity of copper-ceria mixed oxide catalysts with 17 to 76 mol% of copper deposited 

on the ceria. All copper-ceria catalysts show similar activity in CO oxidation. In 

preferential oxidation of CO minor difference in activity observed over Cu76Ce catalyst 

compared to Cu17Ce and Cu43Ce. Chapter six report the details about the synthesis, 

characterization and catalytic activity of a tri-component copper-ceria-iron oxide and 

gold-ceria-iron oxide catalysts. Ceria-iron oxide support were synthesized by hard 
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template method. Copper deposition on the support carried out using chelating-

impregnation (CI) and incipient wetness impregnation (IWI) method. Gold deposition 

carried out using deposition-precipitation method. No significant differences observed 

in CO oxidation activity of the copper-ceria–iron oxide catalysts prepared with 

chelating-impregnation (CI) and incipient wetness impregnation (IWI). Copper based 

and gold based catalysts showed similar activity in CO oxidation reaction. For 

preferential oxidation reaction copper based catalysts show superior activity and 

selectivity. Gold based catalysts seems to be deactivated in presence of hydrogen in the 

feed. 
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2.1. Introduction 

 Catalysis has pivotal role in chemical transformations. Most of the chemical and 

biological reactions require catalysts. Catalysts are the backbone of many chemical and 

industrial processes. Heterogeneous catalysts are the most important and most 

sophisticated materials, which found applications in different sectors of society for 

instance, in environmental protection, (a well known example is catalytic converter for 

automobiles), energy production, polymer, textiles, food and agrochemical industries 

[1].  Their high demand in diverse applications and the necessity to obtain new catalytic 

morphologies stimulates the discovery of new approaches to the preparation of highly 

dispersed solids[2]. Catalytic technologies reduces many environmental issues related to 

the energy production [3]. The development of selective, active and stable catalytic 

combinations are necessary for meeting the standards of sustainable chemistry.  

 Recently, the demand of hydrogen as a fuel increases considerably by the 

development of fuel cell technology. Hydrogen is considered as an environmentally 

attractive fuel because of its pollution free combustion together with PEM fuel cells. 

Fuel cells offers high efficiency, pollution free energy production compared to internal 
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combustion engine. Last few decades, many efforts has been made for the development 

of transforming hydrocarbons into hydrogen. Industrial hydrogen production is based on 

steam reforming of hydrocarbons followed by water gas shift reaction and preferential 

oxidation to reduce the CO to an appreciable level. Present industrial catalysts for water 

gas shift (WGS) and preferential oxidation of CO (PROX-CO) are not appropriate for 

mobile and stationary applications. As far as hydrogen is not safely stored in vehicle, an 

on-board reforming processes is necessary for the hydrogen production. The drawbacks 

of the industrial catalysts (less activity and complex activation procedure) for mobile 

and stationary applications extends the research to the development of active, selective 

and stable catalytic combinations. 

2.2. Catalyst development using hard template method 

 Nanoscience and nanotechnology has made remarkable development in 

heterogeneous catalysis. Last few decades, the development of many different 

preparation methods helped to optimize the properties of catalysts. To design a catalysts 

with  desirable activity  and selectivity continues to be a goal yet to be reached. The 

ultimate control of a catalytic process remains a great challenge[4]. Catalysis research 

aimed to understand the activity, selectivity and stability of a catalysts in a particular 

reaction at the molecular level. A heterogeneous catalytic transformation deals with the 

detailed understanding of the active species (reactant) adsorbed on specific sites of the 

catalyst, its chemical transformation, and desorption of products [5]. Nano-materials 

with controlled size, shape and large specific surface area is of fundamental importance 

in many research and technological applications, such as lithium ion batteries, gas 

sensors, catalysis and energy storage[6-10]. Controlling the shape of the catalysts 

provides a powerful tool for tailoring their catalytic properties.   

 The development of ordered mesoporous silicas of the M41S family have 

attracted  much  research attention owing to their highly ordered structure, tunable pore 

size and high surface area[11]. These specific properties makes it useful for many 

applications, ranging from catalysis, adsorption, sensing, and separation to 

biotechnology.  In subsequent years  research on mesoporous materials was under 

tremendous development. Materials with 2D-hexagonal, cubic and lamellar pore 

structures (MCM-41, SBA-15, MCM-48, SBA-16, KIT-6, MCM-50) prepared by using 
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cationic surfactants and amphiphilic block copolymers as structure directing agents 

(SDA). Since these pioneering studies, significant efforts has been made to develop 

nonsiliceous materials with controlled composition and structural ordering. But the 

surfactant template approach was not successful for the preparation of ordered non-

siliceous materials, because of some limitations such as (i) the lack of suitable 

precursors, (ii) structure collapse of the material during the thermal treatments, (iii) 

resulting materials in most cases are lacking long range order [12-13]. But the 

development of nanocasting method (hard template method) seems to be an attractive 

alternative for the preparation of non-siliceous mesoporous materials. This method 

successfully applied first time for preparation of ordered mesoporous carbon (CMK –

type family) by Ryoo etal [14]. After that this method successfully applied for the 

synthesis of metal oxides[15-18]. 

2.2.1. The Hard Template Method  

 The hard template (HT) is a versatile strategy for preparing ordered nano-

structured porous materials, which involves the synthesis of a mesoporous solid (the 

template), which acts as a hard host for the growth, from an appropriate molecular 

precursor, of the guest metal oxide. Such growth is confined into the pore system of the 

template, which can then be removed (by leaching, for instance) leaving the guest 

replica of the topological structure of the host. Using ordered mesoporous silicas as hard 

templates, for instance, the two-dimensional hexagonal SBA-15 and the three-

dimensional cubic KIT-6, a hard template process can be carried out to obtain replicated 

mesostrutures constructed by nanorod, nanowire or nanotube array. Hard template (HT) 

method resembles the concept of the casting method in metallurgy this method 

conceptually scale down to the nanoscale range to synthesize nano-structured material 

using mesoporous silicas (Fig.)[19]. 
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Figure 2.1. Schematic representation of the hard template concept [19] 

2.2.2. The procedure of hard template method 

 In the hard template method the first step is to fill the mesopores of the silicas by 

the precursor for the desired product either by “wet impregnation” or by the “incipient 

wetness” technique (Fig.2.2). In the former case, the template (mesoporous silica) is 

dispersed in dilute solution of the precursor; the dissolved precursor species in solution 

diffuse into the pores where they adsorbed into the pore walls. The impregnation 

process continued several cycles to get better loading of the precursor. In the latter 

method, a saturated precursor solution is used, the volume of the solution is restricted to 

the pore volume of the template to be filled. The purpose of this method is to avoid the 

precursor deposition on the outer surface of the template matrix and to obtain higher 

loading of the precursor inside the pores by capillary forces[19-20]. 

 

Figure 2.2. Schematic representation of “wet impregnation” and “incipient wetness 

impregnation” techniques for the infiltration of precursor species into porous structure 

matrices[20]. 
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2.2.3. Factors affecting hard template method 

 The most important process in hard template method is to increase the loading of 

the guest molecules in the mesopore channels of the host (template). The main driving 

force that promoting the movement of the guest molecules into the mesopores is comes 

from capillary force[21]. The interaction of the inorganic precursor (guest) with the 

mesopore surface of the host is also a fundamental point, weak interaction between 

silica wall and precursor may decrease the capillary function and thereby results a 

partial loading, thus producing disordered nanowires or nanoparticles[22]. The 

complicated factors that determined the interaction between the silica wall and the 

precursor are: Hydrogen  bonding, Co-ordination boning, Coulombic interactions, Van 

der walls forces [23]. 

2.2.3.1. Hydrogen bonding  

 The amorphous pore walls of the mesoporous silicas containing silanol groups 

(Si-OH) are noticeable in attracting guest molecules, which participates in the hydrogen 

bonding with electronegative atoms (e.g., oxygen atoms) of the guest precursors. The 

more silanol group on the pore walls retained, the stronger interaction between the host 

and guest may occur or otherwise we can say the interaction between the hard template 

and the precursor solution is directly proportional to the amount of silanol groups on the 

pore walls [24]. 

2.2.3.2. Co-ordination bonding 

 The hydroxy group on the amorphous silica wall of the template can act as 

ligands. The metal- ligand interactions between the template and the precursors results 

the formation of a co-ordination bond thereby the production of complexes[25]. This 

type of interactions (chelation) can also increase the loading rate of the precursors into 

the mesopore channels of the host. 

2.2.3.3. Coulombic interactions 

The amorphous silica walls of the templates possess abundant negatively charged 

oxygen atoms distributed on the surface. During the impregnation process, Coulombic  
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Interactions between the silica walls and the precursors exist, which influence the 

loading rate of the precursor in the mesopore channels of the template.  

2.2.3.4. Van der Waals forces 

 Van der Waals interaction is extremely important for the migration of precursor 

metal ions into the surface of the mesopore channels. The ion migration helps to transfer 

the precursors completely into the mesopores. This force is also important for inter-

linking of the nanoparticles in the annealing stage. This interaction also enhances the 

precursor loading.  

2.2.4. Advantages of Hard Template Method 

 Hard template method offers many advantages using mesoporous silica as 

template structure. First of all it opens an alternative route for preparing various 

mesoporous metal oxides which is very complicated to synthesize using traditional 

surfactant template method. The mesoporous silica template with the mesopore, 2-10 

nm range can serve as nanoreactors and the obtained materials are also in nanometer 

range. Variable mesostructure of the silica hosts helps to obtain alternative topologies, 

such as 1-D nanowire arrays or 3-D bicontinuous nanowire array. Thermal stability of 

the silica material is another advantage of the hard template method, which helps to 

carried out the synthesis at much higher temperatures with controlled structure and 

morphology. 

2.3. Experimental setup for low temperature CO oxidation (LT-CO) and 

 preferential oxidation of CO (PROX-CO) 

 The experimental setup used for the low temperature CO oxidation (LT-CO) and 

preferential oxidation of CO (PROX-CO) are shown in Fig.2.3. For low temperature CO 

oxidation 1:1 vol% of CO and O2 (5 vol% in He) with He (total flow, 55 cm
3
 min

-1
) is 

passed through the reactor contain 30 mg of catalyst. For preferential oxidation 1:1 

vol% of CO and O2, 46 vol% H2, balance He (total flow, 55 cm
3
 min

-1
) is used. 

Temperature programmer connected with a thermocouple is used to programme the 

reaction temperatures (for both reaction 40-200°C temperature range is used). Gas flow 

rate is controlled by using mass flow controller connected in the gas lines. Every 30 min 
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the effluent gas coming out from the reactor in analyzed with a HP 6890 gas 

chromatograph equipped with a HP Poraplot Q capillary column and both TCD and FID 

(coupled with a methanator) detectors. Liquid CO2 is used to cool down the oven 

temperature of the GC to -40°C.  

 

Figure 2.3. Experimental setup for low temperature CO oxidation and preferential 

oxidation of CO 
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Low temperature CO oxidation and preferential oxidation of CO over 

CuO-Co3O4 spinel catalysts 

 

 

 

 

3.1. Introduction 

 Spinels are a group of crystalline compounds with the general formula AB2X4, 

where A and B represents the divalent and trivalent cation in the tetrahedral and octahedral 

site, respectively and X is chalcogen (X= O, S, Se, Te). Spinels have received great deal of 

research interest due to its diverse properties and wide range of applications including 

magnetism, electronics and catalysis, energy storage and conversion[1-4]. Spinels are built 

with a cubic close packed array of X
2-

 ions, with A
2+

 and B
3+

 cations occupying all of the 

tetrahedral and octahedral holes, respectively (Fig.3.1) [5]. The unit cell of a normal spinel 

consists of 32 cubic-close-packed oxygen anions. In this unit cell, 8 of the 64 tetrahedral (A 

site) interstices are filled with divalent metal cations, and 16 of the 32 octahedral (B site) 

interstices are filled with trivalent metal cations (Fig.3.1)[6].  

CHAPTER 

3 
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Figure 3.1. Schematic representation of the unit cell AB2X4 

 There are about 1000 known spinels including ~130 oxides, among these, transition 

metal oxide spinels  for instance, tricobalt tetroxide (Co3O4) have received great research 

attention as active component in Li-ion batteries, gas sensing[7], electronic devices and 

heterogeneous catalysts[8]. Cobalt oxide is composed of cubic spinel type structure with 

Co
2+

 and Co
3+

 cations mostly occupying in the tetrahedral and octahedral sites, 

respectively. The unit cell contains 56 atoms (32 O2- anions, 16 Co3+ and 8 Co2+ 

cations).The Co
2+

 ions in the tetrahedral site has a d
7
 electronic configuration of high-spin 

state (e
4
t2

3
), whereas the Co

3+
 ions in the octahedral site has a d

6
 configuration of low-spin 

state (t6
2g) [9]. Fig. 3.2 show a polyhedral model of Co3O4 spinel, where A represents the 

divalent Co
2+

 cation in the tetrahedral sites and B represents the Co
3+

 cations in the 

octahedral sites.  

 Spinel structures are versatile due to its ability to accommodate a wide range of 

metal cations and oxidation states, these properties make it as a model system for many 

fundamental studies. Recently, mixed oxide spinel structures are of intense interest in 

material research because of its remarkable optical, magnetic, and catalytic properties. 

Partial substitution of spinels with other 3d-transition metals are useful for tuning the 

structural, optical and catalytic properties of the material [9-10]. Cobalt oxide and cobalt 
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oxide based materials are extensively used as a heterogeneous catalyst for many chemical 

transformations such as, CO oxidation [8, 11-14], NOx abatement, Fischer- Tropsch 

synthesis[15-16], preferential oxidation of CO [17-19]. Spinel cobaltite (MCo2O4; M= Cu, 

Mn, Ni, Mg, etc.) are found to be more active, selective,  stable and resistance to poisoning 

in a number of catalytic or electrocatalytic processes compared to pure cobalt oxide. The 

stabilization of the active species and special synergistic interactions between the two 

different oxides favor the performance improvement of the cobaltite[20-21]. Particle size, 

morphology, and porosity also have significant influence on the properties of spinels [22]. 

Several synthetic approaches such as, nitrate decomposition[23], urea combustion[24], co-

precipitation [25], sol-gel [26], hydrothermal[27], aero-sol pyrolysis[10], anodic 

electrodeposition[22] are applied for the preparation of spinel cobaltites.  

 

Figure 3.2. Schematic representation of the polyhedral model of Co3O4 spinel 

  The present work deals with the catalytic activity of hard-templated mesoporous 

CuO-Co3O4 oxides for both the low temperature CO oxidation and CO PROX in a 

hydrogen-rich stream. Four catalysts, with 0, 9, 13 and 17 Cu/(Co+Cu) atomic ratio (%), 

respectively, were prepared by using SBA-15 as a hard template. They were characterized 

as to their structure, morphology, texture and redox features by X-ray diffraction (XRD), 
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FTIR spectroscopy, transmission electron microscopy (TEM), N2 physisorption and 

temperature-programmed reduction with hydrogen (H2-TPR). The catalytic activity was 

tested in the 40-140 °C range for CO oxidation in the absence of hydrogen and in the 40-

200 °C range for the CO PROX in a hydrogen-rich stream. In both cases a continuous-flow 

microreactor operated under atmospheric pressure was used. 

3.2. Experimental  

3.2.1. Materials 

 Tetraethylorthosilicate (TEOS, 98 %), Pluronic copolymer P123 (EO20PO70EO20),   

Cu(NO3)2·2.5H2O, Co(NO3)2·6H2O, NaOH and Co3O4 were supplied by Aldrich. CuO was 

supplied by Thermo Quest as a standard for the calibration of the TPD/R/O 1100 apparatus. 

HCl (37 %) was provided by Merck. All the materials were of reagent grade.  

3.2.2. Synthesis of mesoporous silica SBA-15 

 Mesostructured silica SBA-15 was prepared under hydrothermal conditions 

according to[28]. In a typical synthesis, 4 g of Pluronic 123 were added to 120 g of HCl 

(2M) and 30 g of bi-distilled water. After 15 h under stirring at 308 K, 8.5 g of TEOS were 

added and the solution was maintained at 308 K for 24 h under stirring. The resulting gel 

was then transferred into a stainless-steel autoclave and kept at 373 K for 24 h under static 

conditions. The obtained suspension was filtered and the recovered solid was washed with 

de-ionized water, dried at 313 K overnight and finally calcined in air at 823 K for 5 h. 

3.2.3. Synthesis of mesoporous copper-cobalt mixed oxides 

 copper-cobalt oxides were prepared by a hard template pathway using SBA-15 as 

the hard template. In a typical synthesis, cobalt and copper nitrates, in appropriate amounts 

to obtain the desired Cu/(Co+Cu) atomic ratio, were dissolved in 25 cm
3
 of ethanol. 1 g of 

SBA-15 was then added to 15 cm
3 

of the obtained solution and the suspension was stirred at 

room temperature for 1 h. Next, the solvent was evaporated at 60 °C overnight and the 

impregnation step was then repeated with the aim of completely filling the SBA-15 pores. 

The resulting solid was subsequently transferred into a furnace and kept at 550 °C for 3 h to 



Chapter 3   Low temperature CO oxidation and preferential oxidation of CO over CuO-Co3O4 spinel catalysts  

57 

 

decompose the nitrates into oxides. Removal of the SBA-15 template was then performed 

by leaching with 2 M NaOH at 50 °C. Finally, the resulting material was washed up to pH 

7 with distilled water and dried at 50 °C for 12 h. The obtained samples were named CuCo-

x, where x (= 0, 9, 13, 17) represents the experimental Cu/(Co+Cu) atomic ratio (%). 

3.2.4. Catalyst Characterization  

 Inductively coupled plasma atomic emission spectroscopy (ICP-AES) analyses 

were performed with a Varian Liberty 200 spectrophotometer to determine the Cu content. 

Samples (0.03 g) were dissolved in concentrated nitric acid and the solution was diluted to 

250 cm3 with bi-distilled water.  

X-ray diffraction patterns were recorded on a Seifert X3000 diffractometer with a θ-θ 

Bragg Brentano geometry with Cu Kα radiation.  

The absorption spectra in the medium IR region (4000-400 cm-1) were collected using 

an Equinox 55 (Bruker) spectrophotometer. Pellets of the samples were prepared by 

dispersing the finely ground powders in KBr. 

Transmission electron microscopy (TEM) images were obtained on a JEOL 200CX 

microscope equipped with a tungsten cathode operating at 200 kV. Finely ground samples 

were dispersed in n-octane in an ultrasonic bath.  The suspension was then dropped on a 

carbon-coated copper grid for observation. 

Textural analysis was carried out on a Sorptomatic 1990 System (Fisons Instruments), 

by determining the nitrogen adsorption/desorption isotherms at -196 °C. Before analysis, 

the sample was heated overnight under vacuum up to 250 °C (heating rate = 1 °C min
-1

).  

TPR profiles were recorded on a TPD/R/O 1100 apparatus (Thermo Quest), under the 

following conditions: sample weight, 0.05 g; heating rate (from 40 to 800 °C), 10 °C min-1; 

flow rate, 30 cm
3
 min

-1
; H2, 5 vol% in N2. The hydrogen consumption was monitored by a 

thermal conductivity detector (TCD).  
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3.2.5.  Catalytic runs 

 CO oxidation in the absence of hydrogen and in a hydrogen-rich stream (CO PROX) 

were carried out under atmospheric pressure in a quartz-glass fixed-bed continuous-flow 

microreactor in the 40-140 °C and 40-200 °C temperature range, respectively. The catalyst 

(0.03 g) was contacted with either a CO/O2 mixture (total flow, 55 cm
3
 min

-1
; 1.5 vol% CO, 

1.5 vol% O2, balance He) or a CO/O2/H2 stream (total flow, 55 cm
3
 min

-1
; 1.5 vol% CO, 1.5 

vol% O2, 46 vol% H2, balance He). On selected samples (CuCo-0 and CuCo-17) the CO 

PROX reaction was also performed by using 0.1 g of catalyst. Such samples were also 

tested in the H2 oxidation reaction by contacting 0.03 g of catalyst with an O2/H2 stream 

(total flow, 55 cm
3
 min

-1
; 1.5 vol% O2, 46 vol% H2, balance He) in the 40-200 °C 

temperature range. On-line analysis of the reactor effluent was performed on a HP 6890 

GC, equipped with a HP Poraplot Q capillary column and both TCD and FID (coupled with 

a methanator) detectors. At each reaction temperature, samples were collected after 30 min 

on-stream to allow the attainment of steady-state conditions. Prior to the reaction the 

catalysts were pretreated in air (15 cm
3
 min

-1
) at 500 °C (heating rate, 1 °C min

-1
) for 1 h. 

In the case of CO oxidation in the absence of hydrogen, a selected sample (CuCo-17) was 

also submitted  to the following activation procedures: (i), pretreatment in air (15 cm3 min-

1
) at 150 °C (heating rate, 1 °C min

-1
) for 1 h; (ii), reduction in H2 (15 cm

3
 min

-1
) at 350 °C 

(heating rate, 5 °C min
-1

) for 2 h and successive re-oxidation in air flow (15 cm
3
 min

-1
) for 

1 h at the same temperature. Conversion and selectivity towards CO2 have been calculated 

for both CO (XCO; CO

CO 2
S ) and O2 (XO2

; 2

2

O

COS )  by the following equations: 
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where terms in brackets are the inlet and outlet concentrations. 
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3.3. Results and discussion  

3.3.1 Characterization of SBA-15 

 The low angle X-ray diffraction pattern of SBA-15 (Fig.3.3) shows three well-

resolved peaks which can be indexed as the (100), (110), and (220) reflections 

characteristic of  the 2-D hexagonal (P6mm) structure. The internal architecture of SBA-15 

is clearly visible in the TEM images shown in Fig. 3.4: both the viewing directions, parallel 

(Fig. 3.4a) and perpendicular (Fig.3.4b) to the main axis of the pores, confirm the highly 

ordered 2-D hexagonal regularity. The ordered arrays of silica channels have a mean 

diameter of ca. 6-7 nm with a wall thickness of about 3 nm. 
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Figure 3.3. Low angle XRD diffraction of the SBA-15 silica template. 
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Figure 3.4. TEM images of the SBA-15 silica template. 

 Nitrogen physorption results are summarized in Fig.3.5, which shows a type IV 

isotherm with an H1 hysteresis loop at high relative pressures, typical of SBA-15. A 

surface area, SBET, of 1080 m2 g-1 and a pore volume, Vp, of 1.58 cm3 g-1 were calculated 

from the BET equation. The BJH method was applied to the desorption branch of the 

isotherm to obtain the pore size distribution curve (Fig. 3.5, inset) which appears quite 

narrow and centered at 6.1 nm (dp), in agreement with the TEM results. 
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Figure 3.5. Nitrogen adsorption/desorption isotherm and pore size distribution plot (inset) 

of the SBA-15 silica template. 
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3.3.2. Characterization of CuCo-x catalysts 

 

Figure 3.6. XRD patterns of  CuCo-x catalysts: (A), CuCo-0; (B), CuCo-9; (C), CuCo-13; 

(D), CuCo-17; (E), CuCo-17 after N2 treatment at 500 °C for 6 h. 

The XRD patterns of the CuCo-x mixed oxides are presented in Fig.3.6. The 

diffraction profile of the CuCo-0 sample matches the JCPDS (PDF 74-1656) file 

identifying Co3O4 with face-centered cubic spinel structure (space group Fd-3m), in which 

one eight of the tetrahedral sites are occupied by Co2+ cations while one half of the 

octahedral sites are occupied by Co
3+

 cations. The spinel phase is the only phase visible in 

the patterns of CuCo-9, CuCo-13 and CuCo-17: no peaks corresponding to CuO or any 

other ordered Cu-containing phase can be detected, even at the highest loading. This seems 

to suggest that both Co
2+ 

and Cu
2+

, whose diameters are very close (74.5 and 73 pm [29]), 

are located inside the tetrahedral holes of the cubic closely-packed structure of O2-. In 

principle, the lack of evidence for a CuO phase might also depend on its high dispersion. 

Should this be the case, however, sharpening of the peaks induced by a high-temperature 

treatment would make visible such copper oxide phase. Inspection of the XRD pattern of 

the CuCo-17 sample treated at 500 °C for 6 h under nitrogen (curve E in Fig. 3.6) does not 
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reveal any other phase besides the spinel, which supports the view that no segregated CuO 

phase forms during the catalyst preparation. 

 The presence of a CuO phase can definitely be ruled out on the basis of the FTIR 

results. In Fig. 3.7 the spectra of CuCo-0 (as-made) and CuCo-17 (either as-made or after 

N2 treatment at 500 °C for 6 h) are compared with the spectrum of pure CuO. For the latter, 

in agreement with the literature [30], the typical modes of CuO are visible, located at 484 

cm
-1

, 538 cm
-1

 (TO)  and  580  cm
-1

 (LO). No contribution of such bands is detected in the 

spectra of the CuCo-x samples, for which only the spinel phase is present, as revealed by 

the bands at 568 and 660 cm
-1

. According to the literature [31-33]these bands originate 

from the stretching vibrations of the metal-oxygen bonds: the one at 568 cm-1 is associated 

with the OB3 vibration in the spinel lattice (B denotes Co
3+

 in an octahedral hole) and the 

band at 660 cm
-1

 is attributed to the ABO3 vibration (A denotes the bivalent cation in a 

tetrahedral hole). The presence of small bands at ca. 990, 1635 and 3430 cm
-1

,
 
ascribable 

[34] to ν(Si-OH), δ(H2O) and ν(H2O), respectively, suggests that very low amounts of 

residual silica remain after the leaching process. Compared to CuCo spinels prepared by 

conventional coprecipitation, which undergo segregation of CuO phase upon calcination at 

500 °C for 4 h [35], the present CuCo spinels appear quite stable.  
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Figure 3.7. FTIR spectra of  (A), CuO; (B), CuCo-0; (C), CuCo-17; (D), CuCo-17 after N2 

treatment at 500 °C for 6 h. 

 The N2 adsorption-desorption isotherms and the pore size distribution curves of the 

CuCo-x catalysts are reported in Fig.3.9. All the samples exhibit a type IV isotherm. The 

hysteresis loop reveals two relatively well-resolved steps: an H1 loop, indicative of an 

ordered mesopore system and a feature, observable in the region of high relative pressure, 

typical of the filling range of textural porosity. Similar results have been reported by other 

authors for SBA-15-templated Co3O4[36] and CuCo2O4 spinel [13]. Surface area, SBET, and 

pore volume, Vp, were calculated from the BET equation. The BJH method was applied to 

the desorption branch of the isotherms to obtain the pore size distribution curves (Fig. 3.9, 

inset) which appear rather narrow. The textural results are summarized in Table 3.1. The 

surface area of all the catalysts is very close to 90 m
2
 g

-1
, being not affected by the Cu 

content. These values are one order of magnitude higher than those (< 10 m2 g-1) obtained 

for similar samples prepared by conventional methods [37] and comparable with the values 

(80-120 m
2
 g

-1
) reported in the literature for mesoporous cobalt and copper-cobalt oxides 

synthesized by HT method [13-14, 36, 38]. Both the pore volume and the pore size of the 

CuCo-x samples seem unaffected by the Cu loading. The Vp values (0.141-0.184 cm
3
 g

-1
, 

Table 1) are in agreement with the result (0.167 cm3 g-1) reported in [38] for a mesoporous 

silica-templated Co3O4. The pore size values (dp = 3.4 - 3.8 nm) are consistent with the pore 

wall thickness of the parent SBA-15, which seems to suggest that the materials are replicas 

of the topological structure of the template. This is confirmed by TEM observations: 

micrographs of the CuCo-17 catalyst clearly show the ordered rod-like morphology of the 

material (Fig. 3.4a); at higher magnification (Figs. 3.8 b and c), the shape-reversed 

moulded structure of the silica template is visible, the channels being void replicas of the 

former walls of the SBA-15 host and the oxide appearing as rods, of ca. 7 nm in diameter.  
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Figure 3.8. TEM images of the CuCo-0 (a) and CuCo-17 (b, c) catalysts. 

 

 

 

 Table 3.1. Textural properties of the CuCo-x catalysts. 

Catalyst  SBET 

(m
2 
g

-1
) 

Vp 

(cm
3
 g

-1
) 

dp 

(nm) 

CuCo-0 93 0.173 3.7 

CuCo-9 89 0.184 3.4 

CuCo-13 92 0.141 3.8 

CuCo-17 94 0.167 3.6 
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Figure 3.9. Nitrogen adsorption/desorption isotherm and pore size distribution plot (inset)  

of CuCo-x catalysts: CuCo-0, (a); CuCo-9, (b); CuCo-13, (c); CuCo-17, (d).  

 

H2-TPR results are presented in Fig. 3.10. The reduction profile of pure CuO shows a 

signal centred at 367 °C. The occurrence of a single-step reduction is in agreement with the 

literature [39-40], where the reported temperatures of the maximum H2 consumption range 

from 310 °C to 380 °C, reasonably owing to differences in sample particle sizes and/or 

experimental conditions. The reduction features of CuCo-x samples are more complex. In 

the reduction behaviour of pure Co3O4 (CuCo-0) two temperature regimes can be 

individuated: (i) a low-temperature regime, characterized by a relatively well-defined peak 

centred at 335 °C; (ii) a high-temperature regime, whose main feature is a broad peak with 

its maximum at 484 °C, showing some heading and a shoulder at 384 °C). The hydrogen 

consumption associated with regions (i) and (ii) are in the ratio of ca. 1:3. Such two 

regimes are well-documented in the literature [33, 41-43]. They are generally ascribed to 

the reduction of Co3O4 to CoO (Eq.3.1), resulting in the collapsing of the spinel structure, 

and the reduction of CoO to metallic cobalt (Eq.3.2).     
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Co3O4 + H2  →  3 CoO +  H2O   (3.1) 

3 CoO + 3 H2  →  3 Co + 3 H2O   (3.2) 

The TPR profiles reported for Co3O4 by the various authors differ in some minor details: 

thus, according to [33] both regimes (i) and (ii) are characterized by a single, well-defined 

peak, whereas in [44] regime (i) appears as a pronounced shoulder of the prominent, 

markedly asymmetric peak representing regime (ii). Again, in both [42] and [43] one 

(relatively symmetric) peak is reported in region (ii), and two peaks in region (i), one of 

them being however very small and located at the low-temperature side of the TPR 

spectrum. According to [43], the latter can be ascribed to the reduction of surface species. It 

should be noted that, in general, factors such as particle size and non-uniform composition 

between surface and bulk (which in turn could be influenced by the preparation method) 

may well be responsible for the minor differences among the profiles reported by the 

different authors. Such details are not discussed in the literature, nor will be for the present 

TPR results. Concerning the reduction profiles of CuCo-9, CuCo-13 and CuCo-17, a 

common feature is their shift towards lower temperatures. Such copper-promoted easier 

reducibility with respect to the pure Co3O4 and CuO oxides reveals that a strong interaction 

occurs between cobalt and copper. It is also worthy of note that the two reduction regimes 

observed for Co3O4 can still be singled out in the copper-containing samples. However the 

two regimes tend to merge in the presence of copper. No further discussion can be 

attempted, the collapsing of the spinel structure and the further reduction to the metallic 

state being now complicated by the presence, besides Co
2+

, of Cu
2+

 in the tetrahedral sites 

and the interaction of both with Co
3+

 in the octahedral holes.   
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Figure 3.10. H2-TPR profiles of (A), CuO; (B), CuCo-0; (C), CuCo-13; (D), CuCo-17. 

 

3.4. Catalytic activity of CuCo-x catalysts 

3.4.1. CO oxidation activity in the absence of H2 

 Catalytic testing results are shown in Fig. 3.11, where the CO conversion is plotted 

vs. the reaction temperature. All the catalysts are able to oxidize CO even at 40 °C, though 

to a very low extent (CO conversion ca. 5 %). Increasing in the temperature up to 80 °C 

causes a smooth increase in activity, a further, steeper increase being observed, without 

significant differences between the catalysts, when the temperature is raised beyond this 

point. For all the samples, the temperature for 50 %  conversion (T50) is ca. 100 °C. From 

this point onwards the trend for the pure Co3O4 oxide differentiates from that of the other 

samples, which attain 100 % conversion at 140 °C whereas at this same temperature 87 % 

conversion is reached over Co3O4. T50 values can be used for comparing the performance of 

the present catalysts with that of Co3O4 and copper-cobalt oxides previously investigated 

by other authors. A summary of the literature data is reported in Table 3.2. The superiority 
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of the present catalysts over a Co3O4 sample prepared by coprecipitation-oxidation [45] is 

manifest. At first sight it seems that better results than the present ones have been obtained 

over copper-cobalt spinels prepared by nitrates calcination [46] (T50 = 50 °C), by ultrasonic 

aerogel pyrolysis [47] (100 % conversion at 52 °C), or by hard template method [13](T50 = 

70 °C). However, inspection of the reaction conditions shows that the results reported in 

[10, 46] were obtained with a much higher catalyst amount, a lower flow rate and a higher 

(for [46]) oxygen concentration; a much higher oxygen concentration, which is known to 

remarkably promote the catalytic activity of Co3O4-based catalysts [48], was used in [13]. 

In view of the sample amount, flow rate and oxygen concentration, the results for the hard-

templated Co3O4 catalyst reported in [11] are comparable to the present ones. 

 

Figure 3.11. CO conversion vs. reaction temperature for the CuCo-x catalysts in the low 

temperature CO oxidation: (○), CuCo-0; (●), CuCo-9; (□) CuCo-13; (▲) CuCo-17.  
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Table 3.2. Comparison of the experimental conditions used for CO oxidation in the present 

work with those of literature data. 

Catalyst 

 

Sample weight 

(m
 
g) 

 

CO 

(mol%) 

 

O2 

(mol%) 

Total flow rate 

(cm
3
 min

-1
) 

T50 

(°C) 

Refs. 

 

Co3O4

(a)
 50 4.0 10.0 20 150 [14] 

CuCo spinel
(b)

 
(c) 

5.0 20.0 15 50 [11] 

CuCo spinel
(d)

 200 3.0 3.0 30 
(e) 

[28] 

Co3O4

(f)
 16 0.5 1.0 100 160 [49] 

CuCo spinel
(f)

 50 1.0 20.8 100 70 [50] 

Co3O4 and 

CuCo spinel
(f)

 
30 1.5 1.5 55 102 present work 

(a) 
Coprecipitation-oxidation method. 

(b) 
Nitrates calcination method. 

(c) 
1 cm

3
 of catalyst 

(weight not available). 
(d) 

Ultrasonic aerogel pyrolisis method. 
(e) 

T50 not available; 100 % 

conversion at 325 K. 
(f) 

Hard template method. 

 The influence of the activation treatment of the catalyst prior to the reaction on its 

performance has been checked on the CuCo-17 sample. The results are shown in Fig. 3.12. 

The best performance (T50 = ca. 100 °C) is obtained by pretreating the catalyst in air at 500 

°C for 1 h. A lower pretreatment temperature (150 °C for 1 h in air) slightly decreases the 

activity (T50 = 110 °C) and a two-step activation procedure (reduction under H2 at 350 °C 

for 2 h and successive re-oxidation under air flow for 1 h at the same temperature) leads to 

a poor catalyst (T50 = ca. 135 °C). The sensitivity of Co3O4 to reducing pretreatment 

conditions (CO- or H2-containing atmosphere) is known [37]. It is ascribed to a drastic 

change in the Co
2+

/Co
3+

 balance, the coesistence of Co
2+

 - Co
3+

 pairs in the same material 

being essential for the catalytic activity. It is worthy of note that the temperature of the first 

activation step is high enough to allow the accomplishment of the reduction regime (i) (cf. 

Fig. 3.10), i.e. the collapsing of the spinel structure, and even the establishing, to some 

extent, of the reduction to the metallic state of the bivalent cations. The catalytic results 

seem to suggest that the second activation step (under oxidizing conditions) is only partially 

able to restore the correct ratio between Co3+ and the bivalent cobalt and copper ions. 
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Figure 3.12. CO conversion vs. reaction temperature for  the CuCo-17 catalyst in the low 

temperature CO oxidation: (▲) pretreated under air at 500 °C for 1 h; (■) pretreated under 

air at 150 °C for 1 h; (●) pretreated under H2 at 350 °C for 2 h and then calcined in air for 1 

h at the same temperature. 

4.4.1. Preferential oxidation of CO (PROX-CO) 

 Catalytic results for the CO oxidation in hydrogen-rich atmosphere are presented in 

Fig. 3.13. For CuCo-0, CO conversion (Fig. 3.13a) increases monotonically with the 

reaction temperature and attains 86 % at 200 °C, whereas for all the Cu-containing catalysts 

a maximum in the XCO vs. T profile is observed at 160 °C, with CO conversion values of 

73-80 %. The temperature for 50 % conversion (T50) is ca. 138 °C for CuCo-0 and 

decreases to ca. 123-127 °C for the Cu-containing samples, which indicates that the 

presence of Cu slightly enhances the catalytic activity for CO transformation. The 

selectivity values in Fig. 3.13b reveal that over CuCo-0 the reacted CO is completely 

oxidized to CO2, 
CO

CO 2
S being 100 % in the whole range of investigated temperatures. In the 

case of the Cu-containing catalysts, a decrease in selectivity is observed at the high reaction 

temperatures (beyond 180 °C over CuCo-9 and 160 °C over both CuCo-13 and CuCo-17), 
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which indicates the establishing, besides CO oxidation to CO2, of the methanation reaction 

(Eq. 3.3).  

 CO + 3 H2              CH4 + H2O                             (3.3) 

At 200 °C ca. 20 % of CO is transformed into CH4 over such catalysts.  

 

Figure 3.13. CO PROX activity vs. reaction temperature for CuCo-0 (○), CuCo-9 (●), 

CuCo-13 (□), and  CuCo-17 (▲): (a), CO conversion; (b), CO2 selectivity from CO; (c), O2 

conversion; (d), CO2 selectivity form O2. Catalyst amount: 0.03 g.   

 As to the O2 conversion (Fig. 3.13c), a monotonic increase is observed for all the 

catalysts as the reaction temperature is increased up to 200 °C, XO2
 values of 95-98 %  

being attained at such temperature. Based on the T50 values (160 °C for CuCo-0, 140 °C for 

CuCo-9, CuCo-13 and CuCo-17), it seems that the oxygen conversion is somewhat 

favoured by the presence of Cu. As shown by Fig. 3.13d, in the case of CuCo-0 the oxygen 

selectivity towards CO2 formation is 100 % for reaction temperatures up to 80 °C; a sharp 
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decrease is observed beyond this temperature, although 49 % of the reacted oxygen is still 

converted to CO2 at 200 °C. The presence of Cu in the catalyst results in some worsening 

of the O2 selectivity towards CO2: regardless of the Cu content, 2

2

O

COS  remains 100 % only 

up to 60 °C, being generally well below the value for the pure Co3O4 when the temperature 

is increased beyond this point. At variance with the case of CuCo-0, for which a monotonic 

decrease in 2

2

O

COS  is observed for reaction temperatures above 80 °C, the 2

2

O

COS vs. T curves 

of the Cu-containing catalysts show the presence of a relative minimum, occurring at 100 

°C for CuCo-9 and at 80 °C for both CuCo-13 and CuCo-17. The higher the Cu amount, 

the deeper the minimum. 2

2

O

COS vs. T curves characterized by the presence of a minimum 

have been observed by several authors [19, 50-51] for  both pure and supported MOx-based 

catalysts (M = Mn, Fe, Ni, Cr, Co, Cu) with different metal compositions; however no 

comments have appeared so far in the literature regarding this point. Reasons for the 

presence of such minimum seem difficult to understand and no interpretation will be 

attempted here. 

It is reported in the literature that the catalytic activity of metal oxides in CO 

conversion can pass through a maximum as the reaction temperature is increased [19, 50-

53]. Such a behaviour is also observed on the present Cu-containing catalysts (Fig. 3.13a), 

and can be ascribed to (i) the different kinetics of the CO and H2 oxidation reactions and/or 

(ii) the occurrence of the reverse gas shift reaction (RWGS) involving the product CO2 and 

the reactant hydrogen (Eq.3.4). 

 CO2 + H2            CO + H2O                         (3.4) 

 Based on literature results showing that no significant RWGS takes place at 

temperatures ≤ 200 °C over CuO- [53] and Co3O4-based [54] catalysts, the (ii) possibility 

can reasonably be ruled out. Concerning point (i), it has been specifically addressed by 

performing H2 oxidation experiments on CuCo-0 and CuCo-17 using a CO-free feed. The 

O2 conversion values in the hydrogen oxidation are reported as a function of temperature in 

Figs. 3.14a and b for CuCo-0 and CuCo-17, respectively. For comparison, the O2 
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conversion values for CO oxidation are also reported in Fig. 3.14, as well as those for the 

CO PROX. The inherently higher ability of CuCo-0 in oxidizing CO rather than hydrogen 

is apparent from the comparison (Fig. 3.14a) between the temperatures for the onset of the 

former (40 °C) and the latter reaction (80 °C). (Note that this ability in oxidizing CO is 

maintained even in the presence of large amounts of hydrogen, under which conditions the 

reaction still sets in at a temperature as low as 40 °C.) Inspection of Fig. 3.14b reveals that 

for CuCo-17 the onset of H2 oxidation occurs at 60 °C, i.e. 20 °C below the point at which 

such reaction is triggered over CuCo-0, thus suggesting that the presence of Cu promotes 

H2 oxidation. 

 

Figure 3.14. O2 conversion vs. reaction temperature for CO oxidation (■), H2 oxidation 

(●), and CO PROX (▲): (a), CuCo-0; (b), CuCo-17. Catalyst amount: 0.03 g.  

 

Generally speaking, if an increasing amount of oxygen is consumed through the 

hydrogen combustion rather than through the CO oxidation to CO2, the appearance, after an 

increasing trend, of a decreasing branch in the XCO vs. T curve should be expected. 

However this would be actually visible only if the activation energy (Ea) values are such 

that, provided that both the competing reactions have been activated, the reaction 

temperature is high enough for enhancing more the hydrogen combustion rate than the CO 

oxidation rate. The apparent Ea value for both hydrogen and CO oxidation has been 

assessed from the pertinent Arrhenius plots (shown in Fig.3.15), after calculating the 
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reaction rates by the differential reactor approximation for the runs with oxygen conversion 

below 20 %. For CuCo-17, Ea values of 53 and 45 kJ mol
-1

 were calculated for H2 oxidation 

and CO oxidation, respectively; a maximum is observed in Fig. 3.13a for this catalyst. The 

obtained Ea values for H2 oxidation and CO oxidation over CuCo-0 are 88 and 37 kJ mol-1, 

respectively. The lack of a maximum in the XCO vs. T curve for this catalyst (Fig. 3.13a) 

would hence stem from the fact that the activation energy for H2 oxidation is too high and 

the Ea value for CO oxidation so low that, for reaction temperatures below 200 °C, the 

increase in the rate of the former reaction is lower than the rate enhancement of the latter. 

 

 

Figure 3.15. Arrhenius plot of the specific rate constant of CO oxidation and H2 oxidation 

over CuCo-0 and CuCo-13 catalysts. 
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It is well known that cobalt is among the most active metals for the methanation 

reaction [55]. Methanation is observed over the present Cu-containing catalysts, provided 

that the reaction temperature is high enough: above 180 and 160 °C for CuCo-9 and both 

CuCo-13 and CuCo-17, respectively, in high-space velocity runs (Fig. 3.13b. Accordingly, 

it seems that over these oxides, whose copper-induced easy reducibility is manifest from 

the TPR experiments, the hydrogen-rich atmosphere of the PROX causes the formation of 

metallic cobalt, which in turn catalyzes the methanation reaction. By converse, over CuCo-

0, which - according to the TPR results - requires temperatures well above 200 °C for its 

reduction, no methanation is observed. The permanent modification undergone by the 

present Cu-containing catalyst as a consequence of reduction of the oxide to metallic cobalt 

is apparent from the worsening in their CO PROX performance. This is shown in Fig. 3.16, 

where 40-200 °C reaction cycles carried out on fresh and regenerated portions of CuCo-17 

are compared. By converse, in the same Fig. 3.16 no differences in the catalytic 

performance between fresh and regenerated portions of CuCo-0 are observed, which 

indicates that no modification of the catalyst has occurred. FTIR experiments on the used 

samples (Fig. 3.17) definitely confirm that the spinel structure is partially destroyed after 

the CO PROX reaction in the case of  CuCo-17, whereas it is preserved in the case of 

CuCo-0. 
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Figure 3.16. CO PROX activity vs. reaction temperature for CuCo-0 (○;●) and (�,▲) 

CuCo-17: (a), CO conversion; (b), CO2 selectivity from CO; (c), O2 conversion; (d), CO2 

selectivity form O2. Catalyst amount: 0.1 g. Open and full symbols refer to fresh and 

regenerated samples, respectively.  
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Figure 3.17. FTIR spectra of (A), CuCo-0 and (B), CuCo-17 catalysts after CO PROX 

reaction.  

 

3.5. Conclusions 

 Hard-templated, rod-shaped copper-cobalt spinels with appreciably high SBET and 

Vp values, narrow mesopore distribution, are active catalysts for both CO oxidation and CO 

PROX reaction. The presence of copper is beneficial in the CO oxidation only at reaction 

temperatures above ca. 100 °C, which represents the T50 for all the catalysts. The activity 

results are comparable with those reported in the literature for hard-templated samples and 

seem superior to those for traditionally-prepared catalysts. A reduction-reoxidation 

pretreatment prior to reaction, probably causing an alteration in the ratio between Co
3+

 and 

the bivalent cobalt and copper ions,  leads to a less active catalyst.  

Concerning the CO PROX, the Cu-containing catalysts show increased oxygen (T50 

= 140 °C) and CO conversion (T50 = ca. 123-127 °C) in comparison with pure Co3O4  (T50 

= 160 and ca. 138 °C, respectively). The presence of copper however enhances the parasite 

hydrogen combustion. It also induces the occurrence to some extent of the methanation 

reaction, provided that the reaction temperature is high enough (≥ 180 or 160 °C, 

depending on the Cu content). The copper-promoted easier reducibility of the CuCo spinels 
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in comparison with the pure Co3O4 oxide (over which methanation does not occur) suggests 

that methanation is catalyzed by metallic cobalt formed during the PROX run. 
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4.1. Introduction 

 Spinels with transition metals have received great research attention in material 

science field due to its important role in variety of technological applications and 

heterogeneous processes. Cobalt-containing mixed metal oxide spinels have received 

special research interest due to its unique physical, chemical and magnetic properties. 

Cobalt oxide catalyzes wide variety of reactions, however actual nature of the active 

sites (octahedral versus tetrahedral) is unclear [1]. It is proposed that the catalytic 

activity and surface properties of the Co3O4 spinels can be improved by doping its 

spinel structure with divalent or trivalent metal ions[2-3]. In general, cation distribution 

of spinels can be explained in terms of cation size, electronegativity and ligand-field 

effect of transition metals. Iron oxide with 3d
5
 electronic configuration and zero crystal 

field stabilization energy will be an excellent candidate for doping cobalt spinel.  In 

inverse spinel structure of Fe3O4, iron can occupy both octahedral and tetrahedral sites 

[4].Therefore doping cobalt oxide with iron can possibly occupy both tetrahedral and 

CHAPTER 

4 
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octahedral sites. Iron doped cobalt oxides are previously prepared with several synthetic 

route such as, oxidation–precipitation method[5], coprecipitation method[6-8], non-

aqueous solution pathway[9] and thermal decomposition method [10]. The catalytic 

activity of the iron-cobalt systems are investigated for N2O decomposition [4], Fischer–

Tropsch Synthesis[8, 11], catalytic oxidation of phenol[12], catalytic oxidation of 

cyanides [5], aerobic oxidation of thiols [13] and aqueous phase catalytic oxidation of 

cyanides [5]. 

 Present work is an effort to investigate the effect of iron doped cobalt oxide for 

low temperature CO oxidation and preferential oxidation of CO. Hard template method 

is used to obtain high surface area iron-cobalt spinel. Four catalysts, with 0, 9, 14 and 

19 Fe/(Fe+Co) mol%, respectively, were prepared using mesoporous silica SBA-15 as 

the hard template. They were characterized as to their structure, morphology, texture 

and redox features by X-ray diffraction (XRD), FTIR spectroscopy, transmission 

electron microscopy (TEM), N2 physisorption and temperature-programmed reduction 

with hydrogen (H2-TPR), respectively. Catalytic testing for low temperature CO 

oxidation and preferential oxidation of CO were carried out in a continuous-flow 

microreactor operated under atmospheric pressure in the 313- 473 K range. 

4.2. Experimental 

4.2.1. Materials  

Tetraethylorthosilicate (TEOS, 98%), Pluronic copolymer P123 (EO20PO70EO20), 

Co(NO3)2. 6H2O, Fe(NO3)3. 9H2O, NaOH were supplied by Aldrich. HAuCl4 (Au ≥ 

49%) and ethanol (96%) was supplied by Fluka. HCl (37%) was provided by Merck. 

All the materials were reagent grade. 

4.2.2. Synthesis of mesoporous silica SBA-15 

Mesoporous silica SBA-15 was prepared under hydrothermal conditions according to 

[14]. In a typical synthesis, 4 g of Pluronic 123 were added to 120 g of HCl (2M) and 30 

g of bi-distilled water. After 15 h under stirring at 308 K, 8.5 g of TEOS were added 

and the solution was maintained at 308 K for 24 h under stirring. The resulting gel was 

then transferred into a stainless-steel autoclave and kept at 373 K for 24 h under static 

conditions. The obtained suspension was filtered and the recovered solid was washed 

with de-ionized water, dried at 313 K overnight and finally calcined in air at 823 K for 
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5 h. 

4.2.3. Synthesis of mesoporous iron-cobalt mixed oxides 

Iron-cobalt spinels were prepared by a hard template pathway using SBA-15 as the hard 

template. In a typical synthesis, Co(NO3)2 and Fe(NO3)3, in appropriate amounts to 

obtain the desired Fe/(Co+Fe) molar ratio, were dissolved in 25 cm
3
 of ethanol. 1 g of 

SBA-15 was then added to 15 cm
3
 of the obtained solution and the suspension was 

stirred at room temperature for 1 h. Next, the solvent was evaporated at 333 K overnight 

and the impregnation step was then repeated with the aim of completely filling the 

SBA-15 pores. The resulting solid was subsequently transferred in a furnace and kept at 

823 K for 3 h to decompose the nitrates into oxides. Removal of the SBA-15 template 

was then performed by leaching with 2M NaOH at 323 K. Finally, the resulting material 

was 

washed up to pH 7 with distilled water and dried at 323 K for 12 h. The obtained 

samples were named FeCo-x, where x (= 0, 9, 14, 19) represents the actual Fe/(Co+Fe) 

molar ratio%. 

4.2.4. Gold deposition on Fe2O3- Co3O4 support 

 Gold deposition was carried out using deposition precipitation method (DP), as 

reported by Haruta et-al[15]. In a typical synthesis desired amount of HAuCl4 solution 

added drop-wise into a slurry containing FeCo-14 support under constant stirring at 

60°C. pH of the slurry maintained at 9 by the use of aqueous ammonia solution. After 

aging for 2 h, the material filtered, washed several times with warm distilled water and 

then dried at 100°C. Finally calcined under air at 300°C for 2h at a heating rate of 2°C 

min
-1

. The material after preparation was named as xAu/FeCo-14, where x represents 

the amount of gold on the support and it was analysed with ICP and was observed to be 

2.4 wt%. Hereafter it will be named as 2.4Au/FeCo-14. 

4.2.5. Catalyst characterization  

 Inductively coupled plasma atomic emission spectroscopy (ICP-AES) analyses 

were performed with a Varian Liberty 200 spectrophotometer to determine the Au 

content. Samples (15 mg) were dissolved in aqua regia diluted to 100 ml with bi-

distilled water.  
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 Structural characteristics of the samples were obtained by XRD using a Seifert 

diffractometer with 0-0 Bragg Brentano geometry with Cu Kα wavelength. The mean 

crystallite size was calculated by the Scherrer equation. 

The absorption spectra in the medium IR region (4000-400 cm
-1

) were collected 

using an Equinox 55 (Bruker) spectrophotometer. Pellets of the samples were prepared 

by dispersing the finely ground powders in KBr. 

Transmission electron microscopy (TEM) images were obtained on a JEOL 

200CX microscope equipped with a tungsten cathode operating at 200 kV. Finely 

ground CuCo samples were dispersed in n-octane by sonication, dropped on a carbon-

coated copper grid, and dried for observation. 

 Textural analysis were carried out on a Sorptomatic 1990 System (Fisons 

Instruments), by determining the nitrogen adsorption/desorption isotherms at 77K. 

Before analysis, the sample were heated overnight under vacuum up to 523K (heating 

rate =1Kmin
-1

).  

4.2.6. Catalytic runs  

 CO oxidation in the absence of hydrogen and in a hydrogen-rich stream (CO 

PROX) were carried out under atmospheric pressure in a quartz-glass fixed-bed 

continuous-flow microreactor in the 40-140 °C and 40-200 °C temperature range, 

respectively. The catalyst (0.03 g) was contacted with either a CO/O2 mixture (total 

flow, 55 cm
3
 min

-1
; 1.5 vol% CO, 1.5 vol% O2, balance He) or a CO/O2/H2 stream (total 

flow, 55 cm
3
 min

-1
; 1.5 vol% CO, 1.5 vol% O2, 46 vol% H2, balance He). On-line 

analysis of the reactor effluent was performed on a HP 6890 GC, equipped with a HP 

Poraplot Q capillary column and both TCD and FID (coupled with a methanator) 

detectors. At each reaction temperature, samples were collected after 30 min on-stream 

to allow the attainment of steady-state conditions. Prior to the reaction the catalysts 

were pretreated in air (15 cm
3
 min

-1
) at 500 °C (heating rate, 1 °C min

-1
) for 1 h for 

FeCo-x catalysts and 300°C for 2 h for gold deposited catalyst. Conversion and 

selectivity towards CO2 have been calculated for both CO (XCO; 
CO

CO2
S ) and O2 (XO2

; 

2

2

O

COS )  by the following equations:
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where terms in brackets are the inlet and outlet concentrations. 

4.3. Results and discussions 

4.3.1. Characterisation of SBA-15 

The low angle X-ray diffraction pattern of SBA-15 in Fig.4.1 shows three well-

resolved peaks which can be indexed as the (1 0 0), (1 1 0), and (2 2 0) reflections 

associated with a hexagonal symmetry. These results are in agreement with the presence 

of a two-dimensional hexagonal P6mm structure with a large unit-cell parameter and 

indicate that the structure is actually representative of a long-range order. The internal 

architecture of SBA-15 is clearly visible in the TEM images shown in Fig.4.2: both the 

viewing directions, parallel (Fig. 2a) and perpendicular (Fig. 2b) to the main axis of the 

pores, confirm the highly ordered 2-D hexagonal regularity. The ordered arrays of silica 

channels have a mean diameter of ca. 6-7 nm with a wall thickness of about 3 nm. 
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Figure 4.1. Low angle XRD diffraction of SBA-15 silica template  
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 Figure 4.2. TEM of SBA-15 silica template  

 Nitrogen adsorption-desorption isotherm and pore size distribution (insight) of 

the SBA-15 template is reported in Fig.4.3. The isotherm can be classified as type IV 

and exhibits an H1-type hysteresis loop at high relative pressure, which are typical 

features for cylindrical channel mesoporous materials. Multipoint BET specific surface 

area was calculated from the adsorption branch of the isotherm (p/po= 0.05–0.25) and 

equals to 1003.37 m
2
/g. Pore size distribution of the SBA-15 silica template calculated 

by Barrett–Joyner–Halenda (BJH) method. A vast majority of pores falls between 4.45 

and 7.41 nm, with a maximum at 6.6 nm (insight Fig.2). Total pore volume of the SBA-

15 silica was determined from the adsorption branch of the N2 isotherm curve at the 

(P/P0) = 0.9975 signal point at STP and it was found to be 1.70 cm
3
/g.  
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Figure 4.3. Nitrogen adsorption-desorption isotherm and pore size distribution (insight) 

of SBA-15 silica template. 

 

4.3.2. Characterization of the FeCo-x catalysts 

 X-ray diffraction patterns of cobalt oxide and iron doped cobalt oxides are 

reported in Fig.4.4. The pure crystalline spinel phase was observed with diffraction 

peaks at 2θ values around 31.4°, 37.1°, 38.6°, 44.9°, 55.9°, 59.5° and 65.3° for the 

crystal planes (220), (311), (222), (400), (422), (511), and (440), respectively[16]. All 

the catalysts exhibit the diffraction patterns typical of the cubic spinel phase (space 

group Fd-3m) of cobalt oxide. However, increasing iron content to 14 and 19 mol% 

results the formation of magnetite phase at 2θ - 35.5°, 62.6° for the crystal planes (311) 

and (440), former is the highly intense peak of Fe3O4 spinel [17], which is clearly 

visible in the diffraction patterns of FeCo-14 and FeCo-19 in Fig.4.4. These results 

suggest that the FeCo-14 and 19 systems possess a cobalt rich bi-spinel phase. These 

types of bi-spinel phase is previously reported for FeCo systems in [7]. In FeCo-9, no 

peak corresponding to Fe or Fe containing spinel phase is detected, this might be due to 

the mutual sharing of octahedral sites of the cubic spinel with Fe
3+

 and Co
3+

 [7] or due 

to the high dispersion of Fe on Co. X-ray diffraction of gold deposited FeCo-14 are 
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amorphous, no diffraction peak corresponding to gold are visible in the XRD pattern in 

Fig.4.4E. 
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Figure 4.4. XRD patterns of FeCo-x catalysts: (A), FeCo-0; (B), FeCo-9; (C), FeCo-14; 

(D), FeCo-19; (E), 2.4Au/FeCo-14. 

 TEM images of the FeCo-x catalysts are reported in Fig.4.5. FeCo-0 show a 

nano-rod like structure which resembles structural characteristics of the template SBA-

15 reported in Fig.4.2. Partial structural disorder is visible in FeCo-9, 14 and 19, which 

is also consistent with the adsorption-desorption isotherm and pore size distribution 

analysis reported in Fig.4.8. 
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Figure 4.5. TEM of FeCo-x catalysts: (a), FeCo-0; (b), FeCo-9; (c), FeCo-14; (d), 

FeCo-19. 

 FT-IR spectra of the as synthesized FeCo-x systems are reported in Fig.4.5. All 

the FeCo-x systems showed similar type spectra at wave numbers 400-4000 cm
-1

. 

According to literature [18-19], Co3O4 spinel is characterized by spectral bands in the 

region 660-650 cm
-1

 and 568-550 cm
-1 

corresponding to the stretching vibrations of 

metal- oxygen bonds from the tetrahedral and octahedral sites, respectively. For Fe3O4 

spinel, the characteristics stretching vibration of Fe-O bond is at 580 cm
-1

 [20]. The 

spectral bands in the range 500-700 cm
-1

 in FeCo systems are characteristics of the 

stretching vibration of cobalt spinel. The bands at 990 cm
-1

, 1635 cm
-1

 and 3430 cm
-1

 

are due to (ν−Si-OH), (δ−H2O) and (ν-H2O), respectively [21]. This suggest the 

presence of very low residual amounts of silica remain in the materials after leaching 

process. There is no difference observed for the FTIR of gold deposited FeCo-14 

catalyst. The FT-IR spectral bands observed in FeCo-9, 14 and 19 are in lower 

frequency range compared to FeCo-0. This suggest that the contribution of Fe in the 

spinel systems (selected regions of the spectra, ie, 500-750 cm
-1

 are reported in Fig.4.6) 

influences the mobility of the reactive surface oxygen, thereby decreases the surface 
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metal-oxygen bond strength and shifting the band to lower frequencies (from 567 cm
-1

 

to 562, 562, 561 cm
-1

 in FeCo-9, 14 and 19, respectively). It is clear from the figure that 

the spectral bands are broader in FeCo systems compared to pure cobalt oxide spectral 

bands, the behavior is observed previously in FeCo spinel [22]. The broadening of the 

bands are due to the contribution of the stretching vibration of the Fe-O bond at 580 cm
-

1
.  
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Figure 4.6. FTIR spectra of FeCo-x catalysts: (A), FeCo-0 (B), FeCo-9; (C), FeCo-14; 

(D), FeCo-19; (E) 2.4 Au/FeCo-14 
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Figure 4.7. FTIR spectra of selected regions of FeCo-x catalysts: (A), FeCo-0; (B), 

FeCo-9; (C), FeCo-14; (D), FeCo-19  

 N2- adsorption-desorption isotherm and pore size distribution (insets) of FeCo-x 

spinel systems are shown in Fig.4.6. All the samples exhibit a type IV isotherm. The 

isotherm of FeCo-x systems showed characteristics behavior of the mesoporous 
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materials replicated from SBA-15 [23-24]. Pore size distribution (Fig.6 insets) of the 

FeCo-0 are narrow and centred at 3.7 nm (Table 4.1). The pore size distributions of the 

FeCo-9, 14 and 19 spinel sytems are not regular, this might be due to the partial 

structural collapse of the material during the leaching process. The calculated values of 

dp, vp and SBET are reported in Table.1. All the materials possess high surface area (88 - 

133 m
2
/g) and pore volume, which is not affected by the iron loading. The dp values (3.1 

- 3.7 nm) are in fair agreement with the wall thickness of the silica template SBA-15. 
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Figure 4.8. N2 adsorption-desorption isotherm and pore size distribution (insight) of (a) 

FeCo-0, (b) FeCo-9, (c) FeCo-14 and (d) FeCo-19 catalysts. 
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 Table 4.1. Textural properties of the FeCo-x catalysts 

 

 

 

 

 

 

 

 To investigate the reduction behavior of FeCo-x systems, temperature 

programmed reduction analysis were carried out. TPR profile of cobalt oxide and iron 

doped cobalt oxides are reported in Fig 4.6. Pure cobalt oxide showed three well 

defined peaks between 250 and 600°C is due to the step wise reduction of Co3O4 to 

CoO followed by Co°, similar type reduction profile reported for cobalt oxide in [25]. 

According to literature, Fe2O3 showed a sharp reduction peaks at 360°C corresponding 

to the reduction of Fe2O3 to Fe3O4 and a broad peak at 680°C is due to the subsequent 

reduction of  Fe3O4 to Fe° [26-27].The reduction profile of FeCo systems are more 

complex, It shows three reduction peaks including some shoulders peaks between 280 

to 750°C. The reduction peaks at 375 and 664 in FeCo-9 corresponds to the sequential 

reduction of Fe2O3 to Fe3O4 followed by Fe°. The shoulder at 477°C is assigned to the 

reduction of Co3O4 to Co°[26]. FeCo-14 and 19 reduction profiles resembles that of the 

FeCo-9, but the increase of Fe concentration causes a shift of the peak maxima to higher 

temperatures and slight broadening of the peaks, this is in fair agreement with the 

previous report [28]. 

Catalysts SBET 

(m
2
/g) 

Vp 

(cm
3
/g) 

dp 

(nm) 

SBA-15 

FeCo-0 

1003 

93 

1.70 

0.15 

6.6 

3.7 

FeCo-9 93 0.27 3.4 

FeCo-14 93 0.28 3.1 

FeCo-19 88 0.28 3.4 

2.4Au/FeCo-14 133 0.46 3.2 
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Figure 4.9. H2-TPR of FeCo-x catalysts: FeCo-0, (a); FeCo-9, (b); FeCo-14 (c); FeCo-

19 (d). 

4.4. Catalytic activity of FeCo-x catalysts 

 

4.4.1. CO oxidation activity in the absence of H2 

 CO oxidation activity of the FeCo-x catalysts in the absence of hydrogen are 

reported in Fig.4.7, where CO conversion plotted against reaction temperature. All the 

catalysts are found to be active for the reaction at 40-200°C. Pure cobalt oxide spinel 

(FeCo-0) shows superior activity in oxidizing CO followed by FeCo-9, 14, and 19 for 

low temperature CO oxidation. At low temperature region 40-80°C, FeCo-14 show 

better activity compared to pure cobalt oxide catalyst, beyond this point cobalt oxide 

showed better activity. All the catalysts showed steep increase in the catalytic activity 

with an increase of the reaction temperatures until it reaches maximum activity. FeCo-0 

show complete oxidation activity at 140°C, whereas at this temperature 77, 80 and 50% 

conversion observed over FeCo-9, FeCo-14 and FeCo-19, respectively. The temperature 

for 50% CO conversion (T50) is occurred at 101, 116, 112 and 140°C for FeCo-0, FeCo-

9, FeCo-14, and FeCo-19, respectively. To improve the catalytic activity of the FeCo 

spinel system, 2.4 wt% of gold deposited FeCo-14 system. The catalytic activity of the 

catalysts is reported in Fig.4.7. It is clear from the figure that gold promotes the the CO 
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oxidation activity of the FeCo-14 to lower temperatures. At 40°C this catalyst show 

around 60% CO conversion and at 120° it completely oxidize CO. T50 of this catalyst is 

below 40°C. 
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Figure 4.10. CO conversion vs. reaction temperature of the FeCo-x catalysts: (□) 2.4 

Au/FeCo-14; (○) FeCo-0; (■) FeCo-9; (▲) FeCo-14; (▼) FeCo-19. 

4.4.2. Preferential oxidation of CO (PROX-CO) 

 CO oxidation activity in the presence of excess hydrogen in investigated over 

FeCo-x catalysts, the activity of the catalysts is reported in Fig.4.8 . For FeCo-0, CO 

conversion (Fig.4.8a) increases with increasing reaction temperature and reaches its 

maximum of 86% at 200°C. At the same time Fe substituted catalysts shows a 

maximum  conversion of 70-77%  conversion. Addition of Fe to the cobalt spinel shows 

a decrease in the CO oxidation activity. It is reported that the partial substitution of Co
3+

 

in the octahedral sites of the cobalt spinel with Fe
3+ 

reduces the catalytic activity, 

because Co3+ is the active site for CO oxidation reaction [29]. However, the CO 

conversion activity of Fe containing spinels (FeCo-9 and FeCo-14) reported in Fig.4.8a 

shows improved activity in the low temperature range (40-100°C) compared to FeCo-0. 

FeCo-9 and 14 shows a CO conversion of 22% at 80°C whereas at the same temperature 

14% conversion observed over FeCo-0. Gold deposited catalysts show superior activity 

till 120°C, beyond this point no further improvement observed over this catalyst. 
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Temperature for 50% CO conversion (T50) occurred at 143, 152, 160, 167°C for FeCo-

0, 9,14 and 19, respectively. Gold deposited catalysts does not reach 50% CO 

conversion, it completely lost its activity for CO oxidation in presence of hydrogen. The 

CO2 selectivity from CO for FeCo-x catalysts are shown in Fig.8.4, all the catalysts 

possess 100% selectivity to CO2. This reveal that all the CO reacted over FeCo-x 

catalysts are converted to CO2 without the any methanation reaction. 
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Figure 4.11. CO conversion vs. reaction temperature of the FeCo-x catalysts for PROX-

CO: (○) FeCo-0; (■) FeCo-9; (▲) FeCo-14; (▼) FeCo-19; (□) 2.4 FeCo-14: (a), CO 

conversion; (b), CO2 selectivity from CO; (c),O2 conversion; (d), CO2 selectivity form 

O2. Catalyst amount: 0.03 g. 

 The O2 conversion reported in Fig.4.8c shows similar trend for all FeCo-x 

catalysts, O2 conversion increases with increasing reaction temperature up to 200°C. All 

the FeCo-x catalysts shows almost similar oxygen conversion till 100°C, beyond this 

point FeCo-0 consumes more oxygen for CO and H2 oxidation. The CO2 selectivity 

from O2 is reported in Fig.4.8d,  FeCo-0 show 100% CO2 selectivity till 80°C, drop in 

selectivity observed with increase of reaction temperatures due to the parallel  hydrogen 

oxidation. However, 49 % of the O2 reacted is still converted to CO2 at 200°C. In Fe 

substituted catalysts show a strange behavior for CO2 selectivity, it shows up and down 
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behavior with the increase of temperature, similar selectivity behavior is reported for 

PROX reactions[30]. FeCo-14 show a stable selectivity of 84% for CO2 from 80°C to 

160°C, beyond this point drop in selectivity observed and it show a selectivity of 51% at 

200°C. The presence of gold in the catalysts shows an increasing trend in the oxygen 

conversion(Fig.4.8c), 100% O2 conversion observed over this catalyst at 200°C. The 

selectivity reported in Fig.4.8d clearly show a sharp decrease in selectivity of the gold 

catalysts and at 200°C, 14% of the reacted oxygen is converted to CO2, which is the 

lowest value in the series. It is evident from the results that gold supported catalysts 

promotes hydrogen oxidation compared to CO oxidation. A collapsed spinel structure 

observed in the FTIR of gold catalysts after reaction (Fig.4.10) 
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Figure 4.12. CO PROX activity vs. reaction temperature for FeCo-0 (○;●) and FeCo-

14 (�,▲): (a), CO conversion; (b), CO2 selectivity from CO; (c), O2 conversion; (d), 

CO2 selectivity form O2. Catalyst amount: 0.1 g. Open and full symbols refer to fresh 

and regenerated samples, respectively. 

 Fig.4.9. show the activity of FeCo-0 and FeCo-14 catalysts in PROX with higher 

space velocity conditions (W/F ratio of 0.108 g s/cm
3
). Superior activity of the FeCo-14 

is manifest from Fig.4.9a. FeCo-14 system show higher CO oxidation activity from 

40°C to 120°Ccompared to FeCo-0, beyond this point similar CO oxidation activity 
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observed till 200°C. At high space velocity conditions contact time of the reactant on 

the surface of the catalysts increases and activity of the catalysts is then enhanced, 

similar behavior reported for PROX over Fe2O3 promoted CuO-CeO2 [31]. Calculated 

T50 of the FeCo-0 and FeCo-14 are 101°C and 88°C, respectively. Oxygen conversion 

reported in Fig.4.9c show an increase at the beginning for FeCo-14 till 100°C, no 

further difference observed beyond this point. Increase of space velocity show some 

improvement in the CO2 selectivity of the FeCo-14 catalysts, it show 100% CO2 

selectivity from O2 till 80°C, beyond this point drop in selectivity observed. At 200°C 

FeCo-0 and FeCo-14 shows almost similar CO2 selectivity ( around 38% of the reacted 

oxygen converted to CO2). Regenerative study carried out over FeCo-0 and FeCo-14 

with similar reaction conditions and the results are reported in Fig.4.9., no difference in 

the catalytic performance observed between the fresh and regenerated FeCo-0 anf 

FeCo-14, which indicates that no modifications in the catalyst occurred during the 

reaction, which is evident from the FTIR of FeCo-x systems reported in Fig.4.10. 
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Fig.4.13. FTIR spectra of FeCo-x catalysts after reaction: (A), FeCo-0 (B), FeCo-9; (C), 

FeCo-14; (D), FeCo-19; (E), 2.4 Au/FeCo-14 
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4.5. Conclusions 

 A series of iron doped cobalt oxide spinels are prepared by hard template 

method. Obtained materials possess the structural characteristics of the SBA-15 

template, although partial structural collapse observed over Fe substituted spinels 

compared to pure cobalt spinel. All the materials possess high surface area (93-133 

m
2
/g), pore volume (0.15 - 0.46 cm

3
/g) and narrow pore size distribution (3.1- 3.7 nm). 

A bispinel phase observed in FeCo-14 and FeCo-19. No significant improvement 

observed in the CO oxidation of FeCo-x systems with the increase of Fe content in the 

catalysts. Gold deposited FeCo-14 showed higher activity in CO oxidation in the 

absence of hydrogen, T50 of the catalyst is below 40°C.For PROX reaction, FeCo-0 

show superior activity in the series with low space velocity conditions. Superiority of 

the FeCo-14 catalysts observed over FeCo-0 at higher space velocity conditions. 

Compared to FeCo-0, FeCo-14 showed a T50 of 88°C at this condition. A higher oxygen 

conversion and low selectivity observed over gold support catalyst. No methanation 

reaction observed over FeCo-x systems. 
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Low temperature CO oxidation and preferential oxidation of CO over 

mesoporous CuO-CeO2 catalysts 

 

 

 

 

 

5.1. Introduction 

 Ceria a light rare-earth element discovered in 1803 by Jons Jakob and Wilhelm 

Hisinger in Sweden, and Martin Heinrich Klaproth in Germany. It wasd named after the 

dwarf planet Ceres [1]. Monazite, Bastnasite and Loparite are the main cerium cerium 

containing minerals. Commercially cerium is produced by solvent (liquid-liquid) 

extraction (SX), selective precipitation and ion exchange (IX) method. Solid cerium 

compounds obtained from fractional extraction, solvent extraction and ion exchange 

will produce solutions of cerium. Applications of cerium based materials are related to 

its potential redox chemistry, its high affinity for oxygen and sulfur, and absorption / 

excitation energy bands associated with its electronic structures. Major areas of 

application of ceria based materials include catalysis and chemicals, glass and ceramics, 

phosphors and metallurgy[2]. 

CHAPTER 

5 



Chapter 5  Low temperature CO oxidation and preferential oxidation of CO over mesoporous CuO-CeO2 catalysts 

 

103 
 

 Ceria-based materials also used as electrolytes in solid oxide fuel cells due to its 

good ionic conduction[3].The most successful industrial applications of ceria as an 

oxygen storage material in automotive three- way catalytic converters (TWCs) due to its 

temperature stability and Ce3+- Ce4+ redox cycle [4]. 

5.1.2. Structural properties of ceria 

 Cerium has an electronic configuration 4f25d06s2 can exhibit +3 and +4 

oxidation states. Thermodynamic data indicates that cerium metal is not stable in 

presence of oxygen, it can easily form Ce2O3 and CeO2[2].Cerium oxide has the fluorite 

(CaF2) structure with space group Fm3m, which is named after the mineral form of 

calcium fluoride. It has a face centered cubic unit cell (Fig.5.1) with all the eight corners 

and face centers are occupied by Ce ions and all the tetrahedral holes are filled by 

oxygen (big gray colored atom in Fig.5.1). In this structure each cerium ions are 

coordinated to eight equivalent nearest neighboring oxygen anions at the corner of a 

cube and each oxygen anion is tetrahedrally coordinated by four cations (Fig.5.1). When 

treated in reducing atmosphere at elevated temperature cerium form nonstoichiometric 

CeO2-x oxides, however, even after the loss of considerable amount of oxygen CeO2 

remains it fluorite crystal structure. Interaction of ceria with hydrogen is reported in 

Fig.5.2.[5-6] 

 

  Figure 5.1. Schematic representation of fcc cell of CeO2  
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Figure 5.2. Proposed pathway for CeO2 surface reduction [5-6] 

 Ceria based materials are of great interest in the field of catalysis, the suitability 

of ceria is mainly due to its ability to shift easily between reduced and oxidized state 

(Ce4+/ Ce3+), which results in rapid formation and elimination of oxygen vacancy 

defects and it often leads to a strong metal-support interaction (SMSI)[7]. Ceria lattice 

doped with metals leads to the formation of a solid solution, which allows the tuning of 

oxygen conduction, electronic conduction and catalytic properties. An additional 

advantage of ceria is the stabilization of the active metal phase in a highly dispersed 

state[8]. The CuO-CeO2 catalytic systems has been examined for several processes 

include CO oxidation[9], CWO of phenol[10], SO2 reduction[11], NO reduction [12], 
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methane oxidation[13] and water gas shift reaction [14]. Many authors investigated the 

effect of preparation method on catalytic activity of CuO-CeO2 systems in water gas 

shift reaction and CO oxidation[15-16]. Varying preparation method often leads to 

changes in the morphology and dispersion of copper species. It is believed that 

increasing the surface area and reducing the particle size to nanoscale will provide 

numerous, more reactive sites so as to enhance the catalytic activity [17].  

 Last few years, many published reports regarding preferential oxidation and low 

temperature CO oxidation over CuO-CeO2 systems. Many studies suggest that well 

dispersed copper oxide in CuO-CeO2 systems are responsible for good catalytic activity 

in water gas shift and (selective) CO oxidation. Some authours claimed that the high 

activity of CuO-CeO2 is linked to the special Cu-Ce-O interaction and not to the 

dispersion of copper. But the distinction between an active metal supported on ceria or 

doped into the lattice is often unclear.  

 Present work we report synthesis, characterization and catalytic activity of three 

CuO-CeO2 systems with completely dispersed CuO on ceria, a mixed phase where 

equal amounts of copper and ceria and with higher amount of copper on ceria using 

hard template method. The materials characterized as to their struture, texture and redox 

features by X-ray diffraction (XRD), N2 physisorption and temperature-programmed 

reduction with hydrogen (H2- TPR), respectively. Catalytic activity of the materials 

were evaluated using low temperatureCO oxidation in the absence of hydrogen and in a 

hydrogen rich stream.  

5.2. Experimental  

5.2.1. Materials 

 Tetraethylorthosilicate (TEOS, 98%), Pluronic copolymer P123 

(EO20PO70EO20), Cu(NO3)2 2.5H2O, Ce(NO3)3.6H2O, NaOH were supplied by Aldrich. 

CuO was supplied by Thermo Quest as a standard for the calibration of the TPD/R/O 

1100 apparatus. HCl (37%) was provided by Merck. All the materials were reagent 

grade. 
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5.2.2.  Synthesis of mesoporous silica SBA-15 

 Mesoporous silica SBA-15 was prepared under hydrothermal conditions 

according to the established procedure[18]. In a typical synthesis, 4 g of triblock, 

poly(ethylene oxide)–poly(propylene oxide)–poly(ethylene oxide) (EO20-PO70-EO20) 

(Pluronic P123, mw 5800) was dispersed  in a mixture of  120 g 2M HCl and 30 g bi-

distilled water at 308 K overnight. Finally, 8.5 g of tetra-ethylorthosilicate (TEOS) was 

added to the homogenous solution under stirring to form a gel at 308K for 24 h. The 

obtained gel was then transferred into a stainless-steel autoclave and heated at 373 K for 

24 h under static conditions. The white solid obtained by filtration was washed with de-

ionized water and dried at 313 K. Thereafter, the product was calcined in air at 823 K 

for 5 h. 

5.2.3.  Synthesis of mesoporous Cu-Ce catalysts 

 Mesoporous copper-ceria mixed oxide catalyst with varying molar 

concentrations of copper were synthesized using hard template method, SBA-15 was 

used as a template for the synthesis. In a typical synthesis appropriate amount of Cu 

(NO3)2.2.5H2O and Ce(NO3)3.6H2O to obtain the desired (Cu/Cu+Ce) molar ratio, were 

dissolved in 25 ml of ethanol. 1 g of SBA-15 added and stirred at room temperature for 

1 hour in order to allow and penetrate the solution to fill pores of SBA-15 completely. 

Afterwards the solid was dried overnight at 60°C.The obtained solid precursor was 

heated in a ceramic crucible in an oven at 500°C for 3 hrs to remove the nitrate species, 

the step was then repeated to completely fill the pores of SBA-15. The silica template 

was removed from the sample by leaching with 2M NaOH at 50°C. Finally CuO-CeO2 

mixed oxide sample dried overnight at 50°C and calcined again at 400°C for 2 h. The 

catalyst after preparation was named as CuxCe, “x” represents the mol% of copper in the 

catalyst and it was found to be 17, 43 and 76 mol %. Here after the catalysts are named 

to be Cu17Ce, Cu46Ce and Cu76Ce. 

5.2.4. Characterisation 

 Inductively coupled plasma atomic emission spectroscopy (ICP-AES) analyses 

were performed with a Varian Liberty 200 spectrophotometer to determine the Cu 
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content. Samples (30 mg) were dissolved in hydrofluoric acid and diluted to 250 ml 

with bi-distilled water.  

Transmission electron microscopy (TEM) images were obtained on a JEOL 

200CX microscope equipped with a tungsten cathode operating at 200 kV. Finely 

ground samples were dispersed in n-octane in an ultrasonic bath.  The suspension was 

then dropped on a carbon-coated copper grid for observation. 

 Structural characteristics of the samples were obtained by XRD using a Seifert 

diffractometer with 0-0 Bragg Brentano geometry with Cu Kα wavelength. The mean 

crystallite size was calculated by the Scherrer equation. 

 Textural analyses were carried out on a Sorptomatic 1990 System (Fisons 

Instruments), by determining the nitrogen adsorption/desorption isotherms at 77K. 

Before analysis, the sample were heated overnight under vacuum up to 523K (heating 

rate =1Kmin-1). 

 TPR profiles were obtained on a TPD/R/O 1100 apparatus (Thermo Quest), 

under the following conditions: sample weight 0.05g, heating rate (from 313 to 1173 K) 

10 Kmin−1, flow rate 30 cm3 min−1, H2 5% by volume in N2; the hydrogen consumption 

was monitored by a thermal conductivity detector (TCD). 

5.2.5.  Catalytic runs 

 CO oxidation in the absence of hydrogen and in a hydrogen-rich stream (CO 

PROX) were carried out under atmospheric pressure in a quartz-glass fixed-bed 

continuous-flow microreactor in the 40-140 °C and 40-200 °C temperature range, 

respectively. The catalyst (0.03 g) was contacted with either a CO/O2 mixture (total 

flow, 55 cm3 min-1; 1.5 vol% CO, 1.5 vol% O2, balance He) or a CO/O2/H2 stream (total 

flow, 55 cm3 min-1; 1.5 vol% CO, 1.5 vol% O2, 46 vol% H2, balance He). On-line 

analysis of the reactor effluent was performed on a HP 6890 GC, equipped with a HP 

Poraplot Q capillary column and both TCD and FID (coupled with a methanator) 

detectors. At each reaction temperature, samples were collected after 30 min on-stream 

to allow the attainment of steady-state conditions. Prior to the reaction the catalysts 

were pretreated in air (15 cm3 min-1) at 500 °C (heating rate, 1 °C min-1) for 1 h. 
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Conversion and selectivity towards CO2 have been calculated for both CO (XCO; 
CO

CO2
S ) 

and O2 (XO2
; 2

2

O

COS )  by the following equations:
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terms in brackets are the inlet and outlet concentrations. 

5.3.  Results and discussion 

5.3.1. Characterization of SBA-15 

 The low angle X-ray diffraction pattern of SBA-15 (Fig. 6.1) shows three well-

resolved peaks which can be indexed as the (100), (110), and (200) reflections 

characteristic of the 2-D hexagonal (P6mm) structure. 
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Figure 5.3. Low angle XRD pattern of the SBA-15 silica template. 
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 The transmission electron microscopy (TEM) of SBA-15 is shown in Fig. 6.2. 

The internal architecture of SBA-15 is clearly visible in the TEM images both the 

viewing directions, parallel (Fig. 6.2a) and perpendicular (Fig. 6.2b) to the main axis of 

the pores, confirm the highly ordered 2-D hexagonal regularity. The ordered arrays of 

silica channels have a mean diameter of ca. 6-7 nm with a wall thickness of about 3 nm. 

 Nitrogen physorption isotherm of SBA-15 template are reported in Fig. 6.3, 

which shows a type IV isotherm with an H1 hysteresis loop expected for mesoporous 

silica with cylindrical pore geometry. A surface area of 951 m2 g-1 and a pore volume of 

1.65 cm3 g-1 (Table 6.2) were calculated from the BET equation. The BJH method was 

applied to the desorption branch of the isotherm to obtain the pore size distribution 

curve (Fig. 6.3, inset) which appears quite narrow and centered at 6.9 nm (Table 6.2), in 

agreement with the TEM results.  

 

 

 

Figure 5.4. TEM images of the SBA-15 silica template. 
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Figure 5.5. Nitrogen adsorption/desorption isotherm and pore size distribution plot 
(inset) of the SBA-15 silica template. 

5.3.2. Characterization of CuxCe catalysts 

 X-ray diffraction patterns of the CuxCe catalysts are shown in Fig.1. All the 

catalysts exhibit the presence of a fluorite-type cubic crystal structure typical of CeO2 

with diffraction peaks at 2θ= 28.5, 33.1, 47.5, 56.3 and 69.4°. Cu43Ce catalysts presents 

two narrow diffraction peaks of highly crystalline monoclinic tenorite-phase CuO at 2θ 

= 35.5, 38.7° as well as some weak peaks in 2θ = 32.6, 48.4, 58.3, 61.6°, these peaks are 

highly intense in Cu76Ce. No peaks corresponding to CuO are visible in Cu17Ce 

catalysts, the absence of CuO diffraction peaks ascribed to the substitution of copper in 

the ceria lattice or the formation of extremely small copper oxide clusters, indicating 

homogeneous dispersion of copper species on the ceria matrices. These results indicated 

that only a part of the Cu2+ enter the ceria lattice due to smaller  ionic radius of copper 

compared to ceria, (Cu2+- 0.79 Å , Ce4+- 0.92 Å) [19] to form a solid solution and rest of 

the Cu2+ formed bulk metal oxide particles on the surface of CeO2 when copper loading 

exceeds 17 mol% and it is visible with X-ray diffraction. The average particle size of 
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CeO2 and CuO are calculated using Scherer formula and the details are reported in 

Table 5.1.  
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Figure 5.6. XRD patterns of CuxCe catalysts: (A), Cu17Ce; (B), Cu43Ce; (C), Cu76Ce.  

 

  Table 5.1. Structural parameters of CuxCe catalysts 

Catalyst 
dCeO2 

a
 

(nm) 
dCuO 

a 

(nm) 

Cu17Ce 8.5 - 

Cu43Ce 6.5 29.2 

Cu76Ce 7.4 33.2 

   a Calculated using Scherrer formula  
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Figure 5.7. Nitrogen adsorption/desorption isotherm and pore size distribution plot 
(inset) of CuxCe catalysts: Cu17Ce, (a); Cu43Ce, (b); Cu76Ce, (c). 

 N2 adsorption–desorption isotherm and pore size distribution (insight) of CuxCe 

catalysts are presented in Fig.2. All the CuxCe catalysts exhibit similar 

adsorption/desorption isotherm typical of mesoporous transition metal oxides prepared 

through hard template method [16]. We observe a decreasing trend in specific surface 

area and pore volume of CuxCe catalysts with increasing the CuO loading, similar trend 

was observed for CuO-CeO2 systems prepared by co-precipitation method[20]. The 

trend is not usual for materials prepared with hard template method[21], but the careful 

investigation in the materials preparation, it is clear that the obtained materials are not 

calcined after the silica removal. The drop in surface area and pore volume of our 

materials might me due to the partial structural collapse by thermal treatment  (at 400° 

C ) after leaching off the template, even though it possesses higher surface area 

compared the traditional co-precipitation method[20, 22]. The BJH pore size 
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distribution of CuxCe catalysts reported in Fig.2 (insight). All the CuxCe catalysts 

exhibits narrow unimodal pore size distribution with maximum pore size of 3.1, 3.4 and 

3.6 nm for Cu17Ce, Cu43Ce, and Cu76Ce respectively, these values are expected for the 

replicas of SBA-15, which in fair agreement with our previous result[23]. Details about 

the surface area, pore volume and pore diameter of the template and CuxCe catalysts are 

reported in Table 1.  

  Table 5.2. Textural properties of the SBA-15 and CuxCe catalysts. 

Sample BET surface area 

(m2/g) 

Pore Volume 

(cm3/g) 

Pore diameter 

(nm) 

SBA-15 1151 1.67 6.5 

Cu17Ce 136 0.23 3.1 

Cu43Ce 114 0.35 3.4 

Cu76Ce 62 0.12 3.6 

  
 

 The H2-TPR profiles of CuO-CeO2 catalytic systems are shown in Fig.3. The 

reduction profile of pure CuO was characterised by a single peak at 367° C, which in 

agreement with the previous literature result [24]. Pure CeO2 (not shown in figure) 

reduction occurs at 450° C and 900° C, ascribed to the reduction of surface and bulk 

oxygen[15]. The reduction features of ceria dramatically changed in the presence of 

copper. An entirely different reduction profile observed for CuO-CeO2 catalytic 

systems, it exhibit well defined reduction peaks in the range 150-300° C (as in 

Fig.3).The presence of two reduction peaks in Cu17Ce at 169° C and 229° C for α and 

β-peaks, respectively, corresponds to the two step reduction of CuO to Cu0. The 

calculated hydrogen consumption for the CuO reduction in Cu17Ce is considerably 

larger (1316.2 µmol/gcat), compared to be the value expected for the reduction of CuO to 

Cu0 (1108 µmol/gcat), the excess hydrogen consumption for the CuO reduction in 

Cu17Ce expected to be the reduction of ceria together with copper and storage of H2 in 

the catalyst, which is well documented in literature [14, 25]. Increase in CuO content 

results the formation of a new peak at higher temperature region, called the γ- peak (a 

shoulder peak in Cu43Ce and a broad peak in Cu76Ce). The presence of three reduction 

peaks in Cu43Ce and Cu76Ce systems is an indication of three different Cu species in the 

catalysts. First two peaks of CuxCe (α and β peaks) indicates the step wise reduction of 
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Cu2+ to Cu+, closely followed by the  reduction from Cu+ to Cu0. The higher 

temperature peak, called γ peak, in Cu43Ce and Cu76Ce represents the reduction of bulk 

copper oxide (crystalline forms). This result is in agreement with the XRD results 

reported in Fig.1. Details of hydrogen consumption for CuxCe systems are reported in 

table 2. It is clear from the table that the hydrogen consumption for the stepwise 

reduction of CuO species to Cu0 in Cu43Ce is similar (i.e, for the α, β and γ peaks). This 

suggests that all the three copper species are homogeneously distributed in Cu43Ce 

compared to Cu17Ce and Cu76Ce. All the CuxCe systems reduced at lower temperatures 

compared to pure oxide, this suggests the strong interaction of copper-ceria in all 

system.  
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Figure 5.8. H2-TPR profile of (A) CuO, (B) Cu17Ce, (C) Cu43Ce, (D) Cu76Ce. 
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Table 5.3. Summary of TPR results over CuxCe catalysts 

Catalysts H2 consumption (µmol/gcat) Total amount (µmol/gcat) 

 α (°C) β (°C) γ (°C)  

Cu17Ce 483.5 (169) 832.7 (229) - 1316.2 

Cu43Ce 1046.2a (188) 1109.2a (220) 1180.4a (255) 3335.8 

Cu76Ce 427.5 (159) 839.0 (213) 7908.5 (296) 9175.0 

a calculated using deconvolution method  

5.4. Catalytic activity of CuxCe catalysts 

5.4.1. CO oxidation activity in the absence of hydrogen 
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Figure 5.9. CO conversion vs. reaction temperature of the CuxCe catalysts: (�) Cu17Ce; 

(■) Cu43Ce; (♦) Cu73Ce. 

 The catalytic activity of CuxCe catalysts in low temperature CO oxidation, 

plotted against temperature are presented in Fig.5 (A). All the catalysts are active in the 

reaction and the activity of the catalysts increases with temperature. Increasing the 

temperature up to 80°C causes a smooth increase in activity, a further increase of 

temperatures results a steeper increase in activity without any difference between 

catalysts. All the catalysts achieve 100% CO conversion at 160°C. No remarkable 
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difference in the catalytic activity observed with the increase of CuO in CuxCe systems. 

Temperature for 50% CO conversion (T50) is presented in Fig.5 (B), almost similar 

activity observed for all catalysts, Cu76Ce is the lowest in the series, it achieves 50% 

conversion at 91 °C. Cu17Ce and Cu43Ce exhibit 50% conversion at 95 and 93 °C, 

respectively.  
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 Figure 5.10.  Temperature for 50% CO conversion vs CuO mol% 

 In the present study we observed that the T50 decreases slightly with increasing 

CuO concentration from 17-76 mol% (Fig.5 (B)), this is in contrast to most of the 

published results in the literature, where the CO conversion increases with increasing 

CuO  loading to a particular concentration, further increase of CuO loading increases 

the T50 [26-27]. The reason of increasing the T50 is due to the formation of crystalline 

phase of CuO, which decreases the number of accessible active phase species with the 

increase of CuO crystalline phase and consequently the catalytic activity. In present 

study we observed almost similar activity for all the catalysts, T50 of the present 

catalytic systems decreases with increasing CuO content. An increase in catalytic 

activity observed by SKA°RMAN et al[28] in 80 % CuO-CeO2 system, their report 

suggest that the dispersion of ceria crystallites over copper oxide support increases the 



Chapter 5  Low temperature CO oxidation and preferential oxidation of CO over mesoporous CuO-CeO2 catalysts 

 

117 
 

surface area thereby it promotes the reaction at higher CuO loading. For comparing, the 

performances of the present catalysts with copper-ceria catalyst previously reported by 

other authors are reported in Table 5.4, present work is comparable even if their 

reaction conditions and preparation methods are different than ours. 

Table 5.4. Comparison of the preparation method and experimental conditions used for 
CO oxidation in the present work with those of literature data.   

Preparation method Sample weight 

(mg) 

CO 

(vol %) 

O2 

(vol %) 

Total flow rate 

(cm3 min-1) 

T50 

(°C) 

Refs. 

Surfactant -templated 500 1 1 80 (a) [9] 

Hydrothermal + DP*
 400 1 2 (b) (c) [29] 

Co-precipitation 250 1 1 43 (d) [30] 

DP*
 200 1 1 43 (e) [31] 

Hard template + WI*
 150 1 5 50 116 [26] 

Urea-nitrate 
combustion  

50 2 1.25 50 107 [32] 

Hard template 30 1 (f)  50 77 [27] 

Alcohothermal 50 1 (f) 33.6 105 [33] 

Sol-gel + 
impregnation 

50 1 (f)  33.6 115 [34] 

Hard template 30 1.5 1.5 55 91 Present 

work 

(a)  90 % conversion at 80°C       (b) Space velocity 120,000 h-1   (c) 100% conversion at 150°C   

(d) 100 % conversion at 85°C     (e) 100% conversion at 100°C  (f)   Balanced with air  

DP: Deposition –precipitation WI: Wetness – impregnation 

5.4.2. Preferential oxidation of CO (PROX-CO) 

 Preferential oxidation activity of the CuxCe catalysts is reported in Fig.5.11. All 

the catalysts show similar trend in CO oxidation activity (Fig.5.11 a) with the increase 

of reaction temperature. All the catalysts show maximum CO oxidation activity at 

160°C beyond this point drop in activity observed due to the parallel hydrogen 

oxidation. No appreciable differences in CO conversion activity and selectivity 

observed as the CuO content varied from 17 to 43 mol%, catalyst with 76 mol% of 
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copper show lowest activity in the series from 40-200°C. Both Cu17Ce and Cu43Ce 

catalysts perform well in the overall temperature range compared to Cu76Ce. A T50 of 

88°C observed over these catalysts, whereas at the same time Cu76Ce show T50 at 95°C. 

These values are in fair agreement with the previously published result[35]. The CO2 

selectivity of the CuxCe catalysts from CO is reported in Fig.5.11b. All the catalysts 

exhibit 100% selectivity. 
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Figure 5.11. Effect of copper deposition method on preferential CO oxidation of 
CuO/CeFe-25 catalysts: (▼) Cu17Ce, (■)  Cu43Ce (♦) Cu76Ce: (a), CO conversion; (b), 
CO2 selectivity from CO; (c), O2 conversion; (d), CO2 selectivity form O2. Catalyst 
amount: 0.03 g. 

 Total O2 conversion of the CuxCe catalysts is reported in Fig.5.11c. Steep 

increase in conversion observed with the increase of reaction temperature.  All the 

catalysts show 100% conversion at 200°C except Cu43Ce, this catalyst attain 100% O2 

conversion at 180°C. Cu17Ce and Cu43Ce show similar oxygen conversion activity in 

the series but in Cu76Ce the peak is slightly shifted to right. CO2 selectivity from O2 is 

reported in Fig.5.11d, Cu17Ce and Cu43Ce shows 100% CO2 selectivity till 100°C (slight 

decrease at 80°C observed over these catalysts) beyond this point drop in selectivity 

observed due to the parallel hydrogen oxidation. Different behaviour observed in the 
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CO2 selectivity of Cu76Ce at lower temperature range. It shows 100 % selectivity till 

60°C beyond this point it drop the CO2 selectivity. It is reported that the amount of 

copper beyond the dispersion capacity of Ce favour undesirable hydrogen oxidation 

[36]. But in the case of Cu43Ce this trend is not observed, which might be due to the 

smaller size of the copper particles in the system (29.2 nm) compared to Cu76Ce (CuO 

particle size is 33.2 nm) (Table 5.1). At 200°C, 45% of the oxygen is converted to CO2 

over Cu17Ce, whereas at the same time Cu43Ce and Cu76Ce show 36 and 39 % CO2 

selectivity, respectively. The selectivity of the CuxCe catalysts at 100- 200°C range is 

promising for its use in PEM fuel cell applications. Compared to the noble metal based 

catalysts the selectivity observed in this range is higher in Cu-Ce catalysts [37]. Minor 

differences in actiivty obsevred over Cu-Ce catalysts with different preparation methods 

[38]. However, the real mechanism of  PROX over  Cu-Ce catalysts is still unclear. 

5.5. Conclusions 

 Mesoporous copper-ceria catalysts with higher surface area (62-136 m2g-1) and 

pore volume (0.12-0.35 cm3g-1) were prepared using hard template method.  All the 

CuxCe catalysts showed similar behaviour in CO oxidation in the absence of hydrogen, 

however, Cu76Ce showed a low T50 value of 91°C compared to Cu17Ce (95°C) and 

Cu43Ce (93°C). The activity of the catalyst in presence of hydrogen is little bit different, 

Cu17Ce and Cu43Ce showed similar CO oxidation activity and selectivity. Cu76Ce was 

the lowest active and selective catalyst in the series. Lowest T50 of 88°C observed over 

Cu17Ce and Cu43Ce catalysts with 97% selectivity.  
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Low temperature CO oxidation and preferential oxidation of CO over 

mesoporous CuO/CeO2-Fe2O3 catalysts 

 

 

 

6.1. Introduction 

 The research over CeO2 containing materials got rapid growth over the last few 

decades due to its diverse applications, unique structure and properties[1-2]. Wide 

applications of CeO2 in heterogeneous catalysis is mainly due to its redox behavior, i.e, 

ability to switch between Ce4+ and Ce3+ oxidation states and its oxygen storage capacity. 

The amount of oxygen that can be reversibly exchanged from the lattice is defined as 

oxygen storage capacity[3]. Due to its oxygen storage/release capacity (OSC) CeO2 has 

become the main component of three-way catalyst (TWC). Despite its wide spread 

applications, its poor thermal stability and rapid sintering at high temperatures reduces 

its crucial oxygen storage capacity[4]. A general approach to improve the thermal 

stability and oxygen storage capacity of ceria is doping its fluorite structure with other 

metal ions [5].  

 Ceria- based mixed oxides (CexM1-x)O are versatile oxygen exchangers, 

compared to pure ceria, ceria based solid solutions show enhanced thermal stability, 

CHAPTER 
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oxygen storage capacity and catalytic properties[6-7]. It is observed that substitution of 

a lower-valent metal ion (e.g., MIII) by cerium lowers the energy barrier for the oxygen 

migration[8]. However, improvement in oxygen storage capacity observed by 

substitution of smaller homovalent ions (ZrIV) by decreasing the activation energy for 

the reduction (CeIV to CeIII) and retarding the oxygen storage degradation at high 

temperature. Ce has 8-fold coordination in CeO2, all the Ce-O bond lengths are equal to 

2.34Å, but the substitution of smaller ions like Zr4+ (ionic radii, r= 0.84 Å) and Ti4+ 

(r=0.74 Å) for Ce4+ ions (r=0.99 Å) distorts its local 8-fold coordination around the 

dopant site, therefore the smaller ions prefer coordination number smaller than eight[9]. 

The distortion in oxygen sublattice elongated the M-O bond, which is responsible for 

the higher oxygen storage capacity of ceria-based solid solutions[10].   

 Higher oxygen storage capacity observed for Ce-Cr solid solution compared to 

Ce-Zr. The higher oxygen storage capacity (OSC) at lower temperature is due to the 

interaction of redox couples in the solid solutions and its lower redox potential 

(Cr6+/Cr3+ =1.33V) compared to Ce (Ce4+/Ce3+= 1.61 V). The redox potential of Fe3+ is 

0.77V, therefore, Fe3+ will be cheapest substituent for Ce4+ in CeO2 and promising 

candidate for higher oxygen storage material[11]. Ceria - iron mixed oxide have been 

investigated as a catalyst for water gas shift reaction [11], N2O decomposition [12], CO 

oxidation[13-14], Fisher-Tropsch synthesis[15] and ethanol steam reforming[16]. 

 Present chapter, we discuss the synthesis, characterization and catalytic activity 

of a series of CuO/CeFe catalysts for CO oxidation and preferential oxidation reaction. 

The Ce-Fe support is prepared by a hard template method using SBA-15 mesoporosus 

silica as a template structure. Copper deposition is carried out over the support by using 

chelating-impregnation method. For comparison traditional incipient wetness 

impregnation method is applied for copper deposition on the support. Gold deposited 

CeFe solid solution is also investigated for the reaction. Copper based catalysts shows 

better catalytic performance for CO oxidation and preferential oxidation reaction. 

6.2. Experimental 

6.2.1. Materials  

 Tetraethylorthosilicate (TEOS, 98 %), Pluronic copolymer P123 

(EO20PO70EO20), Cu(NO3)2.2.5H2O, Ce(NO3)3.6H2O, and NaOH were supplied by 
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Aldrich. Ammonium hydroxide was supplied by Fluka. Fe (NO3)3.9H2O and HCl (37 

%) were provided by Merck. All the materials were of reagent grade.  

6.2.2. Synthesis of mesoporous silica  SBA-15 

 Mesostructured silica SBA-15 was prepared under hydrothermal conditions. In a 

typical synthesis, 4 g of Pluronic P123 were added to 120 g of HCl (2 M) and 30 g of 

distilled water. After 15 h under stirring at 35 °C, 8.5 g of TEOS were added and the 

solution was maintained at 35 °C for 24 h under stirring. The resulting gel was then 

transferred into a stainless-steel autoclave and kept at 100 °C for 24 h under static 

conditions. The obtained suspension was filtered and the recovered solid was washed 

with distilled water, dried at 40 °C overnight and finally calcined in air at 550 °C for 5 

h. 

6.2.3.  Preparation of  Ceria-Iron bimetal oxides 

 Ceria-Iron mesoporous bimetal oxide with 25 mol % of  iron was synthesized 

using hard-template method, SBA-15 was used as a template. Total concentration of the 

metal ion solution used for the synthesis was 0.7 M. In a Typical synthesis appropriate 

amount of Ce(NO3)3. 6H2O and Fe (NO3)3.9H2O were dissolved in 25ml of ethanol. 

Into 15ml of this solution, 1 g of SBA-15 was added and stirred at room temperature for 

one hour to penetrate and fill the  pores of SBA-15 completely. Afterwards, the solution 

was dried overnight at 60°C. The obtained solid precursor was heated in a ceramic 

crucible in an oven at 550°C for 3 h to decompose the nitrate species. The impregnation 

step was repeated with 10 ml metal-ethanol salt mixture. After overnight drying at 60° 

C, the obtained material was again calcined at 550°C for 3 hours.  

The silica template was removed from the sample by leaching with 2M NaOH 

(1:25 S/L ratio) at 50°C. The traces of NaOH were removed by continuous washing 

with distilled water until the pH of the slurry reached 7. Finally Ce-Fe mixed oxide 

sample dried overnight at 50°C. The material after preparation was analysed with ICP 

and Fe2O3 content was observed to be 25 mol%. Hereafter it will be referred as CeFe-

25, where 25 represents the mol% of Fe in the catalyst. 
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6.2.4. Copper deposition on CeO2-Fe2O3 support 

 The CuO supported CeFe-25 catalysts were prepared by chelating-impregnation 

(CI) method[17] with aqueous [Cu (NH3)4]
2+ solution, which was acquired by adding 

definite Cu (NO3)2 2.5 H2O to the ammonia solution. The CeFe-25 support was added to 

[Cu(NH3)4]
2+ solution followed by continuous stirring at room temperature and then the 

material is dried overnight at 100°C. For comparison, a catalyst was also prepared by 

incipient wetness impregnation (IWI) method with aqueous Cu (NO3)2 2.5H2O solution. 

All the materials were calcined at 550°C for 3 h in air. The obtained samples were 

named XCuO/CeFe-25, where X = 8, 12, 16, 24 for CI and 17 for IWI. 

6.2.5. Gold deposition on CeO2-Fe2O3 support 

 Gold deposition was carried out using deposition precipitation method (DP), as 

reported by Haruta et-al[18]. In a typical synthesis desired amount of HAuCl4 solution 

added drop-wise into a slurry containing CeFe-25 support under constant stirring at 

60°C. pH of the slurry maintained at 9 by the use of aqueous ammonia solution. After 

aging for 2 h, the material filtered, washed several times with warm distilled water and 

then dried at 100°C. Finally calcined under air at 300°C for 2h at a heating rate of 2°C 

min-1. The material after preparation was named as xAu/CeFe-25, where x represents 

the amount of gold on the support and it was analysed with ICP and was observed to be 

1.8 wt%. Hereafter it will be named as 1.8 Au/CeFe-25. 

6.2.6. Characterization 

 Inductively coupled plasma atomic emission spectroscopy (ICP-AES) analyses 

were performed with a Varian Liberty 200 spectrophotometer to determine the Cu 

content. Samples (0.03 g) were dissolved in concentrated nitric acid and the solution 

was diluted to 250 cm3 with bi-distilled water.  

Transmission electron microscopy (TEM) images were obtained on a JEOL 

200CX microscope equipped with a tungsten cathode operating at 200 kV. Finely 

ground samples were dispersed in n-octane in an ultrasonic bath.  The suspension was 

then dropped on a carbon-coated copper grid for observation. 
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X-ray diffraction patterns were recorded on a Seifert X3000 diffractometer with a 

θ-θ Bragg Brentano geometry with Cu Kα radiation.  

Textural analysis was carried out on a Sorptomatic 1990 System (Fisons 

Instruments), by determining the nitrogen adsorption/desorption isotherms at -196 °C. 

Before analysis, the sample was heated overnight under vacuum up to 250 °C (heating 

rate = 1 °C min-1).  

TPR profiles were recorded on a TPD/R/O 1100 apparatus (Thermo Quest), under 

the following conditions: sample weight, 0.05 g; heating rate (from 40 to 800 °C), 10 °C 

min-1; flow rate, 30 cm3 min-1; H2, 5 vol% in N2. The hydrogen consumption was 

monitored by a thermal conductivity detector (TCD).  

6.2.7. Catalytic runs 

 CO oxidation in the absence of hydrogen and in a hydrogen-rich stream (CO 

PROX) were carried out under atmospheric pressure in a quartz-glass fixed-bed 

continuous-flow microreactor in the 40-140 °C and 40-200 °C temperature range, 

respectively. The catalyst (0.03 g) was contacted with either a CO/O2 mixture (total 

flow, 55 cm3 min-1; 1.5 vol% CO, 1.5 vol% O2, balance He) or a CO/O2/H2 stream (total 

flow, 55 cm3 min-1; 1.5 vol% CO, 1.5 vol% O2, 46 vol% H2, balance He). On-line 

analysis of the reactor effluent was performed on a HP 6890 GC, equipped with a HP 

Poraplot Q capillary column and both TCD and FID (coupled with a methanator) 

detectors. At each reaction temperature, samples were collected after 30 min on-stream 

to allow the attainment of steady-state conditions. Prior to the reaction the catalysts 

were pretreated in air (15 cm3 min-1) at 500 °C (heating rate, 1 °C min-1) for 1 h. 

Conversion and selectivity towards CO2 have been calculated for both CO (XCO; CO
CO2

S ) 

and O2 (XO2
; 2

2

O
COS )  by the following equations:
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where terms in brackets are the inlet and outlet concentrations. 
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6.3. Results and discussion 

6.3.1. Characterization of SBA-15 

 The low angle X-ray diffraction pattern of SBA-15 (Fig. 6.1) shows three well-

resolved peaks which can be indexed as the (100), (110), and (200) reflections 

characteristic of the 2-D hexagonal (P6mm) structure. 
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Figure 6.1. Low angle XRD pattern of the SBA-15 silica template. 

 The transmission electron microscopy (TEM) of SBA-15 is shown in Fig. 6.2. 

the internal architecture of SBA-15 is clearly visible in the TEM images both the 

viewing directions, parallel (Fig. 6.2a) and perpendicular (Fig. 6.2b) to the main axis of 

the pores, confirm the highly ordered 2-D hexagonal regularity. The ordered arrays of 

silica channels have a mean diameter of ca. 6-7 nm with a wall thickness of about 3 nm. 
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Figure 6.2. TEM images of the SBA-15 silica template. 

 Nitrogen physorption isotherm of SBA-15 template are reported in Fig. 6.3, 

which shows a type IV isotherm with an H1 hysteresis loop expected for mesoporous 

silica with cylindrical pore geometry. A surface area of 951 m2 g-1 and a pore volume of 

1.65 cm3 g-1 (Table 6.2) were calculated from the BET equation. The BJH method was 

applied to the desorption branch of the isotherm to obtain the pore size distribution 

curve (Fig. 6.3, inset) which appears quite narrow and centered at 6.9 nm (Table 6.2), in 

agreement with the TEM results.  
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Figure 6.3. Nitrogen adsorption/desorption isotherm and pore size distribution plot 
(inset) of the SBA-15 silica template. 
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6.3.2. Characterization of CuO/CeFe-25 catalysts 

 X-ray diffraction patterns of CeFe-25 support is shown in Fig. 6.4. The 

diffraction patterns reveal that the CeFe-25 matches with the cubic CeO2 fluorite 

structure. There are no peaks corresponding to Fe2O3 observed in the diffraction pattern 

of CeFe-25. The lattice parameter obtained from the calculation of (111) peak is about 

5.378 Å (Table 6.1), which is in fair agreement with the Ce-Fe solid solutions prepared 

with other route[11]. It is well documented in the literature that the lattice parameter of 

pure ceria is 5.41 Å [9, 12, 14-15]. The reduction in lattice parameter and the absence of 

Fe diffraction peaks in the X-ray diffraction of CeFe-25 strongly support the formation 

of Ce-Fe solid solution by the substitution of smaller Fe3+ [ionic radii, r = 0.64 Å, Ce4+ 

ionic radii, r = 1.01 Å] in the ceria lattice. [15-16]. 
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Figure 6.4. XRD patterns of CeFe-25 and CuO / CeFe-25 catalysts: (A), CeFe-25; (B), 
8 CuO/CeFe-25; (C), 12 CuO/CeFe-25; (D), 16 CuO/CeFe-25; (E), 24 CuO/CeFe-25; 
(F), 17 CuO/ CeFe-25 (IWI). 

 XRD patterns of a series of copper (8 - 24 wt. %) deposited CeFe-25 catalysts 

are reported in Fig. 6.4. All samples exhibit the characteristic diffraction peaks of 

crystalline CuO at 2θ = 35.5 and 38.7°, which are referred to tenorite-phase CuO. This 
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suggests that the dispersion capacity of CeFe-25 solid solution is below 8 wt %. By 

increasing the copper concentrations the diffraction peaks corresponding to CuO are 

more intense and the formation of a new peak observed at 2θ = 61.6°. The mean 

crystallite size and lattice parameter of the copper deposited CeFe-25 are reported in 

table 6.1. Slight increase in crystallite size observed by the addition of copper to the 

CeFe -25 support. Addition of copper increases the lattice parameter slightly but it 

remains almost constant for all copper- support systems except 8CuO/CeFe-25. 

 Table 6.1. Structural parameters of CeFe-25 and CuO/CeFe-25 system 

 Sample  CeO2 crystallite size a 
(nm) 

Lattice parameter  
(Å) 

CeFe-25 6.9 5.378 

8 CuO/ CeFe-25 7.5 5.380 

12 CuO/ CeFe-25 7.6 5.391 

16 CuO/ CeFe-25 7.6 5.394 

24 CuO/ CeFe-25 8.1 5.396 

 17 CuO/ CeFe-25
b
 7.4 5.391 

  a  Calculated using Scherrer formula  
  b  Copper deposition using IWI method 

 Table 6.2. Textural properties of the SBA-15, CeFe-25 and X CuO/CeFe-25.  

 Sample  BET surface area 

(m2/g) 
Pore volume 

(cm3/g) 
Pore diameter 

(nm) 

SBA-15 951 1.65 6.9 

CeFe-25 118 0.30 3.4 

8 CuO/ CeFe-25 83 0.26 3.2 

12 CuO/ CeFe-25 81 0.24 3.2 

16 CuO/ CeFe-25 73 0.27 3.2 

24 CuO/ CeFe-25 69 0.23 2.9 

 17 CuO/ CeFe-25
b
 77 0.24 3.1 

 b  Copper deposition using IWI method  

 Nitrogen adsorption-desorption isotherm and pore size distribution curves of 

CeFe-25 and copper deposited CeFe-25 catalysts are reported in Fig.6.5. All the catalyst 

exhibits typical characteristics of a mesoporous material with type IV isotherms. Similar 
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isotherms are reported for materials prepared with nano-casting method [19]. The 

Barret-Joyner-Halenda (BJH) pore size distribution for the CeFe-25 calculated from 

desorption branch show a narrow distribution (Fig.6.5 (a), insest) centered at 3.4 nm 

(Table 6.2), which is consistent with the wall thickness of the template SBA-15. The 

Brunauer- Emmett-Teller (BET) surface area of the CeFe-25 material is 118 m2 g-1, 

which is comparable with the values obtained from HT method using SBA-15 template 

[20]. It is observed that addition of copper (8-24 wt %) affected the surface area of the 

catalysts, it ranges between 69-83 m2 g-1. Pore volume and pore diameter of the 

catalysts are not more affected by the copper deposition, which range between (0.23 - 

0.27 cm3 g-1) and (2.9 – 3.2 nm) (Table 6.2), respectively.  
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Figure 6.5. Nitrogen adsorption/desorption isotherm and pore size distribution plot 
(inset)  of CeFe-25 and CuO/CeFe-25 catalysts: CeFe-25, (a); 8 CuO/CeFe-25, (b); 12 

CuO/CeFe-25, (c); 16 CuO/ CeFe-25 (d); 24 CuO/ CeFe-25 (e); 17 CuO/ CeFe-25 

(IWI) (f). 
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 H2- temperature programmed reduction (H2-TPR) analysis was carried out to 

study the redox behaviour of CeFe-25 and copper loaded CeFe-25, the reduction 

profiles are reported in Fig.6.6 (A and B). It is well documented in the literature that the 

reduction profile of pure ceria (not shown in figure) occurs at 450 and 900°C, ascribed 

to the reduction of surface and bulk oxygen, respectively[21]. According to literature, 

Fe2O3 reduction show a sharp peak at 360°C corresponding to the reduction of Fe2O3 to 

Fe3O4 and a broad peak at 680°C is due to the subsequent reduction of  Fe3O4 to Fe° 

[22-23]. The CeFe-25 (Fig. 6.6 A) mixed oxide show a complex reduction profile. It 

shows sharp reduction peaks at 447, 523, and 700°C and shoulder peaks at 312, 491, 

and 607°C. Compared to the pure metal oxides, CeFe-25 mixed oxide reduce at lower 

temperatures, it starts to reduce at 220°C. This means that the presence of iron in ceria 

weakens the Ce-O bond in the solid solution and promotes its reduction. Similar 

observation previously reported for Ce-Fe solid solution [12, 16]. 

 The reduction profile of copper deposited CeFe-25 solid solutions are reported in 

Fig.6.6 (B). The addition of copper dramatically changes the reduction features of the 

CeFe-25 solid solution to lower temperatures. The reduction profile of X CuO/CeFe-25 

shows reduction peaks of copper in the range 150-300°C, this region is characterized to 

the step wise reduction of Cu2+ to Cu0, this reduction behaviour is familiar for copper – 

ceria catalysts reported in the literature [24-25]. In 8 CuO/CeFe-25 show three peaks at 

lower temperatures, 175 (α), 206 (β), and 266°C (γ), among these the first two peaks, ie, 

α and β, corresponds to the stepwise reduction of well dispersed copper species, i.e., 

Cu2+ to Cu+1 and Cu+1 to Cu0 [26]. The peak at higher temperature (266°C, γ peak) 

represents the reduction of bulk copper in the surface of the support. Intensity of the 

third (γ) peak increases with CuO loading due to the formation of bulk CuO on the 

catalysts surface, which is visible in X-ray diffraction of CuO/CeFe samples reported in 

Fig.6.4. When the CuO loading increases the second and third peak merged to form a 

broad peak at higher temperatures (Fig.6.6). There are two other peaks observed in the 

TPR profile of CuO/CeFe-25, one at the lower temperature region (308-335°C) and 

another one at higher temperature region (521-588°C), which might be due to the 

reduction of Fe2O3 to Fe3O4 and Fe3O4 to Fe, respectively. All the CuO/CeFe systems 

are reduced at lower temperatures compared to pure oxide, this suggests the strong 
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interaction of Cu-Ce-Fe-O in the catalyst combinations, similar trend observed in the 

reduction of CuO/CeFe system[27]. 
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Figure 6.6. H2-TPR of CeFe-25(A) and CuO/CeFe-25(B) catalysts: 8 CuO/CeFe-25, 
(a); 12 CuO/CeFe-25, (b); 16 CuO/ CeFe-25 (c); 24 CuO/ CeFe-25 (d); 17 CuO/ CeFe-
25 (IWI) (e).  
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6.4. Catalytic activity of CuO/CeFe-25 

6.4.1. CO oxidation activity in the absence of H2 

 The catalytic activity results of CuO/CeFe catalysts for the low temperature CO 

oxidation are shown in Fig.6.7, where CO conversion is plotted against reaction 

temperature. CeFe-25 support is inactive for CO oxidation, it starts the reaction above 

120°C and no further improvement observed with the increase of reaction temperature,  

but the addition of copper promotes the activity at low temperatures. Copper promoted 

CeFe-25 starts to react at 40°C, further increase of reaction temperature results steep 

increase in CO conversion curve and reaches maximum conversion at 160°C (Fig.6.7). 

There are no remarkable differences in the activity of the catalysts, however, slight 

differences in temperature for 50% CO conversion (T50) observed for 16 CuO/CeFe (T50 

of 98°C), 8 CuO/CeFe=12 CuO/CeFe (T50= 100°C) and 24 CuO/CeFe (T50= 103°C) 

catalysts. 

 Effect of copper deposition method for CO conversion investigated using 

chelating-impregnation (CI) and incipient wetness impregnation method (IWI). The 

activity of the catalysts for CO oxidation is reported in Fig.6.8. There is no difference in 

activity observed over the catalysts prepared with chelating-impregnation (CI) and 

incipient wetness impregnation (IWI) method, a T50 of 98°C observed over the 

catalysts. Present study observed no significant effect of CuO deposition method in CO 

oxidation activity. Gold deposited reducible oxides are highly active for CO oxidation 

reaction at low temperature, for comparison in present study we deposited gold on 

CeFe-25 support. The CO oxidation activity of gold deposited and CuO deposited 

CeFe-25 catalysts are reported in Fig.6.9, where CO oxidation vs reaction temperature is 

plotted. Gold deposited catalyst shows better activity for CO oxidation till 80°C beyond 

this point no significant difference observed in the catalytic activity of the material. 

Temperature for 50% CO conversion is found to be 100 and 98°C for 1.8 Au/CeFe-25 

and 16CuO/CeFe-25 (CI), respectively. The performance of the copper catalysts are not 

superior compared to gold based catalysts, however it shows similar activity for CO 

oxidation. Copper based catalysts are promising alternative for CO oxidation compared 

to high cost precious metal catalysts. 
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Figure 6.7. CO conversion vs. reaction temperature of the X CuO/CeFe-25 catalysts: 
(■) CeFe-25; (●) 8 CuO/CeFe-25; (▲) 12 CuO/CeFe-25; (▼) 16 CuO/ CeFe-25; (♦) 24 

CuO/ CeFe-25. 
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Figure 6.8. Effect of copper deposition method on CO oxidation of CuO/CeFe-25 
catalysts: (▼)16 CuO/CeFe-25 (CI), (□) 17CuO/CeFe-25 (IWI). 
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Figure 6.9. CO oxidation over (○)1.8 Au/CeFe-25 and (▼) 16 CuO/CeFe-25 (CI) 
catalysts. 

6.4.2. Preferential oxidation of CO(PROX-CO) 

 Preferential oxidation of CO in presence of excess hydrogen are reported in Fig. 

6.10. CeFe-25 support is less active in preferential CO oxidation (Fig.6.10 a), no 

improvement in activity observed over the support by the increase of reaction 

temperature, at 200°C it show a maximum CO conversion of 19 %. But the addition of 

copper promotes the CO oxidation activity to lower temperatures (Fig.6.10 a), there is 

no remarkable difference in activity observed over the CuO supported catalysts. The CO 

conversion as a function of temperature expresses an S-shaped curve. The CO 

conversion increases with temperature and reaches maximum at 180°C, beyond this 

point it drop its activity due to hydrogen oxidation and slight methane formation 

(Fig.6.10 b), at 200°C 0.7% of the CO is transformed to CH4. The temperature at which 

50% CO conversion (T50) occurs is 111°C for 8CuO/CeFe-25 (S= 83.3), 112°C for 

16CuO/CeFe-25 (S= 97.3), 113°C for 12CuO/CeFe-25(S=87), and 114°C for 

24CuO/CeFe-25 (S= 93) catalysts, respectively, where the values in parenthesis 

corresponds to the selectivity. These values are in good agreement with the previously 

reported results, where O2 pre-treated Cu-Ce-Fe-O catalysts show a T50 of 115°C [27]. 
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Figure 6.10. CO conversion vs. reaction temperature of the X CuO/CeFe-25 catalysts 
for PROX-CO: (■) CeFe-25; (●) 8 CuO/CeFe-25; (▲) 12 CuO/CeFe-25; (▼) 16 CuO/ 
CeFe-25; (♦) 24 CuO/ CeFe-25: (a), CO conversion; (b), CO2 selectivity from CO; 
(c),O2 conversion; (d), CO2 selectivity form O2. Catalyst amount: 0.03 g. 

 The total O2 conversion over the CuO/CeFe-25 caralysts is reported in Fig. 6.10 

c. All the catalysts show a steep increase in O2 conversion with an increase of 

temperature. At 200°C, 100 % O2 conversion observed over all catalysts. Compared to 

CeFe-25, it seems that oxygen conversion is favored by the presence of copper. As 

shown in Fig.6.10d, CeFe-25 show 100% oxygen selectivity CO2 formation at all 

reaction temperatures, but in the case of CuO/CeFe-25catalysts oxygen selectivity to 

CO2 formation is 100% till 80°C, beyond this point a sharp decrease observed over all 

the catalyst. At 200°C, around 35% of the reacted oxygen is converted to CO2 over all 

copper based catalysts. 

 It is reported that catalyst preparation method has some influence on the 

catalytic activity of the catalyst[17]. To investigate the effect of preparation method, we 

prepared a catalyst with 17 wt% CuO on CeFe-25 using incipient wetness impregnation 

method (IWI). The activity of the catalysts in PROX are reported in Fig.6.11 (a-d). 

There are no remarkable difference in catalytic activity, however, minor difference in 

CO conversion activity observed over the catalyst prepared with incipient wetness 
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impregnation, this results is contradictory to the results reported earlier [17], where 

CuO-CeO2 catalyst prepared with chelating- impregnation showed superior activity for 

PROX. Temperature for 50% CO conversion occurred over these catalysts are 112°C 

for 16CuO/CeFe-25(CI) and 103 °C for 17 CuO/CeFe-25(IWI). In 16CuO/CeFe-25 (CI) 

catalysts, methane formation observed at 200°C, about 0.7% of the CO is converted to 

CH4 (Fig.6.11b), but in 17 CuO/CeFe-25(IWI) 100% conversion of CO to CO2 is 

observed. Both catalysts show similar oxygen selectivity to CO2 formation till 160°C, 

beyond this point 17 CuO/CeFe-25(IWI) possesses higher selectivity. At 200°C, 17 

CuO/CeFe-25 (IWI) show 40% selectivity, at the same time 16 CuO/CeFe-25(CI) show 

32 % selectivity to CO2. There are no remarkable differences observed in the 

characterization data and CO oxidation activity in the absence of hydrogen over 

17CuO/CeFe-25 (IWI), however, minor difference in activity for PROX might be due to 

the special Cu-Ce-Fe-O interaction or it behave differently in the reaction compared to 

16CuO/CeFe-25(CI). 
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Figure 6.11. Effect of copper deposition method on preferential CO oxidation of 
CuO/CeFe-25 catalysts: (▼)16 CuO/CeFe-25 (CI), (□) 17CuO/CeFe-25 (IWI): (a), CO 
conversion; (b), CO2 selectivity from CO; (c), O2 conversion; (d), CO2 selectivity form 
O2. Catalyst amount: 0.03 g. 
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 Gold supported reducible oxides catalysts are highly active for preferential 

oxidation of CO [28-29].In present study we investigated the effect gold on CeFe-25 

support for preferential oxidation of CO. For comparison activity of the copper 

deposited (16CuO) and gold deposited (1.8 Au) CeFe-25 catalysts are reported in 

Fig.6.12. It is clear from the figure 6.12a, that gold deposited CeFe-25 show less 

activity for selective CO oxidation. Temperature for 50% CO conversion observed over 

1.8Au/CeFe-25 is 164°C, at the same time 16CuO/CeFe-25 (CI) show a T50 of 112°C. 

Almost similar oxygen conversion activity observed over gold and copper deposited 

samples (Fig.6.12c), but oxygen selectivity to CO2 formation is remarkably less in gold 

deposited catalyst. Both catalysts show 100 % selectivity to CO2 till 80°C, beyond this 

point a sharp decrease observed over gold deposited catalyst, it show a selectivity of 27 

% to CO2 at 200°C, at the same time 33% selectivity observed over 16CuO/CeFe-25 

(CI) catalyst.  
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Figure 6.12. Preferential oxidation of CO over (○)1.8 Au/CeFe-25 and (▼) 16 
CuO/CeFe-25 (CI) catalysts: (a), CO conversion; (b), CO2 selectivity from CO; (c),O2 
conversion; (d), CO2 selectivity form O2. Catalyst amount: 0.03 g. 
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6.5. Conclusions 

 High surface area ceria-iron solid solution support prepared by hard template 

method. A series of copper (8-24 wt.%) deposited catalysts are prepared by chelating– 

impregnation method. All the catalysts possesses higher surface area, pore volume and 

narrow pore size distribution. Easier reducibility observed for copper deposited CeFe-25 

catalyst compared to its pure oxides. It is observed that copper remarkably increases the 

activity of the catalyst for CO oxidation and PROX. All the copper deposited samples 

showed similar activity in CO oxidation and PROX. Temperature for 50% CO 

conversion is observed at 98°C for 16CuO/CeFe-25(CI) for CO oxidation in the absence 

of hydrogen and in preferential oxidation the T50 is shifted to 112°C for 16CuO/CeFe-

25 (CI). 

 Effect of other copper deposition method investigated for the CO oxidation and 

preferential oxidation reaction. Catalyst prepared with chelating-impregnation and  

incipient wetness impregnation show similar activity in CO oxidation, however in 

preferential oxidation slight difference in activity observed over catalyst prepared with 

incipient wetness impregnation (IWI). A T50 of 103°C observed over the catalyst 

prepared with incipient wetness impregnation (IWI) method compared to chelating-

impregnation method (CI). Compared to gold deposited catalyst, copper based catalyst 

perform well in CO oxidation (at higher temperatures) and preferential oxidation. High 

activity and good selectivity observed over copper based catalyst for PROX. 
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Summary and conclusions 

 

 

 

 Hydrogen is considered as the promising fuel for the future and most suitable for 

fuel cells. Its pollution free combustion and diversity of sources makes it an attractive 

alternative candidate to fossil fuels. Production of hydrogen with very low 

concentrations of CO is of crucial importance for the PEM fuel cell applications. The 

gas streams coming out from the water gas shift reactors are not suitable for the fuel cell 

applications. Possible way to reduce CO to a few ppm are (i) preferential oxidation of 

CO, (ii) CO Methanation, and (iii) pressure swing adsorption processes. Preferential 

oxidation is the most effective method for the trace removal of CO from the reformate 

stream before its introduction into the PEM fuel cell. Traditionally precious metal based 

catalysts are used for preferential oxidation reaction, but high cost and less availability 

of the precious metals extends the research to search an alternative base metal oxide 

catalysts without precious metals in their combinations. It is worthy to develop a base 

metal oxide catalyst combinations for preferential oxidation of CO. The present thesis 

investigate the performance of four base metal oxide catalyst combinations for low 

temperature CO oxidation (LT-CO) and preferential oxidation of CO (PROX-CO). Four 

base metal oxide catalytic systems (two of them are cobalt based catalysts and other two 

CHAPTER 

7 
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are ceria based catalysts) have been synthesized, characterized and studied for CO 

oxidation and preferential oxidation of CO. 

 The first chapter of the thesis deals with the detailed introduction about the 

hydrogen production and purification processes. Various hydrogen production methods 

and catalyst systems used for the reactions are described in detail. Removal of CO from 

the reformate stream by using HTS and LTS adiabatic reactors, catalysts used for the 

processes and factors affecting the reactions are clearly described. Final CO removal 

using preferential CO oxidation reaction and the catalytic systems involved for the 

processes are described in detail. The aim and scope of the present thesis are also 

discussed in the introduction. 

 Chapter two gives the details about the catalysts synthesis method, techniques 

used for the characterization of the catalysts, experimental setup and conditions used for 

the CO oxidation and preferential CO oxidation reactions. 

 Chapter three describes the synthesis, characterization and catalytic activity of 

Cu
2+ 

doped cobalt oxide catalytic systems for the low temperature CO oxidation and 

preferential CO oxidation. Characterization results showed that the synthesized CuCo-x 

materials possess ordered rod like structure with high surface area and narrow pore size 

distributions. All the CuCo-x catalysts are active in CO oxidation but remarkable 

difference in activity observed above 100°C over CuCo-x catalysts compared to pure 

cobalt oxide. Reduction-reoxidation treatment of the CuCo-x prior to the reaction results 

a bad catalysts for CO oxidation. For preferential CO oxidation, copper containing 

catalysts show increased oxygen and CO conversion in comparison with pure cobalt 

oxide catalysts. CO methanation observed over Cu containing catalysts at ≥180°C due 

to the ease of reducibility of CuCo-x catalysts at lower temperature compared to pure 

cobalt oxide. Partial structural collapse of copper doped catalysts observed after the 

reaction. 

 Chapter four discusses the synthesis, characterization and catalytic activity of 

Fe
3+

 doped cobalt oxide systems. For low temperature CO oxidation pure cobalt oxide 

catalyst showed superior activity in comparison with iron-cobalt oxide catalysts. Gold 

deposited iron-cobalt system found to be more active in the series for CO oxidation. In 

preferential CO oxidation iron doped cobalt oxide system showed improved activity and 
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selectivity compared to pure cobalt oxide when the reaction was carried out with higher 

catalyst amount. Regenerative study confirmed that the no modifications occurred on 

the catalysts after the reaction. No methane formation observed over iron-cobalt 

catalytic systems. Gold supported iron-cobalt oxide system was the worst catalyst in the 

series for preferential CO oxidation reaction. It showed more oxygen conversion and 

less selectivity to CO2. Structural stability observed over the iron-cobalt catalysts after 

reaction, whereas partial structural collapse observed over gold supported catalyst. 

 Chapter five of the thesis gives a detailed report about the development of 

copper-ceria catalytic systems. All the copper-ceria systems are found to be active for 

low temperature CO oxidation and preferential CO oxidation reaction. No remarkable 

differences in the activity of the copper-ceria catalysts observed for low temperature CO 

oxidation even at higher copper loading. In preferential CO oxidation minor difference 

in the CO oxidation activity and CO2 selectivity observed over higher copper containing 

catalysts (Cu76Ce). No Methane formation observed over these systems. The selectivity 

observed at higher temperatures over copper-ceria catalysts are promising compared to 

noble metal based catalysts. 

 Sixth chapter of the thesis discusses the development of a copper-ceria-iron 

catalytic systems for CO oxidation and preferential oxidation reaction. Solid solutions 

of ceria-iron support are not active for CO oxidation and preferential CO oxidation at 

lower temperatures. Improvement in activity observed for the catalysts with copper 

deposition. All the copper deposited catalysts showed similar trend in CO oxidation and 

preferential oxidation with no remarkable differences in the CO oxidation activity. 

Effect of copper deposition methods investigated by using chelating-impregnation (CI) 

and incipient wetness impregnation (IWI) method. For CO oxidation similar activity 

observed over the catalysts prepared with chelating-impregnation (CI) and incipient 

wetness impregnation (IWI) method, but in preferential CO oxidation minor difference 

in CO oxidation activity observed between the catalysts prepared with chelating-

impregnation (CI) and incipient wetness impregnation (IWI). For comparison, CO 

oxidation and preferential CO oxidation reactions are carried out over gold-ceria-iron 

and copper-ceria-iron catalysts. Good performance of the copper-ceria-iron catalyst 

observed at higher reaction temperature compared to gold-ceria-iron oxide catalyst for 

CO oxidation. In preferential CO oxidation superior activity observed over copper-
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ceria-iron catalyst compared to gold-ceria-iron catalyst for oxidizing CO selectively. 

Gold-ceria-iron oxide system seem to be deactivated in presence of hydrogen.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


