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ABSTRACT 

The interest on the use of proton exchange membrane (PEM) fuel cells for vehicle 

application has increase due to its efficiency, high power density and rapid start up. 

The on-board reforming process is used to generate hydrogen; however, this process 

simultaneously produces 1% CO which poisons Pt-based anode catalyst. Previous 

studies have shown that supported Pd-based catalysts have very good stability on 

preferential oxidation (PROX) of CO, but these catalysts suffer from lower selectivity. 

Metal oxides such as Co3O4 and CeO2 are known to have high oxygen vacancy which 

promotes CO oxidation. Furthermore, the pre-treatment of the catalysts by hydrazine 

as well as the addition of MnOx species have been shown to improve the surface 

properties of metal/metal oxides catalysts. The study envisages that the modification 

of PROX catalysts will improve the CO conversion and its selectivity while maintaining 

higher stability.  

In this work, as-prepared (Co3O4) and hydrazine treated cobalt (Co3O4(H)) based 

catalysts were prepared by precipitation method and investigated at temperature 

range of 40-220 oC for preferential oxidation (PROX) of CO in excess hydrogen. The 

FTIR and XPS data of hydrazine treated Co3O4 does not show peak ratio differences, 

indicating that usual amounts of Co3+ and Co2+ were formed. An improved surface 

reducibility with smaller crystallite size was noted on Co3O4(H) catalyst, which indicate 

some surface transformation. Interestingly, the in-situ treatment of standalone 

Co3O4(H) decreased the maximum CO conversion temperature (T100%) from 160 oC 

(over Co3O4) to 100 oC. The Co3O4(H) catalyst showed good stability, with 

approximately 85% CO conversion at 100 oC for 21 h, as compared to fast deactivation 

of the Co3O4 catalyst. However, the Co3O4(H) catalyst was unstable in both CO2 and 

the moisture environment. Based on the spent hydrazine treated (CoO(H)) cobalt 

catalyst, the high PROX is associated with the formation of Co3+ species as confirmed 

by XRD, XPS, and TPR data.  

The Pd species was incorporated on different Co3O4 by improved wet impregnation 

method and this has improved the surface area of the overall catalysts. However, the 

presence of Pd species on Co3O4(H) catalyst decreased the CO conversion due to 

formation of moisture. Although, the Pd on Co3O4(H) had lower activity, the catalyst 

showed better stability under both moisture and CO2 conditions at 100 oC for 21 h.  
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The 2wt.% metal oxides (MnO2, CeO2, Cr3O4, TiO2, MgO) on cobalt, and Pd on CeO2-

Co3O4 and MnO2-Co3O4 were prepared by co-precipitation method and the structural 

composition was confirmed by XRD, FTIR, XPS and TPR data. Although, 2wt.%MnO2 

on Co3O4(H) showed higher activity at 80 oC, both MnO2 and CeO2 improved the 

activity of Co3O4(H) at 100 oC. The higher activity of MnO2 is attributed to the higher 

surface area of the composite catalyst, in relation to ceria composite catalyst. Although 

the MnO2 species transformed the structure of Co3O4 by lowering the oxidation state 

to Co2+, the spent catalyst showed transformation from Co2+ to Co3+ during PROX, as 

confirmed by TPR data. 

Studies on the effects of CeO2 loading on Co3O4 catalysts, showed an optimum activity 

over 2wt.%CeO2-Co3O4 as compared to other ceria loadings (i.e., 3, 5, 8, 10, 15, 

30wt.%CeO2). However, upon addition of 0.5wt.%Pd species on 2wt.%CeO2-

Co3O4(H) composite, the activity of the catalyst decreased slightly at 100 oC, which 

could be due to a decreased surface area. Although its activity is lower, the catalyst 

has shown good stability in dry, moisture and CO2 conditions at 100 oC for 21 h.  

In addition, studies were also undertaken on the effect of MnO2 concentration on 

Co3O4 catalysts. The data shows that 7wt.%MnO2 species improved the activity of 

Co3O4 catalyst at 60 oC, however, the catalyst could not improve the activities at higher 

temperatures. This low activity is associated with a decrease in surface area as 

concentration increases. The presence of 0.5wt.%Pd species on 7wt.%MnO2-Co3O4 

increased the activity at 60 and 80 oC, which could be due to reduction of Co3+ to Co2+ 

in the presence of Pd, as confirmed by XPS data. The catalyst has shown good 

stability in dry, moisture, and CO2 conditions at 100 oC for 21 h. The hydrazine treated 

cobalt-based catalysts in the presence of palladium and manganese oxide is the 

promising catalysts for proton exchange membrane fuel cells technology. 
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THESIS OUTLINE 

The thesis presents the work on PROX of CO in hydrogen rich gas stream over cobalt 

oxide (Co3O4, Co3O4(H), CoO, CoO(H), 2wt.%M-Co3O4 (M = CeO2, MnO2, MgO, TiO2, 

and Cr3O4), and supported Pd based catalysts. Chapter one focuses on the 

background, aims and objectives of the study. Chapter two present the literature 

survey on the activity of different catalysts in PROX of CO in hydrogen rich gas stream. 

The literature review based on the operation of the fuel cell. The production of H2 

through steam reformer system and the different methods for the preparation of the 

samples were discussed. Chapter three present the methods which were used to 

prepare the samples; the cobalt oxide was prepared by precipitation method, followed 

by hydrazine treatment. Both samples were reduced by 5% hydrogen in helium, and 

Pd species were introduced on the Co3O4 catalysts by improved wet impregnation 

method. The metal oxides (CeO2, MnO2, MgO, TiO2, Cr3O4) were incorporated to the 

cobalt oxide by co-precipitation method. The deposition, precipitation and the co-

precipitation methods were also used to introduce the Pd species on the supports.  

 

Chapter four present results and a detailed discussion on the role of the reductive pre-

treatment of Co(OH)2 species using hydrazine (N2H4.H2O), prior to formation of Co3O4 

by calcination. A comparison with existing methods of just calcining the Co(OH)2 at a 

specific temperature was also investigated. The study further investigated the 

oxidation state and structure of as-prepared and spent catalysts, to elucidate the 

correlation with the observed activity/selectivity. The effects of Pd on as-prepared and 

hydrazine treated cobalt oxide catalyst activity/selectivity in CO PROX were 

investigated. Furthermore, the effects of CO2, and moisture on the stability of the 

catalysts were investigated in CO PROX.  

Chapter five focuses on the effects of Pd and metal oxides (CeO2, MnO2, MgO, TiO2, 

Cr3O4) on the as-prepared and hydrazine treated Co3O4 catalyst activity and 

selectivity. In addition, the effects of moisture, and CO2 on the stability of the most 

active catalysts were also investigated.  

Finally, chapter six provides the overall conclusions of the study, as well as the 

recommendations for future investigations.   
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CHAPTER 1 

1. INTRODUCTION 

1.1 BACKGROUND 

The preferential oxidation (PROX) of CO is an important reaction which serves as a 

link between low-temperature water-gas shift (LT-WGS) and the proton-exchange 

membrane (PEM) fuel cells. It offers an economical technique for bringing down the 

CO concentration from 1 % to parts per million (ppm) level from a hydrogen rich stream 

[1]. The preferential oxidation of CO in the hydrogen rich gas is considered as the most 

promising and cost-effective method with a minimal loss of hydrogen, therefore, it is 

highly recommended to explore catalysts with excellent performance in terms of 

conversion and selectivity [2]. Catalysts need to offer a wide temperature range (e.g., 

80 – 180 oC) for the operation, to avoid exhaustive control temperature [3]. The flow 

diagram of hydrogen purification by CO PROX reaction is shown in Figure 1.1.  

 

Figure 1.1 Flow diagram of hydrogen purification by CO-PROX reaction [4]. 

 

The CO oxidation is desired in PROX process (eqn. 1) while H2 oxidation (eqn. 2) is 

avoided.  

  CO + ½ O2(g) → CO2         (1)  

H2 + ½ O2 → H2O        (2) 

For most catalysts, CO PROX is carried out in the temperature ranging from 25 to 200 

oC. At higher temperatures (150 – 300 oC) oxidation may be accompanied by reverse 

water gas shift (eqn. 3) and/or CO methanation (eqn. 4) reactions, the latter one 

consuming 3 mol of H2 for each mol of CO: 
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CO2 + H2 → CO + H2O       (3)  

CO + 3H2 → CH4 + H2O       (4) 

The disadvantage of the technology is its very strong exothermic nature, coupled with 

a very narrow optimal operation temperature window, and is best operated between 

80 oC and 180 oC, yielding a steam loss of around 1%, it requires effective cooling. 

The excess dilution with nitrogen (eqn. 2) is used to minimise steam generation. 

Additionally, the reaction is interrupted with an intermediary cooler before proceeding 

to a second stage. The instrumentation and process control complexity requirements 

are relatively high. The advantage of this technique is the higher space velocity, which 

reduces the size of the required reactor. The PROX of CO is a catalytic reaction where 

the catalyst plays a significant role in enhancing the CO oxidation and suppressing H2 

oxidation [4-5]. A low CO concentration fuel can be achieved by synthesizing a highly 

active, stable, and selective catalyst for PROX reaction in H2-rich gas mixture at the 

lower temperature range (80 – 120 oC) [6-7]. 

 

1.2 PROBLEM STATEMENT   

The catalytic oxidation of carbon monoxide (CO) at low temperatures (< 100 oC) has 

attracted great attention because of its wide applications in automotive emission 

control, trace CO removal in the enclosed atmospheres, and CO preferential oxidation 

(PROX) for proton exchange membrane (PEM) fuel cells [8-9]. PROX catalysts are 

used for the removal of CO from fuel cell’s feed gas, which is oxidised to CO2 in the 

presence of hydrogen [6, 10-11]. Among various heterogeneous catalysts, noble metal 

catalysts such as platinum (Pt), palladium (Pd), and gold (Au) have shown excellent 

performance for CO oxidation at lower temperatures [6-7]. Gold-based catalysts have 

higher activities as compared to Pd and Pt-based catalysts, even though they suffer 

from poor stability and faster deactivation [10-11]. Although the activity of Pd based 

catalysts was lower to that of Au catalysts in the low-temperature CO oxidation, the 

supported Pd catalysts have shown good stability [12]. For example, recent study on 

1.25wt.%Pd-5wt.%Ce/Fe(OH)x (x = 1, 2, 3, etc.) catalysts by Weiliang et al. [13], have 

shown higher stability for CO oxidation at ~40 oC.  

The catalytic activity of Pd can be improved by the choice of the catalytic support and 

pre-treatment conditions (which enhances the metal-support interaction and oxygen 
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vacancy formation) [12, 14]. The Pd/Fe(OH)x catalysts prepared by a co-precipitation 

method without calcination exhibited high activity for CO oxidation at 27 oC [14]. This 

was due to a large amount of oxygen vacancies created on the surface of Fe(OH)x 

supports (after H2 pre-treatment), which can act as an oxygen supply [13, 15]. 

However, Pd based catalysts have very low selectivity towards CO oxidation in the 

presence of hydrogen [16-17]. For example, the 1wt.%Pd/C catalysts showed 

considerably lower CO selectivity, which decreased from 32 to 23% with increasing 

temperature [17]. The reason for lower selectivity is that the reaction mechanism for 

CO oxidation over Pd/CeO2 (without hydrogen), does not occur in exactly the same 

sequence in the presence of hydrogen. This is due to the formation of β-hydride 

(reaction with O2 from both gas-phase and support sites to form water, which readily 

desorbed from Pd) which suppress the possibility of CO oxidation in the presence of 

hydrogen [16]. 

 

1.3 MOTIVATION 

Research in fuel cells technology has boomed in the last decade because of the 

growing societal interest in energy-efficiency and environmental compatibility [18]. 

Among the various ranges of power demand, it is generally agreed that the earliest 

broad commercial adoption of fuel cell will be in transportation industries. The proton-

exchange membrane (PEM) fuel cell is viewed as the most promising for these 

applications due to its high power density, low corrosion, rapid start-up time and low 

temperature operation [18-19]. An important concern for the usage of PEM fuel cells 

is their sensitivity to low levels (< 5 ppm) of CO. A promising method to remove trace 

amounts of CO (~1%) from H2 (after hydrocarbon reforming and water-gas-shift 

reaction) supplied to the anode of PEM fuel cell is by preferential oxidation of CO 

(PROX) in the presence of excess H2 [20]. An effective PROX catalyst should have 

high activity for CO oxidation as well as low activity for hydrogen oxidation, typically at 

low temperatures. For example, a good PROX catalyst should be able to selectively 

oxidize 10,000 ppm of CO to concentrations of less than 5 ppm, without decreasing 

the H2 content of the reformate gas.  

A finely dispersed and higher valence state of CoOx in CeO2 is preferable for carbon 

monoxide oxidation [21], ceria species promote formation of oxygen vacancies to 
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cobalt to retain a higher valence state of cobalt [21-22]. The metal oxides can achieve 

50% conversion, with relatively low selectivity under PROX reaction at approximately 

100 °C [23-24]. However, the catalyst deactivates due to surface reconstruction, which 

hinders the redox cycle [25-26]. Supported metal oxide catalysts such as MnOx/Co3O4 

have shown good PROX activity and stability (approximately 100% CO conversion) at 

temperatures ranging from 125 to 175 oC [26-27]. The use of MnOx as promoter for 

Co3O4-CeO2 catalysts has shown good catalytic activity/selectivity in PROX reaction 

at temperatures ranging from 80 to 180 oC, though, addition of moisture/CO2 was 

unfavourable for CO removal [22]. Chang et al. [28], have shown that addition of a 

suitable amount of MgO on Au/TiO2 might suppress H2 oxidation and maintain CO 

oxidation in Au/TiO2. Supported metal oxide catalysts such as CuO/CeO2 have shown 

good PROX activity (approximately 100% CO conversion) at temperatures ranging 

from 110 to 160 oC [29-30]. 

Hence, the study will investigate the possibility of improving the selectivity of Pd based 

catalysts towards CO oxidation in the presence of hydrogen. This possibility could be 

achieved by using combination of metal oxides such as Co3O4, CeO2, MnO2, etc., as 

support materials for noble metal catalysts such as Pd [31]. This is further expected to 

improve the dispersity of both metal and support catalysts [32]. For example, addition 

of Fe into 0.8wt.%Pd/NaZSM-5 improved the dispersion of the active Pd species and 

100% CO conversion temperature (T100) from 180 to 47 oC [33].  

 

1.4 PURPOSE OF THE STUDY 

1.4.1 Aim  

The aim of the study is to investigate the catalytic stability and selectivity of the cobalt 

and palladium-based catalysts supported on metal oxides for PROX of CO.  

 

1.4.2 Objectives  

The objectives of the study were to:  

i. prepare a variety of cobalt support by precipitation method and pre-treated 

using either hydrazine and/or 5% H2/He, 
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ii. introduce Pd species on Co3O4 and hydrazine treated Co3O4 by improved wet 

impregnation method, 

iii. prepare 2wt.%M-Co3O4 (M = CeO2, MnO2, MgO, TiO2, and Cr3O4) by co-

precipitation method, and introduce Pd using different methods (improve wet 

impregnation, precipitation, deposition, co-precipitation) on hydrazine treated 

CeO2-Co3O4, 

iv. introduce Pd species on MnO2-Co3O4 by co-precipitation method, 

v. characterise all materials using the following techniques; X-ray powder 

diffraction (XRD), Brunauer-Emmett-Teller (BET), transmission electron 

microscopy (TEM), scanning electron microscopy (SEM), energy dispersive X-

ray analysis (EDS), thermogravimetric analysis (TGA), Fourier transforms 

infrared spectroscopy (FT-IR), inductively coupled mass spectroscopy (ICP-

MS), temperature programmed reduction (TPR), and X-ray photoelectron 

spectroscopy (XPS). 

vi. evaluate the catalytic activities of all prepared catalysts for PROX of CO under 

H2 rich stream within the reactor temperature range of 40 to 220 oC, 

vii. investigate the effect of CO/O2 ratio in CO PROX reaction,  

viii. investigate the catalytic stability and effect of oxidation state of the catalysts 

during PROX in the presence of H2O and CO2 in the feed, respectively. 

 

1.5 SCIENTIFIC CONTRIBUTIONS 

The hydrazine treated catalysts such as metal oxides and palladium-based supported 

on cobalt will be prepared and used for preferential oxidation (PROX) of carbon 

monoxides in hydrogen rich gas stream. We envisage that the catalysts will be highly 

selective to oxidation of CO, less selective to hydrogen, and also stable at fuel cell 

operating temperature range (80-120 oC). The outcome of the study will help to 

promote the use of fuel cells in transportation and in the generation of electricity for 

the households.  

 

1.6 ETHICAL CONSIDERATIONS 

The ethical clearance is not necessary since the study does not involve the use of 

human specimens or animal origin. 
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CHAPTER 2 

2. LITERATURE REVIEW  

2.1 INTRODUCTION  

The Greenhouse gas emissions are ever increasing in this age where fossil fuel (gas, 

oil and coal) based power generations dominate. This is especially an issue when 

taking into consideration that the remaining reserves of oil and natural gas are rapidly 

dwindling as world population increases [1]. One way of combating the negative 

impact on the world is through the adoption of hydrogen energy generations [2]. This 

could be achieved through the use of hydrogen fuel cells as energy converting 

devices, whereby electrical and heat energy are produced in the electrochemical 

process with water as the only waste product [3]. Proton exchange membrane (PEM) 

fuel cells are ideally suitable for transport, combined heat, power, and mobile auxiliary 

power applications. Among the many attractive features, the high power density, rapid 

start up and high efficiency makes the PEM fuel cell the system of choice for the 

transport manufacturers [4-5]. Recent studies showed that the power densities of 680 

mW cm-2 can be achieved for low temperature PEM fuel cells [6-7]. Though, hydrogen 

has high gravimetric energy density, its volumetric energy density is poor, which 

presents a significant barrier for the use of hydrogen for on-board fuel cells [8]. 

 

The on-board reforming of liquid fuels followed by water-gas shift (WGS) reaction is 

one of the alternatives source to produce hydrogen for fuel cells [9]. Generally, 

hydrogen can be produced from various carbon compounds, such as alkanes, 

alkenes, alcohols, or fossil fuel [10]. In addition to hydrogen, the reformer gas still 

contains a trace amount of CO (about 0.5% to 2%), which has an overwhelming effect 

on the energy conversion efficiency of the PEM fuel cells via CO induced poisoning of 

the Pt anode catalyst [11-12]. Consequently, the treatment of the hydrogen gas feed 

is necessary to remove the carbon monoxide for its use in the PEM fuel cell. Several 

methods such as hydrogen selective membranes, CO methanation, pressure swing 

adsorption and preferential oxidation of CO (CO PROX) have been proposed for CO 

removal [13].    

 

A promising method to remove trace amounts of CO (~1%) from hydrogen rich fuel 

(after hydrocarbon reforming and water-gas-shift reaction) supplied to the anode of 
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PEM fuel cells is by preferential oxidation of CO (PROX) in the presence of excess 

hydrogen [14]. An effective PROX catalyst should have high activity for CO oxidation 

as well as low activity for hydrogen oxidation; typically, at PEM fuel cell operating 

temperatures of 80 to 100 oC [15-16]. For example, a good PROX catalyst should be 

able to selectively oxidize 10,000 ppm of CO to concentrations of less than 10 ppm, 

without decreasing the hydrogen content of the reformate gas [11, 14, 17]. There is a 

high need for an effective and cheap catalysts material for the purification of hydrogen 

rich stream for PEM fuel cells. The development of cheap and stable catalysts for the 

purification of hydrogen (through conversion of carbon monoxide (CO)), after water 

gas shift (WGS) reaction, is required for preferential oxidation of CO (PROX) reactions.  

Among various heterogeneous catalysts, noble metal catalysts such as Pt, Pd, and Au 

have shown excellent performance for CO oxidation at lower temperatures [18-19]. 

Gold-based catalysts activities seem to be superior to those of Pd and Pt-based 

catalysts, although they suffer from poor stability and faster deactivation [20-21]. 

Although the activity of Pd catalysts was lower to that of gold catalysts in the low-

temperature CO oxidation, the supported Pd catalysts have shown good stability [22]. 

Recent studies on 1.25wt.%Pd-5wt.%Ce/Fe(OH)x catalysts by Weiliang et al. [23], 

have shown higher catalytic selectivity and stability for CO oxidation at ~40 oC. It is 

generally recognised that the activity of the unique performance of the catalyst is 

determined not only by the active component of Pd, but through interaction between 

Pd and support matrix of the catalyst [24-25]. Deposition of Pd stimulates the mobility 

of the lattice oxygen at the interface between noble metal and the support; meanwhile 

retaining the oxygen storage capacity of the support, which can significantly promote 

the catalytic activity of CO oxidation [24, 26]. Therefore, the geometric structure of the 

support and the dispersion of Pd nanoparticles are the key factors for highly efficient 

catalyst for low temperature CO oxidation [27].   

 

The catalytic activity of Pd can be improved by the choice of the catalytic support and 

pre-treatment conditions, which enhances the metal-support interaction and oxygen 

vacancy formation [22, 28]. For example, the Pd/Fe(OH)x catalysts prepared by a co-

precipitation method without calcination exhibited high activity for CO oxidation at 27 

oC [28]. This was due to a large amount of oxygen vacancies created on the surface 

of Fe(OH)x supports (after H2 pre-treatment); which can act as an oxygen supply [23, 

29]. Luo et al. [30], have shown that a Co3O4/CeO2 catalyst performance is further 
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promoted by a small amount of Pd, as a result, a remarkable improvement in CO 

oxidation activity is achieved even at room temperature.  

 

However, Pd based metal catalysts have very low selectivity towards CO oxidation in 

the presence of hydrogen [31-32]. Zlotea et al. [33], have inferred an absorption of 

hydrogen in Pd (solid solution and hydride) as well as nano-size to induced hydrogen 

absorption into non-absorbing element, Ir (solid solution) in the case of supported 

catalysts. The adsorbed hydrogen in the nanoparticles modifies the active phase, 

which may promote or have detrimental effects on the catalytic performance [34-35]. 

The Pd nanoparticles have poor catalytic activity in PROX reaction due to formation 

of aggregates on the surface of the catalyst [36]. However, the overall hydrogen 

sorption capacity decreases strongly for Ir-Pd nano alloys as compared to pure Ir and 

Pd nano-particles. The Ir-Pd nanoparticles retain high activity of Pd in H2 free CO and 

O reaction oxidation while preventing bulk hydrogen dissociation which result in 

hydride formation, which is detrimental to PROX reaction [33]. 

 

The preparation method can significantly influence the structural properties of 

catalysts, such as surface area, crystallite size, interface contact active component 

dispersion and the strength of interaction which in turn determine the redox properties 

and reactivity of the final catalysts [37-38]. The preparation of Pd/CeO2 by improved 

wet impregnation method increased the surface area and dispersion of Pd species on 

the support [27]. The preparation of the noble metal catalysts by polyol reduction 

method showed higher dispersion and uniform size compared to the routine method 

(such as incipient-wetness impregnation method) [39]. Addition of Fe into 0.8wt.% 

Pd/NaZSM-5 improves the dispersion of the active Pd species and 100% conversion 

temperature (T100) for CO oxidation decreased from 180 to 47 oC [40]. Studies on the 

improvement of Pd based catalysts for CO oxidation in the presence of hydrogen rich 

gas stream at low temperature (<100 oC) are limited. The inexpensive metal oxide 

support, such as Co3O4 has exhibited high catalytic activities in PROX reaction (in 

excess H2) over a wide temperature range [41-42]. The Co3O4 has mixed oxidation 

states of Co2+ and Co3+, and Co3+ has been reported to be more active than Co2+ for 

CO adsorption and oxidation. Omata et al. [43], inferred that the main factor that 

determines the activity and the selectivity of CO oxidation in the presence of H2 is Co3+ 

on the surface of the catalyst. As a result, the catalytic activity is strongly dependent 
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on the exposed crystal facets, morphology or the amount of exposed Co3+ on the 

surface, and the crystal sizes [44-45]. The activity of the metal oxide catalysts depends 

on the CO adsorption strength, and the barrier of CO reacting with lattice oxygen (and 

redox capacity). Among metal oxides, Co3O4 is found to be the most active one, 

certifying all the three requirements [45]. The low-temperature activity of mesoporous 

Co3O4 was found to depend critically on the pre-treatment temperature, being the 

highest when the catalyst was pre-treated in 8%O2 (balanced with He) at 300-500 oC 

[46]. However, the fundamental reasons for the pre-treatment temperature 

dependence of catalytic activity are not clear. 

 

The finely dispersed and higher valence state of CoOx in CeO2 is preferable for carbon 

monoxide oxidation [47], ceria species promote formation of oxygen vacancies to 

cobalt to retain a higher valence state of cobalt [47-48]. In the process, oxygen 

vacancies are created in the ceria lattice. Guo et al. [48], have shown that interaction 

between Co3O4 and CeO2 results in finely dispersed and high valence state of cobalt 

oxides species. This has contributed to higher PROX activity of Co3O4-CeO2/MnO 

mixed oxides catalysts. Studies done using CoOx/CeO2 composite have resulted in a 

good synergy catalyst which is resistant to water vapour poisoning in CO oxidation 

[47].  

 

2.2 THE PROTON EXCHANGE MEMBRANE (PEM) FUEL CELL 

The PEM fuel cell was first discovered in the 1960s and was used as an auxiliary 

power source in the Gemini space flights [7]. Subsequently, advances in this 

technology were stagnant until the late 1980s when the fundamental design underwent 

significant reconfiguration. New fabrication methods, which have now become 

conventional, were adopted and optimised to a high degree. The application barrier of 

PEM fuel cells has to overcome the costly amount of platinum which is used as catalyst 

[49]. The low temperature PEM fuel cells appear to be the most suitable and 

commercially viable hydrogen-based fuel cell systems for static and mobile 

applications [7]. It has the ability to operate at lower temperature (> 90 oC) with fast 

start-up time, high current density, and it is most suitable for mobile and automotive 

sectors [50]. Under normal circumstances, pure hydrogen is the ideal fuel for an anode 

of PEM fuel cell (Figure 2.1) [51], though alternative sources are being considered. In 
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the case of mobile energy sources, it is not safe to store pure hydrogen on board the 

vehicle [52]. Figure 2.1 presents the typical PEM fuel cell system.  

 

 

Figure 2.1 A schematic representation of a PEM fuel cell [7]. 

 

2.3 STEAM REFORMER OF HYDROCARBONS 

Steam reforming has been a well-established process in the industry for more than 70 

years, and it will play an important role in future applications related to a new hydrogen 

economy. There is also a fast growing need for more hydrogen production capacity in 

refineries, as the hydrogen production is low, which means that more hydrogen has to 

be produced at refinery or being imported [53]. Small-scale reformers for hydrogen 

production through steam reforming of methanol can provide an alternative solution to 

the demand of continuous supply of hydrogen gas for the operation of a proton 

exchange membrane (PEM) fuel cell [54-55].  

Fuel cells need a continuous supply of hydrogen gas for their operation in portable 

devices. Micro reactors are used to convert hydrocarbon fuels into hydrogen gas which 

can be delivered to a PEM fuel cell to produce electric power. Fuel reforming on 

methane (CH4), natural gas, methanol (CH3OH) and other hydrocarbons has been a 

popular area of research in the recent years [54-56]. Methanol is a highly suitable liquid 

fuel for on board production of hydrogen, offering a high hydrogen carbon ratio (H/C), 
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exists as a liquid at room temperature, is biodegradable, free from sulphur, absence 

of C-C bonds and its reactivity allowing reformation at relatively lower temperatures 

(200 – 350 oC). In steam reforming, steam reacts with the feedstock in a set of 

reactions to produce mainly hydrogen, carbon dioxide, and carbon monoxide. The 

process is typically carried out in the presence of metal oxide catalyst at temperatures 

ranging from 195 to 260 oC [57-58]. The chemical reactions which take place during 

reforming process are summarised below;  

             (1) 

                    (2) 

             (3) 

The low cracking temperature of methanol results in lower carbon monoxide (CO) 

emissions which is quite important for the operation of fuel processors [4-5]. The 

reformers can be attributed to small volume, small weight, low cost, long lifetime, low 

by product (CO), ease of manufacture, low flow resistance, low thermal resistance and 

short start-up time [4-5, 11-12]. Figure 2.2 shows the configuration and photograph of 

the assembled tubular packed bed reformer. 

 

Figure 2. 2 (a) Configuration of the tubular packed bed reformer, (b) Photograph of 

the assembled reformer tube [54].  
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2.4 WATER-GAS SHIFT REACTION 

Water-gas shift (WGS) reaction is traditionally used for production of hydrogen (H2) 

from synthesis gas which is mainly used for industrial application such as ammonia 

production of fertilizer, petroleum refineries for a variety of operations and recently 

used as fuel for power generation and transportation [59-60]. The use of gasification 

for power generation has also increased the use of water gas shift reactors [60]. The 

water-gas shift (WGS) reaction is the reversible reaction of carbon monoxide with 

steam, leading to carbon dioxide and hydrogen, according to the reaction:  

CO + H2O ↔ CO2 + H2     -41.2 kJ mol-1 (4) 

The WGS reaction is particularly important for the utilization of the low H2 to CO ratio 

syngas obtained from steam reforming or oxidation of hydrocarbons to increase the 

yield of the hydrogen. In recent years, there has been some interest in this reaction 

because of its potential use in H2 based fuel cells for mobile and stationary applications 

[61]. The WGS can only reduce the level of CO from steam reformer to about 0.5-1% 

that poison the Pt catalyst at the anode of the fuel cell. It is then necessary to reduce 

the CO concentration to an acceptable level of 10 ppm [11, 17]. The promising 

technological solution is based on the process of catalytic preferential oxidation 

(PROX) of carbon monoxide [14].     

 

2.5 PREFERENTIAL OXIDATION OF CARBON MONOXIDE   

The preferential oxidation of CO in the hydrogen rich gas is considered as the most 

promising and cost-effective method with a minimal loss of hydrogen, therefore, it is 

highly recommended to explore catalysts with excellent performance in terms of 

conversion and selectivity [62]. It is important for catalysts to offer a wide temperature 

range for the operation in order to avoid exhaustive control temperature. For example, 

Pt supported on ceria-zirconia oxides at 10 oC has a maximum CO conversion. 

Another consideration is that when adsorption processes occur on the metal surfaces, 

CO is strongly adsorbed than H2. Catalysts that are active at low temperatures are 

preferred in order to ensure acceptable selectivity towards CO2 instead of H2O [63].  

Qu et al. [64], have shown that CO conversion increases with increasing oxygen 

concentration over Ag/SiO2 catalyst. However, CO is not completely removed even in 
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case of 3% oxygen in the feed gas. Selectivity at low temperature does not change, 

but above 45 oC the selectivity decreases with an increase in O2 gas. The same 

behaviour was reported when Au/TiO2 was used as a catalyst for CO conversion, the 

catalyst is active at 25 oC and the activity decreases at temperature above 50 oC [65]. 

Au/TiO2 has high oxidation to CO with low selectivity to O2 [66]. Chang et al. [61], have 

shown that addition of a suitable amount of MgO on Au/TiO2 might suppress H2 

oxidation and maintain CO oxidation in Au/TiO2. Supported metal oxide catalysts such 

as CuO/CeO2 have shown good PROX activity (approximately 100% CO conversion) 

at temperatures ranging from 110 to 160 oC [67-70]. It has been shown that 

CoOx/CeO2 catalysts can achieve approximately 100% CO conversion under a wide 

temperature range (125 to 200 oC) depending on weight hourly space velocity (WHSV) 

and O2 concentration [16, 71]. The H2 concentration has an effect on the CO oxidation 

rate at temperature ranging from 175 to 225 oC, and the O2 to CO2 selectivity 

decreased, which suggest that H2 competes with CO for adsorption sites [71].  

Cobalt-based catalysts such as CoO and Co3O4 (as standalone catalysts) have 

recently attracted a significant amount of interest from the scientific community, due 

to their promising activities in the absence [72] and presence of hydrogen [42, 73]. The 

CoO has exhibited good catalytic activities in PROX reaction (in excess H2) over a 

wide temperature range, as compared to other transition metal oxides [73]. Such 

PROX activity was reported to be influenced by the tetrahedrally coordinated Co2+ 

species [73], although no supporting evidence was provided. In the absence of 

hydrogen, the high CO oxidation activity is attributed to the surface oxidation of 

octahedrally coordinated Co2+ species within the CoO structure [73]. The metal oxide 

was able to achieve 50% conversion, with relatively low selectivity under PROX 

reaction at approximately 100 °C [72-73]. Furthermore, the catalyst deactivates due to 

surface reconstruction, which hinders the redox cycle [74-75]. Supported metal oxide 

catalysts such as MnOx/Co3O4 have shown good PROX activity and stability 

(approximately 100% CO conversion) at temperatures ranging from 125 to 175 oC [75-

76]. The use of MnOx as promoter for Co3O4-CeO2 catalysts has shown good catalytic 

activity/selectivity in PROX reaction at temperatures ranging from 80 to 180 oC, 

though, addition of moisture/CO2 was unfavourable for CO removal [48]. Liu et al. [76], 

have shown that the dope of appropriate amount of Mn species causes the formation 

of smaller sold solution particles and disorder in the spinel structure of cobalt oxide, 



 

18 
 

which result to formation of active oxygen sites. Supported MnOx/Co3O4 catalysts 

prepared by co-precipitation method showed an improved catalytic activity and stability 

in PROX of CO, however, addition of moisture/CO2 decreased the selectivity of the 

catalyst at temperatures less than 150 oC [75]. Other researchers have reported a 

good catalytic activity of approximately 75% CO2 selectivity (at 80 to 120 oC) over 

bimetallic Ru-Pd/CeO2-MnOx catalyst [77]. 

 

The prepared catalysts can effectively weaken the adsorption of CO on Pt atoms and 

accelerate the adsorption of O2 on the active sites, resulting in the high PROX activity 

at low temperatures. The catalytic features like low-temperature performance, stability 

and reproducibility are still insufficient. Thus, a highly active and stable catalyst is still 

required to remove CO from the H2 rich gas stream before it reaches the PEM fuel cell 

[78].  

 

2.6 EFFECT OF CO2 AND H2O IN THE FEED 

Pack at el. [79], have proposed in their analysis of CuO-CeO2 temperature 

programmed desorption (TPD) studies, that the main cause for the decrease in 

catalytic activity with CO2 and H2O in the feed is related to competitive CO and CO2 

adsorption as well as blockage of active sites by water at lower reaction temperature. 

Consequently, an increase in temperature promotes CO oxidation [80].  

 

2.7 INCORPORATION OF PROMOTER FOR ACTIVATION OF O2 IN CO 

OXIDATION 

The direct way to realize the dual-site reaction pathway is to incorporate some metal 

or metal oxide, which are capable of oxygen (O2) splitting. The reported formulations 

include CeO3/Pt/Al2O3 [81], SnOx-Pt/Al2O3 [82], etc. Compared with the supported 

monometallic Pt catalysts, the light-off temperatures are shifted to a lower range over 

the promoted systems in a normal CO oxidation reaction, which substantiates the 

contribution of activated O2. However, CO cannot be completely removed at low 

temperature [32]. Further efforts have been made to prepare bimetallic system with 

uniform composition between Pt and promoters, to improve the cooperative effects 

between CO adsorption and O2 activation sites [83]. For example, the samples which 
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were prepared by using organometallic precursors (Pt5Fe2(1.5-cyclooctadiene) (CO)12 

or PtFe2(1.5-cyclooctadiene) (CO)8)), the cluster derived 1wt.% PtFe2/SiO2 catalysts 

show a relatively uniform Fe: Pt composition and particle-size distribution. This 

resulted in higher activity and selectivity than the 1wt.% Fe-Pt/SiO2 catalyst prepared 

by the incipient wetness impregnation methods [84].  

 

2.8 PREPARATION METHODS OF CATALYSTS 

The preparation methods have a significant effect on the structural properties of the 

catalysts, such as surface area, particle size, active component dispersion and 

strength of interaction. Hence, the preparation method determines the redox 

properties and the reactivity of the final catalyst [10, 38]. Zhao et al. [85], have shown 

that the performance of the supported Co3O4, MnO2 and CeO2 catalysts on activated 

carbon is significantly dependent on the loading method. Choosing the most suitable 

preparation method and pre-treatment conditions (pH, calcination temperature, etc) at 

the beginning of the study is a very important step. Different types of catalysts have 

been prepared for different reaction systems [86-87].  

Palladium (Pd) is one of the most active metals for interacting with the surface of 

oxides as supports. According to some studies, the catalytic activity of Pd/TiO2 

catalysts depends on both the Pd crystallite size and morphology, where these 

catalysts with highly dispersed small Pd particles have shown to be more active 

concerning the strong metal-support interaction (SMSI) [88-89]. The strong interaction 

between the metal and support facilitates reversible spill over of the activated oxygen. 

They also play a crucial role in overcoming kinetic barriers to oxidation of noble metal 

nanoparticles at lower temperature [90].  

Molina et al. [91], have observed higher dispersion on samples prepared by ion 

exchange (even at higher load) with a smaller particle size (~4-5 nm), therefore, a 

sample with higher surface area was obtained. The samples prepared by impregnation 

had higher particle size (~15-30 nm) and small surface area. In both cases, a fairly 

homogeneous particle size distribution was observed. 

Nanostructured metal oxides and silicates are increasingly applied in catalysis, either 

as supports or as active species in heterogeneous catalysts, this is due to the 
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physicochemical properties that typically distinguish them from bulk oxides, such as 

higher surface area and a larger fraction of coordinatively unsaturated sites at their 

surface [92]. For catalytic purposes, it is generally important to optimise the exposed 

surface area of active sites, as a result, one has to control the degree of aggregation 

of the colloidal particles [93-94]. These suspensions are metastable thermodynamic 

systems and various operating parameters have a strong influence on the physical 

stability of the sol: ionic strength, addition of a stabilising agent (surfactant, polymers, 

and complexant), the pH of the medium, and temperature. Aggregation occurrences 

(or disaggregation which is generally the objective for catalytic applications), are 

closely related to the solubility of the oxide phase in the medium. Experimental data 

clearly shows that isolated particles are more easily obtained for pH conditions where 

solubility of the oxide solid phase is not zero. On the other hand, aggregation is more 

favoured when solubility of the solid phase is very low. For example, isolated PdO 

particles can be obtained for an acidic pH (with a re-acidification at pH < 2), whereas 

highly aggregated PdO particles are observed for basic pH (typically pH > 12), 

resulting in a low solubility of PdO. In this case, physical phenomena like electrostatic 

interaction seem to play a minor role with respect to chemical solubility. Variation of 

the pH, which is the driving force for the repulsive interaction between particles (2.5 

for the acidic medium when pH = 2 and 7.5 in basic medium when pH = 12), and the 

ionic strength values are not able to explain the aggregation-disaggregation process 

[93]. The increased pH of the reaction medium promotes processes of oxidation of the 

reduced cobalt catalysts to form low activity cobalt hydroxide and makes them 

prevailing ones [95].  

The morphologies and the crystallite size of the catalysts changes with an increase in 

the synthesis pH conditions. Mate et al. [96], have observed a change in the 

morphology of the Co3O4 with synthesis pH, they observed a nano-rod shape at pH 8 

with a length of 10-20 nm. A change from pH 8 to 10 has resulted to the fusion and 

agglomeration of the rods. A further increase to pH 12, resulted to a growth of particle 

size in the range of 20-80 nm due to enhance agglomeration. As a result, a decrease 

in surface area (110-58.4 m2g-1) is observed; whereas an increase to pH 14 resulted 

to an increase in surface area (121.6 m2g-1) due to an increase in –OH group which 

might restrict aggregation of primary particles. However, an enhanced size of 25-30 

nm with rather ellipsoidal-shape particles is obtained.  



 

21 
 

According to Schiavi et al. [97], as cobalt ion concentration (to 0.2 M) is increased the 

cobalt structure transforms to round nanoparticles covered by nanoflakes. Nanoflakes 

are formed by precipitation of cobalt hydroxide. The precipitation is induced by the pH 

increase that accompanies the reduction of water catalysed by cobalt nano-particles. 

The influence of cobalt ion concentration could be qualitatively explained by analysing 

the evolution of pH and cobalt ion concentration at the surface of an isolated particle 

(that is, in absence of overlapping diffusion layers) growing under three-dimensional 

mixed kinetic-diffusion control. 

Calcination temperature and time also have an influence in the morphology, surface 

area, crystallite size of a catalyst, as well as the catalytic activity of the catalysts [98-

99]. For example, Umegaki et al. [100], have reported good catalytic activity of Co3O4 

catalyst calcined at 623 K, however, an increase in the calcination temperature 

decreased the activity of the catalyst, which was reported to be due to a decrease in 

the amount of surface Co3+ species. A decrease in catalytic activity of Co3O4 catalyst 

in liquid phase oxidation of lignin model substrates was observed due to reduction in 

surface areas by half (from 194.9 to 95.9 m2g-1), increase in crystallite size from 8 to 

13 nm with an increase in calcination time from 1 to 6 h [98].  

 

2.8.1 Precipitation method 

Precipitation method is one of the most widely employed method to obtain man-sized 

materials, it is cheap and easy to scale-up for industrialisation production and 

commercialisation [101]. The method does not need special conditions like high 

temperature, special surfactant or temperature and pressure controlling [102]. Cobalt 

oxide catalysts prepared by precipitation method have been widely reported in 

methane combustion. Moreover, the parameters in the preparation process also have 

an important effect on the microstructure of the catalyst. Pu et al. [101], prepared a 

series of Co3O4 catalysts at different pH by precipitation method, and found that the 

aging times have a greater influence on the surface properties. As a result, aging time 

had a significant effect on the catalytic performance and stability of the catalyst.  
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2.8.2 Hydrothermal method 

The hydrothermal method is one of the simplest and least expensive methods for 

preparation of man-size transition metal oxides with a relatively high specific surface 

area at low temperature (~100 to 250 oC) and higher pressure [103-104]. Nassar et al. 

[105], has synthesised cobalt carbonates microspheres in high yields by using a free-

surfactant hydrothermal reaction of cobalt acetate ammonium carbonate as cheap 

carbonate source at 120 oC for 5 h (with 1:3, Co2+: Co3+ mole ratio). The decomposition 

of the cobalt carbonates at 300 oC, formed pure Co3O4 spinel phase nanoparticles with 

25 nm crystallite size. Generally, this methodology can as a whole be utilised in 

preparing other metal carbonates and their metal oxides.  

 

2.8.3 Sol gel method 

The sol-gel method is the simplest and has the ability to control the particle size and 

morphology through systematic monitoring of reaction parameters [106]. The process 

of sol-gel synthesis starts with hydrolysis and condensation step leading to the 

formation of a colloidal solution. Upon further condensation, the sol evolves into an 

integrated network per pore where solvent molecules are trapped. The gelation is 

generally followed by aging and drying (Figure 2.3) [107]. 

 

 

Figure 2. 3 General scheme of a sol-gel synthesis method [107]. 

 

Sol-gel method intends to desirably control the dimensions of a material on a 

nanometer scale from the initial stages of processing. Chemical processing, controlled 
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high purity, and better homogeneity can be used to enhance the property of the 

materials. This lower temperature processing technique is a major advantage over the 

conventional techniques of the nanoparticle synthesis [92]. An adequate mixing of the 

reaction mixture was identified as a crucial requirement for the scale-up of a sol-gel 

synthesis via the benzyl alcohol route. A yield of up to one gram of single-phase, highly 

monodisperse, and highly crystalline Co3O4 nanoparticles can be obtained in the 

developed synthesis procedure. Bubbling gas through the reaction emulsion provides 

sufficient mixing of the emulsion (i.e. prevents separation of the different phases and 

ensures the availability of water), which is identified as an oxygen source for full 

oxidation to Co3O4. An increase in the reaction temperature or the concentration of 

cobalt precursor can increase the crystallite sizes of cobalt oxide. However, the 

amount of water, associated with the additive NH4OH(aq), is the most potent 

parameter for size control and allows for the synthesis of highly monodisperse Co3O4 

in the crystallite size range of 3 to 10 nm [108].  

 

2.8.4 Deposition precipitation method 

The use of deposition-precipitation method (DP) in catalyst preparation was 

discovered in the mid 1980’s [109]. Schwarz et al. [110], achieved higher dispersion 

and homogeneous deposition of nickel on copper even at high metal load, due to the 

occurrence of strong precursor- support interactions. The precipitation method plays 

a major role in controlling the precipitates particles size and their distribution. However, 

this method is based on the use of precipitation combined with deposition from a liquid 

medium [109-110]. The method involves two processes: (i) precipitation process, it is 

the creation of a solid from bulk solutions or from pore fluids depending upon sufficient 

force of gravity (settling) to bring the solid particles together; (ii) deposition process, it 

is interaction of the precipitate particles with the support surface [110]. The affinity can 

be beneficial to the properties of homogeneously precipitated catalysts resulting in 

increased dispersion, improved stability against sintering and higher activity [109]. 

 

2.8.5 Impregnation method 

The mounting of dissolved aqueous precursors on the oxide supports are generally 

accomplished by impregnation method. The volume of precursor of the active element 

of the catalyst is contacted with the solid support. The process is called incipient 
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wetness if the volume of the solution is equal to the volume of the support. When the 

strength of interaction between the active precursor in solution and the support is 

weak, the method of incipient wetness impregnation may be followed by drying to 

apply high loading of precursor. The maximum load depends on the solubility of the 

precursor in the pore filling solution, and the increase in the weight load requires higher 

concentration of the precursor. However, reagents such as Ni(NO3)2, results in lower 

solution pH and in turn cause support disruption, and substitution of ions into the 

support lattice. The homogenous distribution of the impregnated species on the 

support is usually achieved through drying of the catalyst [109]. 
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CHAPTER 3 

3. EXPERIMENTAL 

 

3.1 INTRODUCTION 

Catalysis plays a crucial role in the chemical industry; the use of a catalyst reduces 

the activation energy and increases the rate of reaction. A catalyst should be able to 

catalyse a reaction with the highest efficiency and the lowest energy consumption at 

the same time. Therefore, the main factor in selection of a catalyst for an industrial 

process is its activity and preparation costs of the catalyst. An equally important issue 

is a catalyst preparation, because a choice of a method and preparation conditions 

determines subsequent properties of a catalyst [1]. Methods such as impregnation, 

precipitation, deposition-precipitation (DP), hydrothermal (HT), strong adsorption 

electrostatic (SAE) are used to prepare catalysts [2-4]. Among these methods, 

precipitation method is widely used by industries to prepare heterogeneous catalysts 

(in aqueous medium at low temperature) due to its simplicity and cost-effectiveness 

[2-3, 5]. It is a simple method, which seems to be straightforward to scale-up, but in 

practice, it may cause some difficulties. Important factors such as temperature, pH of 

solutions, a precursor of an active phase, and precipitating agent or aging time may 

affect properties of the final catalytic materials [1, 4].  

The characterisation of the material's surface after preparation is essential to know the 

evolution of different compositions in case of the catalysts. The materials are often 

prepared in one chemical form while their active form is completely different. 

Consequently, the understanding of the catalytic process requires knowledge of an 

active form which in addition can be susceptible to the environmental conditions. 

Hence, an implementation of the experimental methods which can enable the 

investigation of the catalyst’s chemical state as close to the one existing in the reaction 

space is vital [6]. The in-depth understanding of metal oxide surface structure and 

reactivity is crucial to continue the development of the technological performance and 

efficiency of Co3O4 based materials [7].  
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3.2 REAGENTS AND CHEMICALS 

The chemicals (and their purity in wt.%) used for the preparation of the catalysts in this 

work were used as received unless otherwise stated. Various catalysts (Co3O4, 

Pd/Co3O4, CeO2-Co3O4, Pd/CeO2-Co3O4, M-Co3O4, Pd-MnO2/Co3O4) were prepared 

from metal oxides precursors; Co(NO3)2,6H2O (≥ 98), Pd(NO3)2.H2O (≥ 98), 

Ce2O3.H2O (≥ 99), C6H9MnO6.2H2O (≥ 97), TiO2 (≥ 99), Mg(NO3)2.6H2O (98 – 102), 

all purchased from Sigma Aldrich company. The CrCl3 (≥ 95) metal oxide precursor 

was purchased from UniLAB. The NaOH, used as precipitating reagent was 

purchased from Sigma Aldrich Company. The N2H4.H2O (64 – 65) and the NaBH4 (≥ 

99) precursor which were used to reduce the catalysts were also purchased from 

Sigma Aldrich Company. The 1% O2/He, 1% CO/He, and 50% H2 (from pure H2 gas 

cylinder) which were used as a mixture for CO PROX reactions, and 8.5% H2/He was 

used as a carrier gas, all gas cylinders were purchased from Afrox Company. The 15% 

CO2/He (which was used to investigate the effect of CO2), and the pure He gas which 

was used to bubble water from saturator (for investigation of the effect of moisture) to 

the feed stream was also purchased from Afrox Company.  

 

3.3 PREPARATION OF THE CATALYSTS 

3.3.1 Preparation of Co3O4 by precipitation method 

The Co3O4 was prepared by precipitation method following the procedure reported by 

Chen et al, [8]. The required amount of Co(NO3)2,6H2O was added to 100 ml of distilled 

water and stirred for 30 minutes at room temperature. Thereafter, a 2 M NaOH, 

solution was added dropwise with vigorous stirring until pH 12 is reached. The mixture 

was continuously stirred for 1 h at room temperature and subsequently aged at 70 oC 

for 2 h. The resulting Co(OH)2 precipitates were collected by suction filtration and 

thoroughly washed with warm distilled water. The precipitates were dried at 80 oC for 

24 h. A portion of the precipitates were calcined in air at 300 oC for 4 h to form as-

prepared Co3O4.  

Another portion was dissolved in 20 ml distilled water, and pre-treated with 100 ml of 

0.1 M N2H4.H2O solution for 15 h. Thereafter, filtered and dried at 80 oC for 24 h, to 

form a mixture of CoO(OH) and Co(OH)2, denoted as CoOxHy(H) [9].  
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A portion of a mixture of CoO(OH) and Co(OH)2 was calcined at 300 oC in air for 4 h 

to form Co3O4(H). About 0.98 g of the three different materials were used as 

standalone catalysts or supports for Pd species.  

A 600 mg portion of the hydrazine treated Co3O4 was loaded on a U-shape borosilicate 

glass reactor and reduced by a mixture of 5% H2 balanced helium (30 ml/min) at 250 

oC for 1.5 h [10]. 

  

3.3.2 Preparation of M-Co3O4 by co-precipitation method 

A variety of metal oxides (M = CeO2, MnO2, MgO, TiO2, Cr3O4) were supported on 

cobalt oxides following the co-precipitation method as reported by Chen et al, [8]. 

Approximately 2wt.% of metal oxides precursors C6H9MnO6.2H2O, CrCl3, TiO2, 

Mg(NO3)2.6H2O, Ce2O3.H2O were mixed with a solution of Co(NO3)2,6H2O and stirred 

for 30 minutes at room temperature. Thereafter, 2 M NaOH solution was added 

dropwise to the mixture while vigorously stirring until pH 12 is reached. The obtained 

mixture was continuously stirred for 1 h at room temperature and subsequently aged 

at 70 oC for 2 h. The resulting precipitates were filtered by suction, and thoroughly 

washed with warm distilled water. The precipitates were dried at 80 oC for 24 h, a 

portion of the precipitates were calcined in air at 300 oC for 4 h. Another portion was 

dissolved in 20 ml distilled water, and pre-treated with 100 ml of 0.1 M N2H4.H2O 

solution for 15 h, thereafter, filtered and dried at 80 oC for 24 h [9]. The resulting 

products were calcined at 300 oC in air for 4 h (to form (2%M-Co3O4)(H)).  

 

3.4 INCORPORATION OF Pd ON THE SUPPORT CATALYSTS 

3.4.1 Preparation of (Pd/Co3O4) catalyst by improved wet impregnation method 

The catalysts were prepared by improved wet impregnation method following the 

procedure reported by Li et al, [9]. The required amount of the Pd(NO3)2.H2O was 

dissolved in 20 ml of distilled water and the support was added to the solution with 

stirring. The mixture was stirred for 2 h at room temperature. Thereafter, 100 ml of 0.1 

M N2H4.H2O solution was added slowly with stirring. The reaction was digested at 

room temperature for 15 h with stirring. The resulting product after 15 h was filtered 

and washed with warm distilled water. The product was dried at 80 oC for 24 h. The 
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resulting product was named (Pd/Co3O4)(H), and the untreated sample was named 

Pd/Co3O4. The sample treated with sodium borohydride was named (Pd/Co3O4)(B). 

All other catalysts were also prepared by following the same procedure, with N2H4.H2O 

used as reducing agent. The presence of the species in the composites were 

confirmed using inductively Coupled Plasma Mass Spectroscopy (ICP-MS) at 

University of Stellenbosch (Central analytical facilities). 

 

3.4.2 Preparation of (Pd/Co3O4) catalyst by deposition precipitation method 

The catalyst was prepared following the method reported by Shen et al, [11]. Two 

solutions were prepared; solution A was prepared by dissolving the required amount 

of Pd (NO3)2.H2O in 50 ml of 0.07 M HCL solution. Solution B was prepared by 

dissolving 1.5 g NaOH and 0.98 g of the Co3O4 in 50 ml of distilled water, the mixture 

was stirred at 70˚C for 2 h. Thereafter, solution A was added to solution B dropwise at 

70˚C. The resulting precipitates were pre-treated with 0.1 M N2H4.H2O (100 ml) for 15 

h at room temperature. The formed solids were filtered, washed by warm distilled 

water and dried at 80˚C without further calcination. The resulting sample was denoted 

as (Pd/Co3O4)(H).  

 

3.4.3 Introduction of Pd on the support by co-precipitation method 

The catalyst was prepared following the method reported by Chen et al, [8]. The 

required amount of Pd(NO3)2.H2O was dissolved in 50 ml of distilled water followed by 

the required amount of Ce(NO3)2 (or CH6MnO6.2H2O) with stirring. The mixture was 

left to stir for 30 min at room temperature. Subsequently, the required amount of 

Co(NO3)3.6H2O was added to the reaction mixture with stirring, the mixture was 

continuously stirred for 30 min at room temperature. Thereafter, 2 M NaOH solution 

was added dropwise to the solution with vigorous stirring until pH 12 is reached. The 

obtained mixture was continuously stirred for 1 h at room temperature and 

subsequently aged at 70 oC for 2 h. The resulting precipitates were filtered by suction, 

and thoroughly washed with warm distilled water. The precipitates were dried at 80 oC 

for 24 h, a portion of the precipitates were calcined in air at 300 oC for 4 h. Another 

portion was dissolved in 20 ml distilled water, and pre-treated with 100 ml of 0.1 M 

N2H4.H2O solution for 15 h, thereafter, filtered and dried at 80 oC for 24 h [9]. The 
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resulting products were calcined at 300 oC in air for 4 h, and the resulting sample is 

denoted as (Pd-CeO2/(Co3O4))(H) or (Pd-MnO2/(Co3O4))(H). The presence of the 

species in the composites were confirmed using ICP-MS. 

 

3.5 CHARACTERISATIONS  

3.5.1 X-ray powder diffraction (XRD) 

The X-ray powder diffraction (XRD) technique is used to characterise the 

crystallographic structure, crystallinity, crystallite size, and the dispersion of the 

particle and the lattice of the structure [12]. With appropriate accessories, X-ray 

diffraction can be used to study phase change as a function of stress or temperature, 

to determine lattice strain, to measure the crystalline modulus, and with the aid of 

molecular modelling to determine the structure of a polymer. Paterson et al. [13], 

studied the evolution of the cobalt phase reduction in the presence of water (from 0 to 

1% H2O) by in situ X-ray diffraction, the study has produced a clear transition to CoO 

and Co metal. The presence of water shifted the peaks to higher transition temperature 

and lowered the reduction process to cobalt metal.  

 

Sample analysis 

The XRD patterns of the samples were recorded on a Philips Analytical Powder X-ray 

B.V., PW3710 based diffractometer, equipped with a divergence slit 1/4o, a receiving 

slit 0.1, a monochromator and using Co-Kα radiation (40 KV, 40 mA). Data were 

collected in the 2θ range of 5 to 75o in 0.025o steps, using a scan speed resulting in 

an equivalent counting time of 1 s per step. The average crystallite sizes, D of the as-

prepared samples were calculated from (311) plane diffraction peak using the 

Scherrer’s formula [14]:          

     




cos

K
D   

where K is the Scherrer’s constant (0.9), D is the average crystallite size (nm), λ is the 

wavelength of incident X-ray radiation (λ = 0.154 nm) used, β is the full width at half 

maximum (FWHM) of the metal oxide diffraction peaks and θ is the diffraction angle. 
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3.5.2 Brunauer-Emmett-Teller (BET) measurements 

The Brunauer, Emmett and Teller (BET) is widely used to characterise materials for 

adsorption, catalysis and reactions on surfaces (as its value represents the number of 

potential active sites). The surface area is estimated from a specific region of a gas 

adsorption isotherm where monolayers of adsorbate are considered to take place. 

Experimentally the gas adsorption isotherm is obtained through successive doses of 

an adsorptive gas probe, typically N2 at 77 K is sent to the solid material, initially dried 

and evacuated. The amount of gas molecules that can adsorb onto the surface of the 

solid is derived from the evolution of the pressure in the system [15].  

 

Sample analysis 

The BET specific surface areas (SBET expressed in m2/g) of the sample were 

measured by N2 adsorption at -196 oC on a Micromeritics tristar II 3020 system. The 

single point method was selected to analyse the samples. Before the measurements, 

samples were degassed under air at 200 oC for 2 h.  

 

3.5.3 Thermogravimetric analysis (TGA) 

The thermogravimetric analysis (TGA) is used to characterise the material’s thermal 

stability and its fraction of volatile components by monitoring the weight change that 

occurs as sample is heated at constant rate.  It provides evidence for the removal of 

associated solvent, amorphous to crystalline phase transformation and isochemical 

transformation (i.e., cations redistribution or migration of cations between the 

octahedral and tetrahedral sites) [16]. 

 

Sample analysis 

The TGA profiles of the samples were determined using an STA PerkinElmer 4000 

instrument. The experiments were operated from room temperature to 600 oC (with a 

heating rate of 10 oC/min) under N2 atmosphere (with a flow rate of 40 ml/min). Before 

analysis, the samples were heated at 80 oC for 2 h in an oven. 
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3.5.4 X-ray photoelectron spectroscopy (XPS) 

The X-ray photoelectron spectroscopy (XPS) analysis technique is an effective 

technique used to determine the surface element composition, metal oxidation states, 

and adsorbed oxygen species of the solid oxide materials [17]. The technique is also 

used to detect contamination on the surface of the sample or bulk of the sample [18]. 

The average depth of analysis for an XPS measurement is approximately 5 nm. The 

kinetic energy of the analysed electrons depends on the energy of the source (mostly 

< 1500 eV). It provides information about surface layers or thin film structures which 

is important for many industrial and research applications, where surface or thin film 

composition plays a role in performance including nanomaterials, photovoltaics, 

catalysis, corrosion, adhesion, electronics, wear environmental control, etc. [17-19]. 

 

Sample analysis 

The XPS spectra were acquired with an ESCAlab-250Xi spectrometer (Shimadzu Co. 

Ltd) equipped with Al kα X-ray exciting source (1486.7 eV) operating at 10 kV and 10 

mA. All the elemental binding energies were referenced to C (1s) line situated at 285.0 

eV.  

 

3.5.5 Energy-dispersive spectroscopy (EDS) 

The energy dispersive (EDS) X-ray analysis is a technique used to analyse near-

surface elements and estimate their proportion at different position, thus giving an 

overall mapping of the sample. The EDS can be used to estimate the composition or 

the amount of nanoparticles near the surface, provided they contain some heavy metal 

ions. For example, the presence of Au, Pd and Ag nanoparticles on the surface can 

easily be identified using EDS [18]. 

 

Sample analysis 

The compositions of the prepared catalysts were obtained by EDS using a Noran-X-

ray detector on the JEOL JSM-6100 scanning electron microscope. The accelerating 
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voltage used in the EDS analysis was 5 kV. Four different areas of each sample were 

scanned to obtain the average C, O, Pd, Ce, Mn, and Co ratios. 

 

3.5.6 Inductively coupled mass spectroscopy (ICP-MS) 

Inductively coupled plasma mass spectrometry (ICP-MS) is an attractive way to 

perform elemental analysis, particularly in high sample volume facilities, where 

turnaround time is critical. It features a multi-elemental capability, good precision, a 

long linear dynamic range, simple spectra, low detection limits, and the ability to do 

rapid isotopic analysis [20]. It has found wide application to analysis of a variety of 

samples, including water and food, as well as geochemical, environmental, and 

biological samples. However, it has some limitations, such as matrix effects, which 

can be important, and the need to keep the concentration of dissolved solids low to 

avoid clogging problems [20-21].  

 

Sample analysis 

Multi-element determination was performed on an Agilent 7900 inductively coupled 

Mass Spectroscopy (ICP-MS), equipped with 0.4 ml/min Micro mist nebulizer. The 

samples (~0.03 g) were added in a solution mixture (of 6 ml HNO3 and 1 ml H2O2), 

and digested using microwave (1600 W, 100%) at ramp time of 25 min, pressure of 

800 psi and hold time of 10 min. Solution was then introduced into the instrument via 

autosampler by peristaltic pump. Plasma gas flow rate was a 5 ml/min and collision 

and reaction gases flow rates were 5 ml/min and 6 ml/min for He and H2, respectively. 

Analysis was optimised at 1600 W forward power and 0.83 L/min carrier gas flow (Ag) 

with a make-up gas of 0.15 L/min. Sample depth (10 mm) and lens parameter were 

optimised for highest signal and optimum peak shapes while maintaining low oxides. 

 

3.5.7 Temperature programmed reduction (TPR) 

The temperature programmed reduction (TPR) is a useful technique for the 

characterisation of metal oxide catalysts. It is a highly sensitive method for 

discriminating the reducibility of different species, providing information about its 

chemical state, as well as its dispersion state. Analysis of catalysts are performed by 
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placing the catalyst in a fixed bad reactor, exposed to reducing mixture which 

continuously passes through the catalytic bed. The reactor temperature is increased 

according to a linear temperature programme. The difference between the inlet and 

outlet concentration of the gas mixture is measured as a function of time using a 

thermal conductivity detector (TCD). The resulting TPR profile contains qualitative and 

quantitative information on the oxidation state of the reducible species present and in 

that sense, it is a fingerprint. The technique is basically quantitative and the information 

obtained is kinetic, consequently, directly corresponds to the catalytic behaviour [19, 

22].   

 

Sample analysis 

Hydrogen temperature-programmed reduction (H2-TPR) of the samples were carried 

out on a Micromeritiscs Autochem II 2920 equipped with a thermal conductive 

detector. The TPR analysis began by conditioning the sample, flowing oxygen and 

helium mixture through approximately 0.035 g of a sample for 1 h. The TPR analysis 

was done by flowing analysis gas (10% H2/Ar) through the sample while the 

temperature was increased linearly up to 900 oC at 10 oC/min. The consumption of the 

hydrogen was monitored using a thermal conductivity detector (TCD).  

 

3.5.8 Fourier transform infrared spectroscopy (FTIR)  

The infrared spectroscopy has the ability to monitor the vibrations of the functional 

groups (at room temperature) for the molecular structure which govern the course of 

chemical reactions. It offers continuous operation and low maintenance compared to 

gas chromatography, and low cost and structural specificity compared to mass 

spectroscopy. The term ‘’infrared’’ generally refers to any electromagnetic radiation 

falling in the region from 0.7 to 1000 mm. The region between 2.5 and 25 mm (4000 

to 400 cm-1) is most attractive for chemical analysis [19, 23]. 

 

Sample analysis 

The FTIR spectra of the samples were recorded using a Spectrum II 

spectrophotometer (PerkinElmer). Measurements were done using 100 scans at 16 
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cm-1 resolutions, units of log (1/R) (absorbance), over the mid IR region of 400-4000 

cm-1. The small powder sample was centred on the glass plate crystal surface, and 

pressure clamps were used to apply pressure on the filter.  

 

3.5.9 Scanning electron microscope (SEM) 

The scanning electron microscopy (SEM) is used to check the morphology of the 

materials [24]. It can produce a very high resolution images of a sample surface, 

revealing details about 1-5 nm in size in its primary detection mode. i.e., secondary 

electron imaging [18].  

 

Sample analysis 

The morphologies of the samples were observed using a Zeiss Auriga Field Emission 

scanning electron microscope (SEM). Samples were secured to the stubs using 

double sided conductive carbon tape. Samples were then coated with chromium using 

the Quorum Q 150 T ES coater and inserted into the microscope for viewing. Images 

were captured using the SmartSEM software.  

 

3.5.10 Transmission electron microscope (TEM) 

The transmission electron microscopy (TEM) analysis technique is used to investigate 

the microstructure of the materials, it provides the crystallographic information and 

composition at a nanometer scale. A high energy beam of electrons is shone through 

a very thin sample, and the interactions between the electrons and the atoms can be 

used to observe features such as crystal structure, dislocations and grain boundaries. 

High resolution transmission electron microscopy (HRTEM) can be used to analyse 

the quality, shape, size and density of quantum wells, wires and particles. It operates 

on the same basic principles as that of the light microscope, but uses electrons instead 

of light. It can reveal the finest details of internal structure, as small as an individual 

atom, because the wavelength of electrons is much smaller than that of light. The 

optimal resolution attainable for TEM images is in many orders of magnitude better 

than that from a light microscope [18, 24]. 
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Sample analysis 

The TEM images were obtained using JEOL JEM 2100 high resolution transmission 

electron microscope operated at 120 kV. Small spatula tip of the sample was 

dispersed in the liquid ethanol (~3 ml) to create a very lightly dispersed solution. The 

mixture was then sonicated for 30 min in an ultra sonicator at room temperature. The 

carbon coated Cu grid was dipped on the solution and left to dry overnight.   

 

3.6 EXPERIMENTAL SETUP FOR PROX OF CO 

The catalytic test for CO PROX in hydrogen rich stream was carried out in a continuous 

flow fixed bed U-shape borosilicate glass (inner diameter of 5 mm) reactor system. 

Prior to all catalytic tests, the samples were heated in a flowing pure He gas (20 

ml/min) at 40 oC for 30 min, as a standard pre-treatment. The catalyst weight was 200 

mg and the total flow rate of the reaction mixture was 100 ml/min, yielding a mass flow 

of 30000 ml g-1 h-1. The feed contained 1% CO, 1% O2, 50% H2, and 48% He. The 

reactor temperature was monitored using a K-type thermocouple placed next to the 

catalyst bed and controlled with a temperature controller. The effect of CO2 was 

examined with the addition of 15% CO2 in the feed. In order to examine the effect of 

water vapour on the reaction, the carrier gas (with the flow rate of 20 ml/min) was 

bubbled through the water kept in the saturator at room temperature. The copper 

sulphate powder was used to trap excess water downstream of the reactor and before 

GC analysis. The resulting product and reactant analysis was carried out by a gas 

chromatography (DANN-GC) equipped with a thermal conductive detector (TCD). 

 

The schematic diagram of the reactor system used for PROX of CO in hydrogen rich 

gas stream is shown in Figure 3.1. 
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Figure 3.1 A schematic representation of a U-shape tube reactor system used on 

PROX of CO reaction (  = Pressure gauge,  = Shut-off valve,  = Needle valve, 

 = One-way valve, GC = Gas chromatograph). 

 

The components of the reaction mixture were identified by injection of the standard 

samples of the expected products. The components detected by GC are shown in 

Appendix A (for the standard) and Appendix B (for PROX). The separation of the 

components was achieved by the use of Porapack-Q and the molecular sieve 

columns. The catalytic activity data were reported as CO and H2 conversion, CO and 

H2 selectivity as illustrated below. The percentage of CO conversion was calculated 

using equation 3.1. 

3.1 

 

The percentage of H2 conversion was calculated using equation 3.2. 

3.2 

The percentage of CO selectivity was calculated using equation 3.3. 
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3.3 

 

The percentage of H2O selectivity was calculated using equation 3.4. 

3.4 

 

The percentage of O2 selectivity was calculated using equation 3.5. 

3.5 

 

The catalytic activity for the selected catalysts in PROX of CO in hydrogen rich gas 

stream (at dry condition) are presented in Table 3.1.  

 

Table 3.1 The catalytic activity of the prepared catalysts in PROX of CO at temperature 

range of 40 to 220 oC (under dry condition).  

Catalyst CO conversion 

at 100 oC 

Tmax 

(oC)a 

Maximum CO 

conversion (%)a 

Co3O4 47.9 160 100 

Co3O4(H) 100 100 100 

CoO(H) 100 100 100 

1wt.%Pd/(Co3O4(H)) 47.3 220 79.5 

2wt.%Pd/(Co3O4(H)) 51.4 220 72.8 

2wt.%CeO2-Co3O4 87.2 120 98.5 

(2wt.%CeO2-Co3O4)(H) 99.4 100 99.4 

(0.5wt.%Pd/(2wt.%CeO2-Co3O4))(H) 88.2 220 100 

0.5wt.%Pd-2wt.%CeO2/(Co3O4))(H) 98.7 220 100  

(7wt.%MnO2-Co3O4)(H) 98.1 100 98.1 

(0.5wt.%Pd-7wt.%MnO2/(Co3O4))(H) 97.8 100 97.8 

a Tmax is the temperature achieving the maximum CO conversion.   
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CHAPTER 4 

4. RESULTS AND DISCUSSIONS 

REDUCTIVE PRE-TREATMENT OF COBALT BASED CATALYSTS TOWARDS 

PREFERENTIAL OXIDATION (PROX) OF CO IN EXCESS HYDROGEN 

 

4.1 INTRODUCTION 

The activity of Co3O4 in the presence of excess hydrogen deactivates due to the 

transformation of the Co3O4 to metallic cobalt [1-3]. A variety of prepared metal oxides 

supported catalyst have shown that pre-treatment conditions play a crucial role 

towards the formation of desired species and improved catalytic activities [4-6]. The 

role of reductive pre-treatment of Co3O4 samples by hydrazine shown catalytic 

improvement of Co3O4 in CO PROX from this work. The Co(OH)2 was prepared by 

precipitation method and used as a precursor for the preparation of Co3O4. The 

Co(OH)2 was pre-treated by hydrazine prior to calcination (to form Co3O4(H)) and 

compared with as-prepared catalysts. Samples were further reduced by 5% H2/He to 

form CoO and CoO(H) at 250 oC. The Pd species were supported on different cobalt 

by improved impregnation. Samples were characterised using XRD, BET, TGA, XPS, 

TPR, FTIR, EDS, SEM, and TEM techniques. An improvement in the structural 

transformation to higher surface area was observed over the hydrazine treated 

catalyst. As a result, the catalytic activity improved by decreasing the maximum CO 

conversion temperature in CO PROX reaction.  

The PROX activity was investigated at a temperature ranging from 40 to 220 oC, and 

the CO/O2 ratio of 1 (λ). The effect of oxidation state in the activity of cobalt oxide was 

investigated by reductive pre-treatment of the Co3O4(H), by 5% H2/He. The spent 

catalyst of CoO(H) in CO PROX is transformed to Co3O4 due to the presence of 

oxygen vacancies.  

The chapter further focus on the role of Pd based metal catalysts on different Co3O4 

support. It was found that Pd species suppress the activity of the catalyst in CO PROX, 

due to formation of β hydrides which form moisture, a similar observation was reported 
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previously [7-8]. However, introduction of the Pd species over hydrazine treated Co3O4 

improved the catalytic activity at lower temperature (40-80 oC).   

Furthermore, this chapter reports on the role of the reductive pre-treatment of Co(OH)2 

species using hydrazine, prior to formation of Co3O4 by calcination. A comparison with 

existing methods of calcining the Co(OH)2 at specific temperatures was also 

investigated. The role of Pd species on different Co3O4 supports was also discussed. 

The study further account on the oxidation state and structure of as-prepared and 

spent catalysts, to elucidate the correlation with the observed activity/selectivity. 

Furthermore, the stability of the catalysts under dry, 15% CO2, and moisture (by 

bubbling He gas through water vessel at 20 ml/min, at room temperature) were 

investigated in CO PROX at 100 oC for 21 h.   

 

4.2 CHARACTERISATION OF CATALYSTS 

The as-prepared catalysts were characterised using XRD, BET, TGA, XPS, TPR, 

FTIR, EDS, SEM, and TEM techniques. The results based on these techniques are 

discussed in the following sections. 

4.2.1 X-ray powder diffraction (XRD) analysis  

4.2.1.1 The role of hydrazine treatment on Co3O4 

The data in Figure 4.1 shows the XRD patterns of Co(OH)2, CoOxHy(H), as-prepared 

Co3O4, hydrazine treated Co3O4, CoO(H), and CoO(H) spent catalysts. The XRD 

profile of as-prepared Co3O4 (Figure 4.1(c)), revealed the diffraction peaks with 2θ 

values at 19.2, 31.2, 36.9, 38.9, 45.1, 55.7, and 59.5o that are assigned to the (111), 

(220), (311), (222), (400), (422), and (511) crystal planes of the crystalline Co3O4 

phase, respectively. This is in agreement with previous investigations [9-11]. The 

diffraction peaks of the sample are in good agreement with the JCPDS file of the cubic 

spinel type Co3O4 phase (JCPDS Card No. 76-1802) [12-14]. The XRD profile of the 

mixture shows two overlapping peaks at 2θ values of 19.2 and 38.9o; this confirms that 

transformation process from Co(OH)2 to CoO(OH) phases has occurred (Figure 

4.1(b)) [15], due to the oxidation of Co(OH)2 (Figure 4.1(a)).  

Interestingly, the peak intensity at 36.6o 2θ of hydrazine treated Co3O4 (Figure 4.1(d)), 

has decreased substantially as compared to the as-prepared Co3O4 sample. The peak 
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reduction is attributed to the treatment of Co(OH)2 with hydrazine solution, prior to 

catalyst calcination at 300 oC. The reduction of the hydrazine treated Co3O4 by 5% H2 

has resulted to CoO(H) species (Figure 4.1(e)) [16]. However, the spent catalyst in 

PROX of CO resulted to the formation of Co3O4 species (Figure 4.1(f)), due to the 

oxygen vacancy from the feed [17]. The average crystallite sizes, D of the as-prepared 

samples were calculated from (311) plane diffraction peak using the Scherrer’s 

formula (section 3.5.1). 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1 The XRD patterns of (a) Co(OH)2, (b) CoOxHy(H), (c) Co3O4, (d) Co3O4(H), 

(e) CoO(H), and (f) CoO(H) spent catalysts. 

 

The estimated average crystallite sizes using the Scherrer’s equation reveals the 

effects of hydrazine treatment on the crystallite sizes of the formed Co3O4 phase 

(Table 4.1). This clearly suggests that some surface rearrangements have occurred, 

as evidenced by an increase in surface area (from 47.9 to 62.2 m2/g), after hydrazine 

treatment. Furthermore, this finding correlates with the surface roughness formation 
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as depicted by SEM and TEM data. This finding correlates with the reported improved 

surface area of Co3O4, upon calcination of CoO(OH) [15].  

 

4.2.1.2 The role of Pd species on Co3O4 

The data in Figure 4.2 shows the XRD patterns of 2wt.%Pd/Co3O4, 

(2wt.%Pd/Co3O4)(H), (2wt.%Pd/Co3O4*)(H) and 2wt.%Pd/(Co3O4(H)) catalysts. The 

introduction of the Pd on the support base does not change the structure of the 

support. It must be noted that the peaks for Pd are missing from the patterns (Figure 

4.2), which may suggest that Pd is in its amorphous phase [18]. This could also 

suggest a good synergy between the support (Co3O4) and the Pd species [19]. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2 The XRD pattern for (a) 2wt.%Pd/Co3O4 80 oC, (b) (2wt.%Pd/Co3O4-

CoO(OH)(H) 80 oC, (c) (2wt.%Pd/Co3O4)(H) 300 oC, (d) (2wt.%Pd/Co3O4*)(H) 300 oC, 

(e) 2wt.%Pd/(Co3O4(H)) 300 oC, (f) (2wt.%Pd/Co3O4*)(B) 300 oC, catalysts. 

 

The preparation method has an effect on the structure of the Pd/Co3O4 sample, the 

introduction of the Pd on the calcined sample (Co3O4) resulted in a broad peak with 
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low intensities (Figure 4.2(a)). Two overlapping peaks were observed at 2θ values of 

19.2 and 20.0o when the 2wt.%Pd/Co3O4 sample was reduced by hydrazine, which 

denotes the formation of CoO(OH) species (Figure 4.2(b)) [20]. However, pure Co3O4 

phase was obtained when the sample is calcined at 300 oC (Figure 4.2(c)). The 

introduction of the Pd species to Co(OH)2 (denoted as Co3O4*) and a reduced Co3O4 

(denoted as Co3O4(H)) prior to calcination, respectively, has resulted in a pure Co3O4 

phase (Figure 4.2(d) and (e)). The reduction of the 2wt.%Pd/Co3O4* has resulted in a 

lower broadened peaks (Figure 4.2(d)), compared to (2wt.%Pd/Co3O4)(H) and 

2wt.%Pd/(Co3O4(H)) samples (Figure 4.2(c) and (e)).  

A further decrease in the diffraction peaks (with 2θ values of 19.2, and 38.9o) was 

observed when 0.10 M sodium borohydride (NaBH4) solution was used as a reducing 

agent (Figure 4.2(f)). The observed results suggest that NaBH4 is a good reducing 

agent compared to hydrazine (N2H4.H2O). The calculated average crystallite sizes for 

the as-prepared samples according to Figure 4.2 are presented in Table 4.1. 

 

4.2.2 Brunauer-Emmett-Teller (BET) analysis 

The surface area of the catalysts was confirmed using the BET analysis and is 

presented in Table 4.1. The surface area of the calcined Co3O4 catalyst is lower than 

the one for the reductive pre-treated Co3O4 catalyst. The introduction of 2wt.%Pd 

species on the calcined Co3O4 resulted in a decreased surface area, however, an 

increase in the surface area was observed when Pd species was introduced on the 

reduced Co3O4 prior to calcination (Table 4.1). The nitrogen adsorption-desorption 

isotherm data further indicates an increase in porosity and pore volume of hydrazine 

treated Co3O4, following the in-situ reduction and the mesoporous nature of Co3O4 

phase remained intact (Table 4.1). This finding correlates with the report by Li et al. 

[21], on mesoporous CeO2 support, which was not affected by the in-situ reduction 

process. 

The surface area of the 2wt.%Pd/Co3O4 has increased from 44.2 m2/g to 53.4 m2/g 

after reductive pre-treatment by hydrazine. Calcination of the reduced 2wt.%Pd/Co3O4 

catalyst showed a decrease in the surface area to 45.9 m2/g. However, when the 

2wt.%Pd is added on hydrazine treated Co3O4 prior to calcination, an increase in the 

surface area to 63.0% was observed. Further reduction of the catalyst by 0.1 M 
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hydrazine decreased the surface area to 58.1 m2/g. The 2wt.%Pd/Co3O4* catalyst 

which was reduced by sodium borohydride, had a higher surface area than those pre-

treated by hydrazine (Table 4.1). 

 

Table 4.1 The effect of pre-treatment on the crystallite size and surface area of the as-

prepared samples.  

Catalyst SBET 

(m2/g) 

Pore 

volume 

(cm3 g-1) 

Pore size 

(nm) 

Average 

crystallite 

size (nm)a 

Co3O4(H) 62.2 0.158 9.95 20.0 

Co3O4 49.7 0.137 11.3 23.2 

CoOxHy(H) 126.5 0.142 7.82 7.74 

Co(OH)2    18.0 

CoO(H) 56.6 0.184 13.0 11.4 

(2wt.%Pd/Co3O4*)(B) 300 oC 71.3 0.174 9.76 20.9 

2wt.%Pd/Co3O4  80oC 44.2 0.164 15.5 23.6 

(2wt.%Pd/Co3O4-CoO(OH))(H) 80oC 53.4 0.132 15.6 32.6 

(2wt.%Pd/Co3O4)(H) 300 oC 45.9 0.197 17.9 26.4 

(2wt.%Pd/Co3O4*)(H) 300 oC 64.7 0.206 12.5 24.9 

(1wt.%Pd/(Co3O4(H)) 300 oC 70.0 0.185 10.4  

(2wt.%Pd/(Co3O4(H)) 300 oC 63.0 0.170 10.1 22.5 

(2wt.%Pd/(Co3O4(H))(H) 80 oC 58.1 0.161 14.4  

(3wt.%Pd/(Co3O4(H)) 300 oC 309.5 0.660 5.00  

a Average crystallite sizes were estimated from (311) plane of XRD patterns. Co3O4* = Co(OH)2, Co3O4 

= calcined Co(OH)2, Co3O4(H) or CoOxHy(H) = hydrazine treated Co(OH)2 

 

An increase in surface area to 309.5 m2/g was observed when 3wt.% Pd is loaded on 

the Co3O4, and cause for an increase could not be confirmed by EDS or ICP (the 

techniques only analyse the species on the catalyst surface). The results showed that 

synthesis method of the support prior to introduction of the Pd species affected the 

subsequent surface area. Lojewska et al., [22] reported that the difference in surface 
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area of Co3O4 species can be due to change in the bulk structure, such as variations 

in Co3+ distribution in the defect spinel structure.  

 

4.2.3 Thermogravimetric analysis (TGA)  

The transformation of Co(OH)2 (by in-situ reduction) as well as the stability of formed 

CoOxHy(H), Co3O4, Co3O4(H), 2wt.%Pd/(Co3O4(H)) and CoO(H) catalysts were 

investigated by TGA under a nitrogen atmosphere at a heating rate of 10 oC/minute, 

as shown in Figure 4.3. The TGA profile of a Co(OH)2 (Figure 4.3(a)) shows a weight 

loss of ~15% at 210 oC, due to structural transformation to Co3O4 species. A similar 

trend was observed with the CoOxHy(H) (Figure 4.3(b)), which shows a weight loss of 

~12.3% at 240 oC, which indicates transformation to Co3O4 species. The structural 

transformation of Co(OH)2, and/or CoOxHy(H) to Co3O4 species was further confirmed 

by DSC results (Figure 4.3 inset). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3 Thermogravimetric analysis of (a) Co(OH)2, (b) CoOxHy(H), (c) Co3O4, (d) 

Co3O4 (H), (e) CoO(H), and (f) 2wt.%Pd/(Co3O4(H)) catalysts. Inset DSC results for 

the catalysts. 
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Similar behaviour was reported elsewhere [18, 23], during the transformation of 

CoO(OH)/Co(OH)2 to Co3O4 in the presence of ambient air/helium. However, the as-

prepared Co3O4, hydrazine treated Co3O4, and 2%Pd/(Co3O4(H)) samples remained 

stable up to 600 oC (Figure 4.3(c), (d), and (f)). This clearly indicates that the 

calcination process undertaken after in-situ reduction has completely transformed all 

the cobalt species to a spinel Co3O4 phase. As a result, the structure remained stable 

even in the presence of Pd species (Figure 4.3(f)). The TGA profile of CoO(H) (Figure 

4.3(e)) initially showed a weight loss of 3.6% at 100 oC (the catalyst was not treated 

prior to analysis, and hence, the weight loss is due to the presence of moisture) which 

remained relatively stable up to 600 oC. 

 

4.2.4 X-ray photoelectron spectroscopy (XPS) analysis 

The oxidation state of various Co species formed over Co3O4, hydrazine treated Co3O4 

(Co3O4(H)), and the CoO(H) sample are presented in Figure 4.4. The XPS survey 

spectra confirm the coexistence of C, Co and O over Co3O4, Co3O4(H), and CoO(H)), 

catalysts (Figure 4.4A). Two prominent peaks (at approximately 780.8 and 796.2 eV) 

with the absence of satellite peak at 786 eV, are due to the presence of Co3+ and Co2+ 

species within the Co3O4 spinel (Figure 4.4B(a) and (b)) [19, 24]. 

 

 

 

 

 

 

 

 

 

Figure 4.4 The XPS spectra of (a) Co3O4, (b) Co3O4(H), (c) CoO(H), and (d) 

2wt.%Pd/(Co3O4(H)) catalysts. XPS survey spectra (A) and oxidation state (B) of 

samples. 
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The XPS data of as-prepared Co3O4 and hydrazine treated Co3O4 catalysts shows 

similar features, which suggests that the treatment with hydrazine did not alter 

oxidation state. The presence of Pd species is also confirmed by the survey spectra 

(Figure 4.4A(d)), and the structure has similar features like that of as-prepared and 

hydrazine treated Co3O4 samples (Figure 4.4B(a), (b) and (d)). The observed results 

suggest that Pd did not alter the structure of the Co3O4(H), as confirmed by XRD data. 

In the case of CoO(H) sample (Figure 4.4B(c)), a slight shift in the binding energy was 

observed at 779.5 and 794.7 eV, with the spin orbit splitting of 15.2 eV. The presence 

of a small satellite peak at 786 eV (Figure 4.4(c)) confirmed the presence of CoO [25]. 

The structural composition of 2wt.% Pd/Co3O4 catalysts was also confirmed by EDS 

data (see Appendix C). 

 

In order to understand the role of Co3+, the activities of CoO(H) catalysts were 

monitored during PROX reaction at different temperatures. The XPS spectra for Co 

2p (A) and O 1s (B) from the CoO(H) and its spent catalysts (used in CO PROX 

reaction starting from 40 to 160 oC with an interval of 20 oC) are presented in Figure 

4.5.  

 

 

 

 

 

 

Figure 4.5 The XPS spectra of (A) Co 2p, and (B) O 1s of CoO (hydrazine treated) 

catalyst, for pure CoO and spent catalysts obtained at different temperatures in CO 

PROX. 

 

The observed main peak of Co 2p3/2 at 779.4 eV and its satellite peak at 785.5 eV 

(Figure 4.5A(a)), indicates that the surface phase of the catalyst is CoO [24]. A 
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decrease in intensity of the Co 2p peak and its satellite peak was observed when the 

catalyst was used for PROX at 40 oC (Figure 4.5A(b)), and further decreased with an 

increase in reactor temperature (up to 100 oC). The XPS data of the catalyst at 100 oC 

shows the absence of the satellite peak, which confirms the formation of a Co3O4 

spinel structure. These XPS data (Figure 4.5A) suggests that a transformation from 

Co2+ to Co3+ species has occurred, which supports the XRD data (Figure 4.1(f)). These 

findings are further supported by the data recorded by Nguyen et al. [26], who noted 

the presence of Co3O4 spinel structure during PROX. This structural change was also 

suggested elsewhere under CO oxidation [16]. Interestingly, above 120 oC under 

PROX the satellite peak seems to re-emerge, which could be due to the effects of 

temperature. 

The O 1s spectra of CoO(H) (Figure 4.5B) showed one sharp peak at 529.5 eV, and 

two weak shoulder peaks at 531.2 and 533.3 eV. The high binding energy shoulders 

are assigned to nonstoichiometric oxygen atoms [27-28] and were defined to be 

oxygen atoms around oxygen vacancies in the surface lattice [26]. The main peak at 

529.5 eV is due to the stoichiometric oxygen atoms of the catalyst surface [26]. Upon 

exposure to PROX gases, the two shoulder peaks became more visible and remain 

the same even at higher temperatures. Interestingly, the catalyst spent at 100 oC 

(Figure 4.5B(e)) shows that the shoulder peak at 531.2 eV has broadened, while that 

at 533.0 eV has weakened. This can easily be linked with the formation of spinel 

structure, as indicated above. The observed results suggest that the surface oxygen 

vacancies have increased during PROX, which differs from the results reported by 

Nguyen et al., [26]. This could be due to H2 pre-treatment temperature, as well as 

hydrazine treatment effects.  

 

4.2.5 Temperature programmed reduction (TPR) analysis 

The TPR profile of Co3O4, Co3O4(H), CoO(H), and spent CoO(H) catalysts are 

presented in Figure 4.6. The transformation of the catalysts was investigated using 

H2-TPR, as shown in Figure 4.6. The as-prepared Co3O4 (Figure 4.6(a)) exhibited two 

main broad peaks at 263 (with an area of 1260, as shown by deconvolution of TPR 

peak, insert) and 326 oC (with an area 1590), which belong to the stepwise reduction 

of Co3O4 → CoO → Co [29]. Other researchers have reported similar reduction trend 
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of Co3O4, and this was found to depend on the calcination temperature and the 

morphology of the materials [30-31]. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6 The TPR profiles of (a) Co3O4, (b) Co3O4(H), (c) CoO(H), and (d) CoO(H) 

spent catalyst. Inset example of deconvoluted TPR peak profiles of Co3O4. 

 

The reductive pre-treatment of the Co3O4 by hydrazine (Figure 4.6(b)), lowered the 

reduction maxima from 263 to 220 oC (Co3O4 → CoO). This clearly demonstrated that 

hydrazine did not eliminate the higher oxidation state of Co3O4; but rather change the 

surface reducibility of the catalyst. A slight decrease in the peak area (884) of the 

hydrazine treated Co3O4 (Figure 4.6(b)), suggests that a smaller amount of Co3+ 

species was reduced. 

The CoO(H) catalyst (Figure 4.6(c)), shows an initial broad peak at 204 oC, which can 

be attributed to the reduction of octahedrally coordinated Co3+ species and the second 

broad peak with a maximum at 338 oC is attributed to the reduction of tetrahedrally 
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coordinated Co2+ species [29]. The TPR of CoO(H) (Figure 4.6(c)) indicated the 

absence of a Co3O4 peak as determined by deconvolution of its peak profile (which 

gave a negligible amount of area under the peak). The last intense broad peak which 

shows a reduction from 373 to 612 oC is attributed to octahedrally coordinated Co2+ 

species within CoO(H) catalyst. This indeed confirms that CoO(H) was successfully 

prepared, and the data is well supported by both XRD and XPS profiles. The TPR 

profile of a spent CoO(H) (Figure 4.6(d) shows a lower reducibility of the catalyst (at 

approximately 267 oC, with an area of 1656), which clearly resembles the reduction 

profile of Co3O4 spinel structure. The overall results suggest that some Co2+ 

(octahedral sites) were converted to Co3+ (octahedral sites) during PROX reaction (as 

relatively confirmed by XRD data). This support the reported results on CO oxidation 

[16]. 

 

4.2.6 Fourier transform infrared spectroscopy (FTIR) analysis 

The FTIR spectra of Co(OH)2, CoOxHy(H), Co3O4, Co3O4(H), 2wt.%Pd/(Co3O4(H)), 

and the CoO(H) samples are shown in Figure 4.7. The FTIR profile of Co3O4 and 

Co3O4(H) samples (Figure 4.7(c), (d), and (e)), displayed two distinct and sharp bands 

at 547 and 651 cm-1, which originate from the stretching vibrations of the metal oxygen 

bonds (Co-O) [13, 18]. The band at 547 cm-1 is assigned to the octahedral 

arrangement of Co3+, while the band at 651 cm-1 is due to Co2+ in the tetrahedral site 

[18], such arrangements of Co3+ and Co2+ ions at octahedral and tetrahedral positions 

respectively, confirms the formation of spinel Co3O4 phase [20]. This indicates that the 

same Co3O4 phase has been formed upon transformation of CoOxHy(H) by calcination, 

which is consistent with the XRD data. The structure of Co3O4 did not change after 

introduction of 2wt.%Pd species (Figure 4.7(e)). The intensive broad bands at 1631 

cm-1 and 3347 cm-1 are due to O-H stretching vibrations interacting through H bonds 

[13]. The FTIR profile of Co(OH)2 (Figure 4.7(a)), and that of CoOxHy(H) (Figure 

4.7(b)), shows a sharp band at 3613 cm-1, assigned to the non-hydrogen bonded 

hydroxyl group [7]. The 468 and 565 cm-1 bands are ascribed to Co-O stretching and 

Co-OH bending vibrations respectively, of either Co(OH)2 or CoO(OH) (Figure 4.7(a) 

and (b)) [7, 32].  
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Figure 4.7 The FTIR spectra of (a) Co(OH)2, (b) CoOxHy(H), (c) Co3O4, (d) Co3O4(H), 

(e) 2wt.%Pd/(Co3O4(H)), and (f) CoO(H) catalysts. 

 

The reduction of Co3O4(H) by 5% H2 balanced Helium at 250 oC partially convert the 

Co3O4 to CoO species (Figure 4.7(f)). The formation of CoO(H) is confirmed by the 

formation of weak bands at 528 and 635 cm-1 (Figure 4.7(f)), which originate from the 

stretching vibrations of the metal oxygen bonds (Co-O) [18]. The transformation of the 

structure was also confirmed by XPS and XRD data.  

 

4.2.7 Scanning electron microscope (SEM) analysis 

The SEM images of CoOxHy(H), Co3O4, Co3O4(H), CoO(H), and 2wt.%Pd/(Co3O4(H)) 

samples are shown in Figure 4.8. The SEM images of CoOxHy(H) (Figure 4.8(a)), 

indicate the presence of hexagonal platelets and rod-like morphology with 

agglomerations [33]. The SEM image of hydrazine treated Co3O4 (Figure 4.8(c)), 

indicates even more formation of hexagonal platelets upon calcination. This image 

resembles the SEM image of Co3O4 (Figure 4.8(b)), although its image shows the 

presence of some few rod-like morphology. 
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Figure 4.8 The SEM images of (a) CoOxHy(H), (b) Co3O4, (c) Co3O4(H), (d) CoO(H), 

and (e) 2wt.%Pd/(Co3O4 (H)) samples. 

 

This suggests somehow that the in-situ reduction might have assisted in the 

transformation of rod-like to hexagonal platelets morphology during calcination. The 

overall structure remained intact, upon reduction by hydrazine, which correlates with 

the report by Chen et al, [33]. The SEM image of CoO(H) indicate the presence of 

hexagonal platelets like morphology (Figure 4.8(d)). The introduction of Pd species on 

the hydrazine treated sample did not change the structure of the Co3O4 (Figure 4.8(e)), 

as confirmed by XRD, FTIR and XPS data. 
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4.2.8 Transmission electron microscope (TEM) analysis 

The TEM images of CoOxHy(H), Co3O4, Co3O4(H), CoO(H), 2wt.%Pd/(Co3O4(H)), and 

3wt.%Pd/(Co3O4(H)) samples are shown in Figure 4.9.  

 

Figure 4.9 The TEM images of (a) CoOxHy(H), (b) Co3O4, (c) Co3O4(H), (d) CoO(H), 

(e) 2wt.%Pd/(Co3O4(H)), (f) 3wt.%Pd/(Co3O4(H)), and HRTEM image of (g) 

2wt.%Pd/(Co3O4(H)), and (h) CoO(H), samples. 
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The TEM image (Figure 4.9(a)) clearly indicates the presence of hexagonal like 

morphology (possibly Co3O4 phases) that is over-shadowed by some porous layers 

[20, 33, 34], that could easily be associated with CoO(OH)/Co(OH)2, in agreement with 

XRD data. The report by Liu et al. [15], noted an increase in surface roughness of as-

prepared Co3O4, which is in agreement with this work (SEM and TEM data). 

Furthermore, the TEM image of Co3O4, Co3O4(H), 2wt.%Pd/(Co3O4(H)), and 

3wt.%Pd/(Co3O4(H)) samples (Figure 4.9(b), (c), (e) and (f)), show some highly porous 

aggregates of nanoparticles with relatively uniform size distribution between 15 and 

20 nm. This distribution is well aligning with the XRD data of the three samples.  

The reductive treated 2wt.%Pd/Co3O4 by NaBH4 resulted to pure hexagonal structure 

with rod-like morphology. Chen et al., [33] have also observed pure hexagonal 

morphologies when Co3O4 is reduced by aqueous NaBH4, the Co3O4 maintains its 

morphology. Moreover, the phase identification as shown on the HRTEM image, 

indicates the presence of lattice fringe spacing of 0.24 nm (311) (Figure 4.9(g)) [35-

36], and 0.28 nm (220), which confirms the characteristic lattice structure of Co3O4 

[34, 36]. Similar observation on the lattice spacing over Co3O4 species was reported 

by Hu et al, [37]. Although Pd particles cannot be observed in the TEM images, the 

EDS and XPS data shows that the 2wt.%Pd/Co3O4 catalysts contain the following 

elements Co, C, O, and Pd, which indicate that the Pd species are highly dispensed 

on the cobalt support. A similar observation on the dispersion of Pd on the pure Co3O4 

support was reported by Xu et al. [38], and Wang et al, [39].  

The diameters for pure Co3O4 were measured to be in the range of 5-500 nm, and the 

subsequence catalysts were having diameters in the range 10-500 nm indicating the 

minor influence of Pd loading on the morphology. The TEM image for CoO(H) (Figure 

4.9(d)) shows hexagonal like morphology as indicated by SEM data. The HRTEM 

indicate the lattice fringe spacing of 0.206 nm (200) (Figure 4.9(h)), which denote a 

cubic face of a CoO [40]. 
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4.3 CATALYTIC ACTIVITY FOR PROX OF CO REACTION 

All catalysts were tested for CO PROX at the reaction temperature of 40 to 220 oC, 

the feed contained 1% CO, 1% O2, 50% H2, and 48% He. The 200 mg of the samples 

was loaded in a U-shape borosilicate glass reactor and conditioned at 40 oC in helium 

flow at 20 ml/min for 30 min, prior to catalytic tests. The stability of the catalysts was 

investigated under dry, 15% CO2 and moisture conditions at 100 oC for 21 h.   

 

4.3.1 Effects of hydrazine pre-treatment as compared to as-prepared Co3O4 and 

mixture of CoO(OH) and Co(OH)2 

The data in Figure 4.10 shows the temperature dependence catalytic activities of 

CoOxHy(H), Co3O4 and Co3O4(H) catalysts for PROX of CO. The CoOxHy(H) catalyst 

(Figure 4.10A(a)) showed 18% CO conversion at 40 oC, which drastically increased to 

72% as the temperature was increased. The catalyst had a maximum CO conversion 

of 100% at 120 oC, however, the activity was accompanied by a decrease in selectivity 

as temperature increases (Figure 4.10B(a)). The Co3O4 catalyst (Figure 4.10A(b)) 

showed a lower activity at lower temperature; however, its activity improved with 

temperature. Eventually, the catalyst achieved a maximum CO conversion at 160 oC. 

Such an increase is attributed to a transformation of Co(OH)2 into a spinel Co3O4 

phase by calcination at 300 oC, as evidenced by structural changes on TEM and SEM 

data. The TGA profile of Co3O4 also showed a stable phase within the temperature 

range, explored on PROX reaction. The catalyst had a slight decrease in conversion 

and selectivity (Figure 4.10B (b)) above 160 oC, which can be associated with small 

moisture formation [41]. 

Interestingly, the Co3O4(H) catalyst (Figure 4.10A(c)) showed an exponential increase 

from 40 to 80 oC and a drastic change to 100% conversion at 100 oC, with good 

selectivity. The in-situ reduction decreased the maximum CO conversion temperature 

(T100%) from 160 oC (over Co3O4 catalyst) to 100% at 100 oC (Figure 4.10A(c)). The 

T100% of standalone Co3O4(H) catalyst is well comparable/above (with) the activity of 

CuO-ceria catalyst [42-45], and better off in terms of selectivity. An average of 98% 

CO conversion falls within the fuel cells operating temperature window [46]. The PROX 

activity of Co3O4(H) catalyst is consistent with the suggestion made by Boyd et al. [4], 

though on a different system (i.e., for the need of partially reduced gold state). 
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Although, some in-situ reduction has occurred, on Co3O4(H) catalyst, the FTIR data 

did not show peak ratio differences. Similarly, the XPS results do not provide clear 

dependents of PROX reaction on oxidation state of cobalt. However, the TPR data 

indicates that hydrazine did not completely eliminate the higher oxidation state of 

Co3O4 but improved the surface reducibility/properties of the catalyst.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.10 The CO conversion (A), CO2 selectivity (B), H2 conversion (C), H2O 

selectivity (D) of (a) CoOxHy(H) 80 oC (■), (b) Co3O4 300 oC (●), and (c) Co3O4 (H) 300 

oC (▲) catalysts. 

 

Several studies [47-48] and a recent finding [33], has attributed to an enhanced activity 

of p-nitrophenol reduction over the reduced Co3O4 catalyst, to the oxygen vacancies 

created during surface reduction process. It is therefore expected that the high PROX 

activity observed over Co3O4(H) could easily be associated with the created oxygen 

vacancies [48]. In addition to the oxygen vacancies created, the BET data showed an 

improved specific surface area and pore volume (Table 4.1), upon reduction. The 
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catalyst had almost 100% selectivity to CO2 from 40 to 120 oC, which was followed by 

almost 6% decrease at 140 oC (Figure 4.10B(c)). The catalyst showed almost zero H2 

conversion and selectivity towards moisture (Figure C and D(c)). The Co3O4(H) 

catalyst outperformed the PROX activity of the Co3O4-CeO2 catalyst reported by 

Arango-Diaz et al, [46]. This reduces the need of bi-metallic oxides catalysts; which 

could result in lower catalytic costs. 

To further evaluate the role of the CoO(OH) formed due to in-situ reduction of prepared 

Co(OH)2, resulted in a mixture of CoO(OH) and Co(OH)2, a portion of as-prepared 

CoO(OH) was reduced by hydrazine, calcined at 300 oC for 4 h. The PROX reaction 

data of the catalyst produced similar activities to that of the hydrazine treated Co3O4 

catalyst (CO conversion and selectivity), which indicate the independence of route 

taken.   

 

4.3.2 PROX of CO over Co3O4 and Co3O4 (H) catalysts pre-treated with 5% H2  

The effect of the oxidation state of cobalt in the PROX of CO in hydrogen rich stream 

was investigated by reducing both Co3O4 and Co3O4(H) by 5% H2 balanced He at 250 

oC for 1.5 h to form CoO and CoO(H) species [16]. The CoO and CoO(H) catalysts 

were tested for PROX of CO in excess H2 feed stream at 40-220 oC. Figure 4.11 

present the results for CO PROX in excess H2 over CoO, CoO(H), Co2O4, and 

Co3O4(H) catalysts, respectively. 

The CoO(H) catalyst (Figure 4.11(d)) has shown a slight improvement in CO 

conversion with temperature, when compared with the CoO (Figure 4.11A(b)) and 

Co3O4(H) catalyst (Figure 4.11A(c)), at low temperature region. The CO conversion at 

80 oC has improved from 73.4% (over Co3O4(H) catalyst) to 87.5% over CoO(H) 

catalyst (Figure 4.11A(b) and (c)). However, the activities of the three catalysts were 

comparable at higher temperatures. The activity of CoO(H) can easily be traced back 

to the surface profile of the catalyst upon exposure to PROX gases. This has been 

clearly demonstrated by XPS data, which indicated a transformation of octahedrally 

coordinated Co2+ species to octahedrally coordinated Co3+ species [16]. This was 

further confirmed by TPR and XRD profiles of spent CoO(H) catalyst. This behaviour 

supports the reported oxidation of an octahedral Co2+ species, which resulted in high 

CO oxidation [16]. However, the catalytic selectivity of CO to CO2 species has 
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improved over CoO(H) catalyst, when compared to CoO and Co3O4(H) catalyst. The 

CoO(H) catalyst has shown a lower H2 conversion than Co3O4(H) catalyst, as a result, 

the selectivity of H2 to moisture is lower over CoO(H) catalyst.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.11 The CO conversion (A), CO2 selectivity (B), H2 conversion (C), H2O 

selectivity (D) of (a) Co3O4 (■), (b) CoO (●), (c) Co3O4 (H) (▲), and (d) CoO (H) (▼) 

catalysts. 

 

Gu et al., [16] have shown that oxidation of Co2+ to Co3+ during catalytic activity results 

to a higher catalytic activity of cobalt. Other researchers have concluded that the main 

factor that determines the activity and selectivity for CO oxidation in the presence of 

hydrogen is Co3+ species (at the octahedral) on the surface of the catalyst, while other 

secondary factors also contribute to the activity [49]. A good catalytic performance of 

the metal oxide containing tetrahedrally coordinated Co2+ was observed by other 

researchers [1, 16]. The CoO catalyst can be easily oxidised to Co3O4 under an 

oxidative atmosphere, and such unique catalysis of CoO can be observed only in a 
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reductive atmosphere [1, 16]. The XRD data for the spent catalyst has shown the 

transition of the CoO(H) catalysts to Co3O4(H) phase (Figure 4.1(f)). That conclude 

the findings by other researchers that Co3+ play a major role in the activity of the cobalt 

oxide in CO oxidation [16, 49].  

  

4.3.3 The role of CO/O2 ratio (λ), moisture, and activation energy on the activity 

of Co3O4(H) catalysts 

4.3.3.1 Effect of CO/O2 ratio (λ)  

The effect of CO/O2 ratio (λ) in CO PROX in H2 rich stream over Co3O4(H) catalyst 

was conducted at 40-220 oC and the results are presented in Figure 4.12. The 

oxidation for both CO and H2 species increases with an increase in the CO/O2 ratio (λ) 

(Figure 4.12A). Higher CO/O2 ratio (λ) favoured catalytic selectivity to H2 conversion, 

and the formation of moisture (Figure 4.12C and 4.12D). As a result, selectivity of CO 

to CO2 decreases as the excess oxygen increases (Figure 4.12B).  

The high density of oxygen vacancies gives high activity for PROX in terms of high 

conversion of CO in H2 [50]. However, the catalyst is also selective to H2 conversion 

to moisture. The observed results are in good agreement with the results reported by 

Marino et al. [32], under PROX of CO in excess H2 over Pt/CeO2-ZrO2 and Ir/CeO2-

ZrO2 catalysts, respectively. Reina et al., [51] have shown that an increase in the 

mobility of oxygen increases the oxidation of hydrogen. The reactor temperature gives 

different optimum selectivity to CO conversion with respect to the CO/O2 ratio (λ). 

Marino et al., [32] have reported an optimum CO oxidation at a temperature below 100 

oC, a decreased CO oxidation is ascribed to higher oxidation of hydrogen at a higher 

temperature. 
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Figure 4.12 The CO conversion (A), CO2 selectivity (B), H2 conversion (C), H2O 

selectivity (D) of Co3O4(H) catalyst effect of CO/O2 ratio (λ); (a) 0.8 (■), (b) 1.0 (●), 1.6 

(c) (▲), and (d) 2.0 (▼). 

 

4.3.3.2 Stability of catalysts as function of temperature 

The CO PROX in excess H2 was investigated over Co3O4 (H) in the presence of 

moisture at 40-220 oC. Figure 4.13 present the results obtained in PROX of CO in 

excess H2 feed under dry, and moisture condition (~10%), respectively. The catalyst 

had the CO conversion of 46.1% at 40 oC and 49.3% at 60 oC under moisture condition 

(Figure 4.13A(b)), which is lower compared to PROX under dry condition. However, 

the activity in CO oxidation improves with reactor temperature, as a result, a 65.5% of 

CO conversion was observed at 80 oC. The catalyst gave almost the same activity to 

that of the dry condition at temperatures above 80 oC. A slight decrease in the 

selectivity of CO to CO2 was observed with temperature (Figure 4.13B(b)). The 
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catalytic activity of the Co3O4(H) catalyst had shown an increase in conversion of H2 

species with temperature, under moisture condition (Figure 4.13C(b)). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.13 The CO conversion (A), CO2 selectivity (B), H2 conversion (C), H2O 

selectivity (D) of Co3O4(H) catalyst under; (a) dry (■), and (b) moisture condition (●). 

 

Li et al., [21] have shown that the deactivation is unlikely to occur due to the physical 

and textural changes in the catalyst system, which may be attributed to the relatively 

high moisture concentration, and that can lead to H2O capillary condensation in the 

smaller pores of the catalyst. Consequently, by preventing the access of the reactants 

to the catalyst surface. Generally, increasing the temperature can remove the 

occurrence of H2O capillary condensation. As a result, the activity of the Co3O4(H) 

catalyst is higher at higher temperature under moisture condition.  
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4.3.3.3 Effect of Activation energy 

The comparative study on the activation energy required for CO PROX in excess H2 

under dry, and moisture condition was investigated over Co3O4(H) catalyst at 40-70 

oC, respectively. The activation energies for CO conversion was calculated from 

Arrhenius plots, as shown in Figure 4.14. A decrease in the specific reaction rate from 

2.98 x 10-3 molCO/gCat/h (under dry condition) to 1.32 x 10-3 molCO/gCat/h (under moist 

condition) at 40 oC was observed.  

 

 

 

 

 

 

 

Figure 4.14 Arrhenius plots for the reaction rate of PROX reaction (activation energy, 

Ea) over Co3O4(H) catalyst under (A) dry, and (B) moisture condition. 

 

The catalyst activation energies for CO PROX reactions under dry and moisture 

conditions were found to be 21.5 kJ/mol and 42.1 kJ/mol, respectively (Figure 4.14A 

and B). This increase in the activation suggest that the active sites of the catalyst are 

impeded by water molecules and lower the adsorption of CO on the active sites on the 

catalyst surface. Similar findings were reported by Li et al. [21], they suggested that 

water molecules condense on the surface of the catalysts and block access of the 

reactant movement to the active sites. Thus, the presence of moisture in the feed 

stream during PROX increased the activation energy for the activity and selectivity of 

the Co3O4(H) catalyst (Figure 4.14B). 
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4.3.4 The stability test of the catalysts in CO PROX reaction  

The stability of the catalysts was investigated over the Co3O4 and Co3O4(H) catalysts 

at 100 oC for 21 h. Effect of moisture and CO2 in CO PROX was also investigated over 

the most stable catalyst (Co3O4(H)) at 100 oC for 21 h, respectively. Figure 4.15 shows 

the results for the stability tests, effect of moisture and CO2 in the feed.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.15 The CO conversion (A), CO2 selectivity (B), H2 conversion (C), H2O 

selectivity (D) of (a) Co3O4 (■), (b) Co3O4(H) (●), (c) Co3O4(H) moisture (▲), and (d) 

Co3O4(H) CO2 (▼) catalysts with time on stream. 

 

The Co3O4 catalyst gave approximately 68% CO conversion, which deactivated with 

time on stream at 100 oC for 21 h (Figure 4.15A(a)). Other researchers have reported 

Co3O4 as an excellent candidate for CO oxidation in the presence of hydrogen [52-

53]. They have shown that excess amount of hydrogen under PROX condition may 

result in lower oxidation state cobalt phases, including metallic cobalt, which may 

promote side reactions [54-55]. However, the Co3O4(H) catalyst produced 100% CO 
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conversion, which remained the same for almost an hour (Figure 4.15A(a)). 

Thereafter, the catalyst activity decreased to 85% (after 160 min), which was 

accompanied by steady fluctuations for almost 21 h (Figure 4.15A(b)). Interestingly, 

upon the introduction of moisture in the feed, the Co3O4(H) gave almost the same 

activity as that of the dry condition (Figure 4.15A(a) and (b)). The activities of this 

catalyst remained almost unchanged for 21 h, which indicates very good stability, 

especially under moisture condition. This data is consistent with the report by Li et al. 

[21], who have noted a stable and high CO oxidation at higher temperature; hence, 

avoiding the phenomenon of H2O capillary condensation. The stability of hydrazine 

treated Co3O4 under dry condition can well be attributed to the in-situ reduction as 

compared to as-prepared Co3O4 catalyst which seems to loose activities much faster.  

 

The catalytic activity of hydrazine treated Co3O4 catalyst in the presence of 15% CO2 

in the feed showed a sudden decrease from 75% CO conversion within 5 min at 100 

oC. As time progressed, a steady decrease to 27% CO conversion was observed. The 

decrease in CO conversion can be associated with a competitive effect between CO 

and CO2 that hinders the redox circle Co3+-Co2+ [41, 46]. Other researchers have 

reported that Co3O4 catalyst deactivates in excess H2 due to the formation of CoO and 

low tolerance for CO2 and H2O [46]. 

 

4.3.5 Effect of reduction of Pd/Co3O4 catalyst in CO PROX reaction 

Effect of reduction of 2wt.%Pd/Co3O4 catalyst in CO PROX reaction was investigated 

by introducing Pd species on a calcined Co3O4 support, and a portion of the prepared 

catalyst was reduced by 0.1 M hydrazine solution and dried at 80 oC. Figure 4.16 

present the results obtained in PROX of CO in excess H2 over the prepared catalysts. 

The introduction of Pd species on the calcined Co3O4 catalysts suppressed the 

catalytic activity of Co3O4 in CO PROX reaction (Figure 4.16A(a)). It can be clearly 

seen that the catalyst is good in the conversion of H2 species to moisture (Figure 

4.16C(a)). Nguyen et al., [5] reported the poor activity of Pd/CeO2 catalyst in terms of 

CO conversion and the selectivity to CO2 in PROX. This was previously ascribed to 

hydrogen absorption by Pd, leading to preferential formation of moisture [56-58].  
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However, the hydrazine treated 2wt.%Pd/Co3O4–CoO(OH) showed an improvement 

in CO conversion from 11% (over 2wt.%Pd/Co3O4) to 46% at 100 oC (Figure 4.16A(a) 

and (b)). The reductive pre-treatment improved the surface area of the catalyst from 

44.1 to 53.4 m2/g (as indicated by BET data). As a result, the catalyst activity in PROX 

of CO has improved. The selectivity of CO to CO2 increased with temperature (Figure 

4.6B(b)), the catalyst had the highest selectivity of 71% at 180 oC. The selectivity to 

moisture was minimized (Figure 4.16D(b)), though, the activity is still lower compared 

to that of the cobalt oxide support alone. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.16 The CO conversion (A), CO2 selectivity (B), H2 conversion (C), H2O 

selectivity (D) of (a) (2wt.%Pd/Co3O4) 80 oC (■), (b) (2wt.%Pd/Co3O4-CoO(OH))(H) 80 

oC (●), and (c) (2wt.%Pd/(Co3O4(H))(H) 80 oC (▲). 

 

We have noted that even when (2wt.%Pd/Co3O4*)(H) catalyst is calcined at 300 oC 

the activity is still the same (see Appendix D). When the support is reduced for the 
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second time the activity of the catalyst has decreased from 46% CO conversion (over 

2wt.%Pd/(Co3O4(H)), to 34% at 100 oC (Figure 4.16A(c)). The results suggest that Pd 

species which is not reduced (Figure 4.16C(a)) promote the conversion of H2 to 

moisture, and hydrazine treated Pd species (Figure 4.16A(b) and C(b)) favour 

conversion of CO and less of the H2 species.  

 

4.3.6 The effect of pre-treatment atmosphere prior to CO PROX reaction 

The effect of pre-treatment prior to CO PROX reaction was investigated over 

(2wt.%Pd/Co3O4*)(H) catalyst, which was prepared by calcination of a reduced 

2wt.%Pd/Co(OH)2 catalyst. The catalyst was divided into three portions and 

conditioned at 200 oC for 30 min in the (i) helium flow at 20 ml/min, (ii) the second 

portion was oxidised by flushing 10% O2, (iii) and the last portion was reduced by 

flushing 50% H2 species, respectively. The reactor temperature was allowed to cool 

down to 40 oC before catalytic tests. Figure 4.17 present the results obtained in PROX 

of CO over (2wt.%Pd/Co3O4*)(H) catalysts, conditioned at different atmospheric 

environments.  

The catalyst which was conditioned in 50 % H2 balanced helium atmosphere resulted 

to a bit lower activity of 13.7% at 100 oC in CO PROX (Figure 4.17A(b)), compared to 

other pre-treatment conditions. The catalyst favour formation of moisture at higher 

temperature (Figure 4.17C(b)). Teng et al. [1], have shown that at higher reductive 

condition most metal oxides are reduced to lower valence oxides or metallic phases. 

Hence, such irreversible changes of the catalysts leading to the higher selectivity of 

the H2 oxidation and/or formation of CH4 gas [1-2]. An improvement in the activity to 

36.9% CO conversion was observed over the catalyst which was conditioned in O2 

atmosphere (Figure 4.17(c)). Although the catalyst favour conversion of H2 to moisture 

at lower temperatures (40 to 80 oC). 
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Figure 4.17 The CO conversion (A), CO2 selectivity (B), H2 conversion (C), H2O 

selectivity (D) of (a) (2wt.%Pd/Co3O4
*)(H) He treated (■), (b) (2wt.%Pd/Co3O4

*)(H) 50 

% H2 treated (●), and (c) (2wt.%Pd/Co3O4
*)(H) 10 % O2 treated (▲). 

 

Interestingly the catalyst which was conditioned at 200 oC inflow of He(Figure 

4.17A(a)), showed CO conversion of 42.6 % at 100 oC, with better selectivity compared 

the other catalysts. The conversion and selectivity of H2 to moisture is lower and 

decreased with temperature (Figure 4.17C(a) and Figure 4.17D(a)). Sadykov et al. 

[59], have reported that pre-treatment in helium could result in surface reconstruction 

of Co3O4 to enhance the formation of weakly bound oxygen species, hence, the 

catalytic activity improves. Pre-treatment enhance the formation of surface oxygen 

vacancies, where weakly bound molecular oxygen species are formed to react with 

CO adsorb on Co3+ site [60].  

40 60 80 100 120 140 160 180 200 220
0

10

20

30

40

50

60

70

80

90

100
(A)   (2% Pd/Co

3
O

4
*)(H) 300 

o
C in He

  (2% Pd/Co
3
O

4
*)(H) 300 

o
C in 50% H

2

  (2% Pd/Co
3
O

4
*)(H) 300 

o
C in 10% O

2
 

%
 C

O
 c

o
n

v
e

rs
io

n

Temperature (
o
C)

40 60 80 100 120 140 160 180 200 220
0

10

20

30

40

50

60

70

80

90

100

(B)

  (2% Pd/Co
3
O

4
*)(H) 300 

o
C in He

  (2% Pd/Co
3
O

4
*)(H) 300 

o
C in 50% H

2

  (2% Pd/Co
3
O

4
*)(H) 300 

o
C in 10% O

2
 

%
 C

O
2
 s

e
le

c
ti
v
it
y

Temperature (
o
C)

40 60 80 100 120 140 160 180 200 220

00

5

1010

15

2020

25

3030

35
(C)

  (2% Pd/Co
3
O

4
*)(H) 300 

o
C in He

  (2% Pd/Co
3
O

4
*)(H) 300 

o
C in 50% H

2

  (2% Pd/Co
3
O

4
*)(H) 300 

o
C in 10% O

2
 

%
 H

2
 c

o
n
v
e
rs

io
n

Temperature (
o
C)

40 60 80 100 120 140 160 180 200 220

00

5

1010

15

2020

25

3030

35
(D)

  (2% Pd/Co
3
O

4
*)(H) 300 

o
C in He

  (2% Pd/Co
3
O

4
*)(H) 300 

o
C in 50% H

2

  (2% Pd/Co
3
O

4
*)(H) 300 

o
C in 10% O

2
 

%
 H

2
O

 s
e
le

c
ti
v
it
y

Temperature (
o
C)



 

81 
 

 

4.3.7 The CO PROX reaction over Pd/Co3O4 pre-treated by different reducing 

agents 

A comparative study on the activity of 2wt.%Pd/Co3O4 catalyst which was prepared by 

reduction pre-treatment of 2wt.%Pd/Co(OH)2 by hydrazine (H) or sodium borohydride 

solution (B), respectively, was investigated for PROX of CO in excess H2. Figure 4.18 

present the results obtained in PROX of CO in excess H2 over the prepared samples. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.18 The CO conversion (A), CO2 selectivity (B), H2 conversion (C), and H2O 

selectivity (D) of (a) (2wt.%Pd/Co3O4
*)(H) (■), and (b) (2wt.%Pd/Co3O4

*)(B) (●) 

catalysts. 

 

Though, the (2wt.%Pd/Co3O4*)(B) catalyst (Figure 4.18A(b)) had a higher surface area 

of 71.3 m2/g compared to (2wt.%Pd/Co3O4*)(H) with a surface area of 64.7 m2/g 
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(Figure 4.18A(a)). The (2wt.%Pd/Co3O4*)(B) catalyst showed CO conversion of 17.4% 

at 100 oC, with low selectivity in CO conversion, the catalyst favour conversion of H2 

to moisture. However, the (2wt.%Pd/Co3O4*)(H) catalyst (Figure 4.18A(a)) showed an 

improved activity of 44.5% at 100 oC in CO conversion. We have further noted that the 

CO conversion increases with the reaction temperature over (2wt.%Pd/Co3O4*)(H) 

catalyst (Figure 4.18A(a)). The conversion of H2 is lower over (2wt.%Pd/Co3O4*)(H) 

compared to (2wt.%Pd/Co3O4*)(B) catalyst. The results suggest that the catalytic 

activity of 2wt.%Pd/Co3O4* depends on the type of the pre-treatment precursor. 

 

4.3.8 The CO PROX over Pd/Co3O4 prepared over different supports  

The 2wt.% Pd species was introduced to: (a) Co3O4, and (b) CoOxHy(H) species, 

respectively. Sample (a) was reduced by 0.1 M hydrazine solution, all samples were 

dried at 80 oC, and sample (b) was calcined at 300 oC. The Pd species was also 

introduced on the Co3O4 by co-precipitation method prior to hydrazine treatment and 

calcined at 300 oC. All samples were tested for CO PROX reaction in excess H2, and 

the results are presented in Figure 4.19. The 2wt.%Pd/Co3O4)(H) catalyst (Figure 

4.19A(a)) showed CO conversion of 4.9% at 40 oC, which increased to 59.3% at 160 

oC, and the highest conversion of 100% was observed at 220 oC. The catalytic 

selectivity of CO to CO2 decreased from 60.7% at 40 oC to 34.4% at 60 oC, and 

subsequently increased to 70.5% at 180 oC (Figure 4.19B(a)). The catalyst selectivity 

to CH4 gas was observed from 180 oC, due to higher H2 conversion. Other scientists 

have shown that the presence of Pd species on the support promotes oxidation and 

reduction of the catalyst [7, 19, 61].  

The introduction of the Pd species by co-precipitation (Figure 4.19A(c)) improved the 

catalyst activity, a CO conversion of 22.6% at 40 oC, which improved with temperature 

to 55% at 80 oC observed. We also observed that CO conversion decreased to 39.6% 

at 100 oC, followed by a gradual increase to 100% at 200 oC. As a result, the catalyst 

selectivity to CO dropped from 100% at 40 oC to 40% at 100 oC, followed by an 

increase to 100% at 200 oC (Figure 4.19B(c)). Thus, conversion of H2 increased from 

2.6% at 40 oC to 30% at 220 oC (Figure 4.19C(c)). 
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Figure 4.19 The CO conversion (A), CO2 selectivity (B), H2 conversion (C), and H2O 

selectivity (D) of (a) (2wt.%Pd/Co3O4)(H) 80 oC (■), (b) (2wt.%Pd/(Co3O4(H)) 300 oC 

(●), and (c) (2wt.%Pd/Co3O4)(H) 300 oC (▲) catalysts. 

 

Interestingly, the introduction of 2wt.% Pd species on the CoOxHy(H), followed by 

calcination improves CO conversion at lower temperature (from 40 to 80 oC, Figure 

4.19A(b)), an increase in CO conversion from 59.7 at 40 oC to 64.6% at 60 oC was 

observed. Conversion decreased from 64.6% at 60 oC to 44.3% at 80 oC, however, an 

increase in CO conversion with temperature from 80 oC to 140 oC observed. Selectivity 

of CO to CO2 decreased from 96.0% at 40 oC to 29.8% at 60 oC, followed by a gradual 

increase to 73.7% at 220 oC (Figure 4.19B(b)). The higher activity over 

2wt.%Pd(Co3O4(H)) could be due to the higher surface area when compared with 

other catalysts. The pre-treatment of the Pd species lower activity at lower 

temperature.  
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4.3.9 Effect of Pd load in CO PROX reaction over a reduced support 

The effects of the amount of Pd in CO PROX reaction was investigated by varying the 

Pd load at 1%, 2%, and 3wt.% on the Co3O4(H) catalyst support, respectively. Figure 

4.20 present the results in CO PROX reaction which was obtained over Pd/(Co3O4(H)) 

catalysts.  

The catalyst with a 3wt.% Pd load (Figure 4.20A(c)) had the lowest CO conversion of 

36.3% at 40 oC, which decreased to 29.2% at 80 oC. A gradual increase in CO 

conversion was observed from 29.2% at 80 oC to 33.3% at 140 oC, followed by a 

steady decrease to 29.1% at 200 oC. A highest CO conversion of 47.1% was observed 

at 220 oC. The catalyst had the lowest selectivity of CO to CO2, compared to the 1 and 

2wt.% Pd load (Figure 4.20B(c)). The catalyst favour conversion of H2 to moisture 

(Figure 4.20C(c)).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.20 The CO conversion (A), CO2 selectivity (B), H2 conversion (C), and H2O 

selectivity (D) of (a) 1wt.%Pd/(Co3O4(H)) 300 oC (■), (b) 2wt.%Pd/(Co3O4(H)) 300 oC 

(●), and (c) 3wt.%Pd/(Co3O4(H)) 300 oC (▲) catalysts. 
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An improved catalytic activity was observed over 1wt.%Pd/Co3O4(H) catalyst (Figure 

4.20A(a)) which showed CO conversion of 50.4% at 40 oC, which drops with reactor 

temperature to 40.1% at 80 oC, followed by a gradual increase to 79.5% at 220 oC. A 

catalytic selectivity of CO to CO2 dropped from 100% at 40 oC to 40.1% at 80 oC (Figure 

4.20B(a)). However, an increase in temperature resulted in a gradual increase of CO2 

selectivity to 79.5% at 220 oC. Interestingly, the 2wt.% load (Figure 4.20A(b)) had the 

highest CO conversion of 64.6% at 60 oC, followed by a decrease to 44.3% at 80 oC. 

However, an increase in the conversion of CO after 80 oC to 56.7% at 140 oC was 

observed. The catalyst had the highest CO conversion of 72.8% at 220 oC. The 

catalytic selectivity of CO to CO2 decreased from 100% at 60 oC to 44.6% at 80 oC. 

However, a gradual increase in CO2 selectivity was observed from 44.6% at 80 oC to 

57.1% at 140 oC (Figure 4.20B(b).  

Other researchers have also reported poor catalytic performance of supported Pd, due 

to formation of hydride and formation of moisture in CO PROX [7-8]. The increase in 

the amount of Pd species increased the amount of absorbed oxygen on the surface 

[21]. As a result, a catalyst with 3wt.% Pd species showed a higher surface area of 

309.5 m2/g and favour conversion of H2 to moisture.  

 

4.3.10 Activation energy for CO PROX reaction over 1wt.%Pd/(Co3O4(H)) catalyst  

The comparative study on the activation energy required for CO PROX in excess H2 

under dry, and moisture condition was investigated over 1wt.%Pd/(Co3O4(H)) catalyst 

at 40-80 oC, respectively. The activation energies for CO conversion was calculated 

from Arrhenius plots, as shown in Figure 4.21. An increase in the specific reaction rate 

from 9.83 x 10-5 molCO/gCat/h (under dry condition) to 4.867 x 10-4 molCO/gCat/h (under 

moist condition) at 40 oC was observed. The catalyst activation energies for CO PROX 

reactions under dry and moisture conditions were found to be 13.3 kJ/mol and 7.80 

kJ/mol, respectively (Figure 4.21A and 4.21B). Other researchers have reported a 

decrease in the activation energy of the catalysts in CO PROX when Pd species is 

supported on the catalytic support in the presence of moisture [21, 62]. The decrease 

in the activation energy suggests that the presence of Pd species on the catalyst 

promotes the active sites for H2O dissociation [62]. As a result, the selectivity of CO to 
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CO2 has improved in the presence of H2O species in the feed, the improvement was 

also noted with time on stream at 100 oC (section 4.3.11.2, Figure 4.23A). It has been 

reported in the literature that the increase in CO conversion in the presence of moisture 

is due to water gas shift [2, 50]. 

 

 

 

 

 

 

Figure 4.21 Arrhenius plots for the reaction rate of CO PROX (activation energy, Ea) 

over 1wt.%Pd/(Co3O4(H)) catalyst under (A) dry, and (B) moisture condition. 

 

4.3.11 The effects of moisture and CO2 on the stability of 1wt.%Pd/(Co3O4(H))  

4.3.11.1 Stability of catalysts as a function of temperature 

The effect of moisture and CO2 species was investigated at a reactor temperature of 

40 to 220 oC over 1wt.%Pd/(Co3O4(H)) catalyst, respectively. The moisture and 15% 

CO2 were introduced in the feed stream (1% CO, 1% O2, and 50% H2, mixture) during 

PROX reaction over 1wt.%Pd/(Co3O4(H)) catalyst, respectively, Figure 4.22 present 

the results obtained. 

A decrease in the conversion of CO at lower temperature is observed at 40 and 60 oC, 

the conversion dropped by 5.8% at 40 oC and by 11% at 60 oC, compared to the 

conversion in dry condition (Figure 4.22A(a) and (b)). A steady increase in CO 

conversion with reactor temperature was observed over the feed with moisture (from 

60 to 220 oC). Introduction of moisture in the feed during PROX reaction can suppress 

the activity at a lower temperature, due to coverage of the surface of the catalyst which 

hinders the adsorption of the adsorbing species on the catalyst [3, 63]. Selectivity of 

CO to CO2 has improved over the feed with moisture than the moisture free feed 

stream (Figure 4.22B(a) and (b)). The conversion of H2 species increased with 
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temperature from 40 to 80 oC in both conditions, and a decrease in the H2 conversion 

was observed after 80 oC (Figure 4.22C(a) and (b)). The selectivity of H2 to moisture 

is lower, when moisture is introduced in the feed stream. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.22 The CO conversion (A), CO2 selectivity (B), H2 conversion (C), and H2O 

selectivity (D) of 1wt.%Pd/(Co3O4(H)) catalyst under; (a) dry (■), and (b) moisture 

condition (●). 

 

4.3.11.2 Stability of catalysts as function of time on stream 

The stability of the catalysts was investigated over 1wt.%Pd/(Co3O4(H)) catalyst at 100 

oC for over 21 h. The feed stream consists of 1% CO, 1% O2, and 50% H2 feed. The 

effect of moisture or CO2 atmosphere in the feed was also investigated at 100 oC for 

21 h, respectively. Figure 4.23 present the results obtained on stability, effect of 

moisture, and effect of CO2 in excess H2 over 1wt.%Pd/(Co3O4(H)) catalyst, 

respectively. The catalysts (Figure 4.23A(a)) showed a steady increase with 

fluctuation in the conversion of CO species with time on stream in dry condition. The 

selectivity of CO to CO2 (Figure 4.24B(a)) also increased steadily with increasing time 
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on stream. The conversion of H2 of about 14.5% was observed with time on stream 

(Figure (4.23C(a)). The selectivity of H2 to moisture of about 19.5% was also observed 

with time on stream (Figure 4.23D(a)). The accumulation of moisture on the catalyst 

surface resulted in water-gas shift, which in turn resulted in an increase in CO 

conversion with time on stream. Similar observation was reported by Marino et al, 

[32]., where the conversion of CO to CO2 increases due to the accumulated moisture 

at higher temperature via the water gas shift reaction (WGSR) at higher temperature 

and excess O2.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.23 The CO conversion (A), CO2 selectivity (B), H2 conversion (C), and H2O 

selectivity (D) of (a) 1wt.% Pd/(Co3O4(H)) (■), (b) 1wt.%Pd/(Co3O4 (H)) moisture (●), 

and (c) 1wt.%Pd/(Co3O4(H)) in CO2 (▲) catalysts with time on stream. 

 

The introduction of moisture on the feed resulted to a steady increase in the CO 

conversion (Figure 4.23A(b)), and its selectivity to CO2 (Figure 4.23B(b)) with time on 

stream. A decrease in H2 conversion (Figure 4.23C(b) was observed in PROX reaction 
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in moisture condition. As a result, the selectivity of H2 to moisture (Figure 4.23D(b)) 

fluctuates with time on stream with the highest selectivity of 0.66%. Saavedra et al., 

[64], have shown that when water is added on the feed, there is no deactivation for 21 

h over Au/Al2O3 catalyst, and O2 selectivity remains constant and high (~80%). They 

have shown that when water is removed O2 selectivity immediately drops and the CO 

oxidation activity begins to degrade over time.  

The introduction of CO2 in the feed stream has also shown an improvement in the 

conversion of CO (Figure 4.23A(a) and (c)), when compared with a moisture free feed. 

The selectivity of CO to CO2 (Figure 4.23B(c)) has also improved with time on stream. 

The conversion of H2 is lower in the presence of CO2, as a result, the selectivity of H2 

to moisture is lower compared to the other conditions (moisture and dry conditions). 

An improvement in the catalytic selectivity of O2 to CO2, and a decrease in 

consumption of H2 in the presence of H2O or CO2, confirms that a decrease in CO 

conversion does not cause reverse water gas shift reaction [65]. A similar observation 

on the improvement of CO conversion in the presence of moisture over Pd/CeO2 

catalyst was reported by Li et al, [21]. The presence of Pd species promotes the active 

sites for H2O dissociation [62].   
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4.4 CONCLUSIONS 

The Co3O4 and Co3O4(H) catalysts were successfully prepared using the precipitation 

method prior to calcination at 300 oC. Both CoO and CoO(H) catalysts were prepared 

by reducing Co3O4 and Co3O4(H) by 5% H2/He, respectively. The Pd species were 

successfully introduced on different Co3O4 by improved wet impregnation method. The 

structural compositions of the catalysts were confirmed by XRD, FTIR, XPS, TPR, and 

TGA data; with the activity of the catalysts investigated under PROX reaction. The 

XRD and TPR of Co3O4(H) catalyst indicated that a surface transformation occurred, 

as confirmed by an increase in the BET surface area. Interestingly, the mesoporous 

structure of the catalyst remained intact, as compared to that of Co3O4 catalyst. 

Though an in-situ reduction has occurred prior to calcination of CoOxHy(H), the FTIR 

data did not show peak ratio differences, which indicates that a usual amount of Co3+ 

and Co2+ were formed; which is consistent with the XRD, XPS and TPR data. 

Introduction of Pd species on the cobalt oxide did not change the structure of Co3O4 

as indicated by XRD, XPS and TEM data. However, an increased surface area was 

observed with respect to the type of cobalt species; Co3O4, Co(OH)2 (denoted as 

Co3O4*), and Co3O4(H) gave a surface area of 64.7, 53.4 and 63.0%. The hydrazine 

treated 2wt.%Pd/Co3O4 catalyst resulted to a mixture of CoO(OH) and Co3O4 species, 

due to oxidation of Co2+ to Co3+, as confirmed by XRD and FTIR data. The surface 

area of Co3O4 species increased with the Pd species load, as confirmed by BET 

surface area.  Reduction of 2wt.%Pd/Co3O4 catalysts by sodium borohydride showed 

the highest BET surface area with an intact structure from Co3O4 (as confirmed by 

SEM and TEM data).  

During PROX the oxidation of both CO and H2 species increased with CO/O2 ratio (λ), 

and a higher CO/O2 ratio (λ) favoured formation of moisture. The PROX data of 

Co3O4(H) catalyst gave 85% CO conversion (with good selectivity) at 100 oC under 

dry conditions, which remained stable for 21 h.  The catalyst activity increased with 

temperature, especially within the fuel cells temperature window. This activity 

correlates with the surface properties of the catalyst and showed a very low moisture 

formation at temperatures above 120 oC. A relatively similar activity with good stability 

was observed under moisture-rich condition, avoiding the H2O capillary condensation 

phenomenon. The data indicated that the Co3O4 catalyst is unstable and deactivated 

with time on stream at 100 oC. The PROX activity of the Co3O4(H) catalyst in the 
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presence of moisture deactivated from 100 to 70% and remained fluctuating steadily 

for almost 21 h. The Co3O4(H) produced almost 75% CO conversion in the presence 

of CO2, which deactivate as time increased. Surprisingly, the PROX of CoO(H) 

indicated that the catalyst is highly active at a low temperature range, which correlated 

with the formation of Co3+ species as confirmed by TPR and XRD data.  

Unfortunately, the addition of Pd species on Co3O4(H) suppressed the activity of the 

catalyst, and favour conversion of H2 to moisture. The data shows that activation 

energy of Co3O4(H) catalyst decreased from 21.5 to 13.3 kJ/mol upon the addition of 

Pd species under dry condition, which is due to splitting of H2 to form moisture. A 

decrease in CO conversion from 85% (over Co3O4(H)) to 51% (over 1wt.%Pd on 

Co3O4(H)) at 100 oC was observed, CO conversion increased with time on stream for 

21 h, due to water gas shift of the accumulated moisture. Similarly, the catalyst showed 

better stability under both moisture and CO2 conditions for 21 h. The Pd species over 

other different Co3O4 catalysts showed a lower activity in CO conversion. The 2wt.%Pd 

on Co3O4 showed the CO conversion of 14.9% at 100 oC, an improvement in CO 

conversion from 14.9 to 44.3% was observed over the 2wt.%Pd on Co3O4 catalyst 

which was pre-treated with hydrazine. The 2wt.%Pd on Co3O4* catalyst showed CO 

conversion of 39.4% at 100 oC.  
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CHAPTER 5 

5. RESULTS AND DISCUSSIONS  

THE ROLE OF VARIOUS METAL OXIDE ON CATALYTIC ACTIVITY OF Pd/Co3O4 

IN CO PROX REACTION 

 

5.1 INTRODUCTION 

The metal oxide as support for the catalyst can improve the oxygen vacancies, surface 

area, dispersion of the catalyst, the catalytic activity, and selectivity to CO PROX 

reaction [1-4]. The role of various metal oxides (CeO2, MnO2, MgO, TiO2, and Cr3O4) 

on the PROX activity of Co3O4, and the corresponding effects of Pd nanoparticles were 

investigated. The study was conducted to improve catalytic activity, selectivity and 

stability in PROX, and it was conducted as follows: All metal oxides were introduced 

on Co3O4 by co-precipitation method prior to hydrazine treatment and calcined at 300 

oC, unless stated otherwise (for more details see section 3.3.2 and 3.4.3). Based on 

the data generated the effects of concentration of CeO2, MnO2 and Pd were 

investigated. This was followed by evaluating the methods of loading Pd nanoparticles 

on 2wt.% CeO2-Co3O4 composite. The samples were characterised using XRD, BET, 

TGA, XPS, TPR, FTIR, EDS, SEM, and TEM techniques.  

Both MnO2 and CeO2 improved the activity of Co3O4(H) at 100 oC, and MnO2-Co3O4 

composite showed higher activity at lower temperature. The higher activity of MnO2 

composite could be due to the higher surface area compared to that of ceria 

composite. The presence of 0.5wt.%Pd on either MnO2 or CeO2 composite showed 

good activity, selectivity and stability at the fuel operating temperature window. 

Lastly, the stability under dry, 15% CO2 and moisture (by bubbling He gas through 

water vessel at 20 ml/min, at room temperature) effects were investigated for PROX 

of CO in excess hydrogen over the most active catalysts at 100 oC for 21 h. 
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5.2 CHARACTERISATION OF METAL OXIDES ON Co3O4 CATALYSTS 

The as-prepared catalysts were characterised using XRD, BET, TGA, XPS, TPR, 

FTIR, EDS, SEM, and TEM techniques. The results based on these techniques are 

discussed in the following sections. 

 

5.2.1 X-ray powder diffraction (XRD) analysis of metal oxides on Co3O4 catalysts  

The XRD patterns of various metal oxides (CeO2, MnO2, TiO2, MgO, and Cr3O4) 

supported on Co3O4 are shown in Figure 5.1 and appendix (Figure 7.3). All the 

diffraction peaks are in good agreement with the JCPDS file of the cubic spinel type 

Co3O4 phase (JCPDS Card No. 76-1802) [5, 6, 7]. The diffraction peaks appear 

broadened due to the small size effect of the nano-plates [5].  

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1 The XRD patterns of (a) Co3O4 (H), (b) CeO2, (c) (2%CeO2-Co3O4)(H), (d) 

MnO2, (e) (2%MnO2-Co3O4)(H), (f) TiO2, (g) (2%TiO2-Co3O4)(H), catalysts. 

 

The introduction of the 2wt.% of metal oxides (CeO2, MnO2, MgO, TiO2, and Cr3O4) 

on Co3O4 could not alter its structural phase, due to small amount of the metal oxide 
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species on Co3O4 (Figure 5.1(c) and (e); and Appendix E(i) and E(k)), except in the 

case of TiO2 (Figure 5.1(g)). The peak at 2θ value of 25.9o correspond to TiO2 species 

on the composite (Figure 5.1(g)) [8].  

 

5.2.2 Thermogravimetric analysis (TGA) of metal oxides on Co3O4 catalysts  

The stability of formed (2wt.%CeO2-Co3O4)(H), (2wt.%MnO2-Co3O4)(H), (2wt.%TiO2-

Co3O4)(H), (2wt.%MgO-Co3O4)(H) and (2wt.%Cr3O4-Co3O4)(H) catalysts were 

investigated by means of TGA, as shown in Figure 5.2.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2 TGA profiles of (a) (2wt.%CeO2-Co3O4)(H), (b) (2wt.%MnO2-Co3O4)(H), (c) 

(2wt.%TiO2/Co3O4)(H), (d) (2wt.%MgO-Co3O4), and (e) (2wt.%Cr3O4-Co3O4)(H), 

catalysts. 

 

The TGA profile for all the samples remained stable up to 600 oC. This clearly indicates 

that the introduction of the metal oxide did not alter the structure of the Co3O4 and 

calcination process undertaken after in situ reduction completely transformed both 

cobalt and the metal oxide species to a spinel Co3O4 and expected metal oxide phase. 

Further studies on the characterisation of metal oxide load and Pd species on the 
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cobalt oxide was conducted over CeO2-Co3O4 and MnO2-Co3O4 catalysts due to their 

better catalytic activity in PROX of CO.  

 

5.3 CHARACTERISATION OF CeO2-Co3O4 CATALYSTS 

5.3.1 X-ray diffraction (XRD) analysis 

5.3.1.1 Effects of CeO2 loading on Co3O4 phase 

The data in Figure 5.3 shows the XRD patterns of Co3O4, CeO2, 2wt.% CeO2-Co3O4, 

5wt.% CeO2-Co3O4, 8wt.% CeO2-Co3O4, 10wt.% CeO2-Co3O4, and 30wt.% CeO2-

Co3O4 catalysts (all catalysts were not pre-treated by hydrazine).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3 The XRD patterns of (a) CeO2, (b) Co3O4, (c) 2wt.%CeO2-Co3O4, (d) 

5wt.%CeO2-Co3O4, (e) 8wt.%CeO2-Co3O4, (f) 10wt.%CeO2-Co3O4, and (g) 

30wt.%CeO2-Co3O4, catalysts. 
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The XRD profile confirms the CeO2 (a) and the corresponding Co3O4 (b) patterns, 

based on their prominent peaks at 2θ value of 28.3 (111) and 36.8o (311) plane, 

respectively [5]. Upon loading 2wt.% of CeO2 on Co3O4 the intensity of (311) plane 

decreased. This trend continued with an increase of CeO2 loading, until the peak at 

2θ value of 28.3o emerges (see Figure 5.3(g)). The average crystallite size of Co3O4 

decreased when 2wt.% CeO2 was added, and then started to increase with the CeO2 

loading (Table 5.1). Similar trend was reported by Lu et al [9]. The decrease in 

crystallite size with 2wt.% CeO2 was found to correspond to a higher BET surface area 

of the overall catalyst (see Table 5.1, section 5.2.2.5). Hence, the optimum loading of 

ceria was kept at 2wt.% on the surface of Co3O4. 

 

5.3.1.2 Effect of preparation method of 1wt.%Pd on 2%CeO2-Co3O4 support 

The effect of Pd species on the hydrazine treated 2wt.% CeO2-Co3O4 was investigated 

by introducing the Pd species using different methods. Figure 5.4 present the XRD 

patterns of (2wt.%CeO2-Co3O4)(H), and that of 1wt.%Pd/(2wt.%CeO2-Co3O4(H)) 

prepared by precipitation, deposition, and improved wet impregnation methods.  

 

 

 

 

 

 

 

 

 

Figure 5.4 The XRD patterns of (a) (2wt.% CeO2-Co3O4)(H), (b) 

1wt.%Pd/(2wt.%CeO2-Co3O4(H)) precipitation, (c) 1wt.%Pd/(2wt.%CeO2-Co3O4(H)) 

deposition, and (d) 1wt.%Pd/(2wt.%CeO2-Co3O4(H)) impregnation, catalysts. 
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The XRD patterns for the 1wt.% Pd on the reduced 2wt.%CeO2-Co3O4 samples did 

not change the structure feature of 2wt.%CeO2-Co3O4 catalyst (Figure 5.4(b), (c), and 

(d)). A decrease in the XRD peak intensities was observed over all the three catalysts, 

however, the peak for Pd species is missing from the XRD patterns (Figure 5.4(b), (c), 

and (d)). This could suggest a good synergy between the support (2wt.%CeO2-Co3O4) 

and the 1wt.%Pd species [5]. An increased BET surface area of the 

1wt.%Pd/(2wt.%CeO2-Co3O4(H)) catalysts (Table 5.2) as a result of the preparation 

method was observed (wet impregnation method < deposition < precipitation). 

Preparation method plays an important role on the structural composition of the 

catalysts [10, 11]. However, an improved surface area was noted when the Pd species 

is introduced on the support by co-precipitation method. Hence, co-precipitation 

method was considered for further investigation on effect of Pd load on 2wt.%CeO2-

Co3O4 catalyst. 

 

5.3.1.3 Effect of Pd loading on 2wt.% CeO2-Co3O4   

Figure 5.5 presents the XRD patterns of 2wt.% CeO2-Co3O4, 0.5wt.%Pd-

2wt.%CeO2/Co3O4 and 1wt.%Pd/2wt.%CeO2-Co3O4 catalysts. The peak for Pd 

species is missing from the XRD pattern, which suggests a good synergy between Pd 

and the support [5, 12]. These findings correlate with the work reported by Luo et al 

[5], where Pd species was supported on Co3O4-CeO2 by impregnation method. The 

presence of the 0.5wt.%Pd decreased the surface area of the CeO2-Co3O4 composite, 

however, and increase in the surface area was observed with an increasing load of Pd 

to 1wt.% (Table 5.1). The crystallite size of the catalyst decreased from 22.3 to 20.7 

nm with an increased Pd loading. The XRD peak intensities of the catalysts increased 

with an increased Pd load on the support (Figure 5.5).  
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Figure 5.5 The XRD patterns of (a) 2wt.%CeO2-Co3O4, (b) 0.5wt.%Pd-

2wt.%CeO2/Co3O4, and (c) 1wt.%Pd/2wt.%CeO2-Co3O4, catalysts. 

 

5.3.2 Brunauer-Emmett-Teller (BET) analysis 

The data in Table 5.1 shows the BET surface area analysis of Co3O4(H), 2wt.% CeO2-

Co3O4, 5wt.%CeO2-Co3O4, 8wt.%CeO2-Co3O4, 0.5wt.%Pd-2wt.%CeO2/Co3O4, and 

1wt.%Pd/2wt.%CeO2-Co3O4. The introduction of ceria species on the cobalt oxide 

resulted in a decrease in the surface area, from 2 to 5wt.% ceria load. However, an 

optimum ceria load of 8% increased the surface area to 65.3 m2/g. interestingly, the 

treatment of the 2wt.%CeO2-Co3O4 by hydrazine has further increased the surface 

area, pore volume and pore size of the catalyst (Table 5.1). Other researchers have 

reported an increase in the dispersion and the surface area of cobalt oxide due to 

optimum ceria load [13]. The introduction of 1wt.%Pd species by co-precipitation 

method resulted in a surface area of 83.6 m2/g, which is a bit higher when compared 

with the samples prepared by deposition, precipitation, and improved wet 

impregnation method, respectively. Consequently, preparation method plays an 

important role in the subsequent type of the end product required [10, 13].  
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Table 5.1 The effect of CeO2 and Pd species on the crystallite size and surface area 

of the as-prepared samples.  

Catalyst SBET 

(m2/g) 

Pore 

volume 

(cm3 g-1) 

Pore 

size 

(nm) 

Average 

crystallite 

size (nm)a 

CeO2    6.6 

Co3O4(H) 62.2 0.158 9.95 20.0 

2wt.%CeO2-Co3O4
 63.5 0.177 10.8 21.8 

5wt.%CeO2-Co3O4 56.2 0.175 12.6 22.3 

8wt.%CeO2-Co3O4 65.3 0.202 12.1 28.1 

(2wt.%CeO2-Co3O4)(H) 81.8 0.253 11.9 22.9 

(0.5wt.%Pd-2wt.%CeO2/Co3O4)(H) cppt 70.9 0.332 18.2 22.3 

(0.5wt.%Pd/2wt.%CeO2-Co3O4)(H) cppt 76.7 0.245 12.5  

(1wt.%Pd/2wt.%CeO2-Co3O4)(H) cppt 83.6 0.280 13.3 20.7 

(1wt.%Pd/(2wt.%CeO2-Co3O4(H)) dep 80.8 0.227 10.9 22.3 

(1wt.%Pd/(2wt.%CeO2-Co3O4(H)) adv 75.8 0.220 11.4 22.3 

(1wt.%Pd/(2wt.%CeO2-Co3O4(H)) ppt 81.1 0.261 10.6 22.1 

a Average crystallite sizes were estimated from (311) plane of XRD patterns. ppt = precipitation method, 

dep = deposition method, imp = improved wet impregnation method, co-ppt = co-precipitation method. 

 

5.3.3 Thermogravimetric analysis (TGA) 

The stability of the formed (2wt.%CeO2-Co3O4)(H) and (0.5wt.%Pd-

2wt.%CeO2/Co3O4)(H) catalysts were investigated by TGA, as shown in Figure 5.6. 

The TGA profile for all the samples remained stable up to 600 oC. This clearly indicates 

that the calcination process undertaken after in-situ reduction has completely 

transformed both cobalt and ceria species to a spinel Co3O4 and CeO2 phase. The 

introduction of Pd species did not alter the structure of CeO2-Co3O4, as confirmed by 

XRD data. 
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Figure 5.6 Thermogravimetric analysis of (a) (2wt.%CeO2-Co3O4)(H), and (b) 

(0.5wt.%Pd-2wt.%CeO2/Co3O4)(H), catalysts. 

 

5.3.4 X-ray photoelectron spectroscopy (XPS) analysis 

The oxidation state of various Co species and structural composition formed over 

(2wt.%CeO2-Co3O4) (H), and (0.5wt.%Pd-2wt.%CeO2/Co3O4) (H) samples, prepared 

by co-precipitation method are presented in Figure 5.7. 

 

 

 

 

 

 

 

Figure 5.7 The XPS spectra of (a) (0.5wt.%Pd-2wt.%CeO2/Co3O4) (H), and (b) 

(2wt.%CeO2-Co3O4) (H) catalysts. XPS survey spectra (A) and oxidation state (B) of 

samples. 
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The XPS survey spectra confirm the coexistence of C, Co, Ce, and O over 

2wt.%CeO2-Co3O4(H), and 0.5wt.%Pd-2wt.%CeO2/Co3O4(H) samples (Figure 5.7A). 

The chemical structural composition of the catalysts was also confirmed by EDS data 

(see Appendix F). As shown in the previous studies, two peaks were observed overall 

samples and are due to Co 2p3/2 and Co 2p1/2 species, as shown in Figure 5.7B. The 

binding energy of 780.4 and 795.6 eV, and spin orbit splitting of 15.8 eV was also 

observed over 2wt.%CeO2-Co3O4 sample (Figure 5.7B(b)) [14]. The results suggest 

that the cobalt species are present mainly as Co3+ and Co2+ species [15], though, 

cannot be quantified. A decreased intensity of the peaks due to reduction was also 

observed, as confirmed by XRD data. The shift in the binding energy of the reduced 

samples was observed when 0.5wt.%Pd-2wt.%CeO2 species is introduced on the 

Co3O4 species prior to reduction (Figure 5.7B(a)). The presence of Pd species on the 

2wt.%CeO2-Co3O4 decreased the intensity of the peaks, which imply an increase in 

the Co3+/Co2+ atomic ratio [16].  

 

5.3.5 Fourier transform infrared spectroscopy (FTIR)  

The FTIR spectra of (2wt.%CeO2-Co3O4) (H), and (0.5wt.%Pd-2wt.%CeO2/Co3O4) (H) 

samples are shown in Figure 5.8. Just like in the previous chapter, the FTIR profile of 

CeO2-Co3O4 sample (Figure 5.8(b)), displays two distinct and sharp bands at 547 and 

651 cm-1, which originate from the stretching vibrations of the metal-oxygen bonds 

(Co-O) [14, 17-18]. The band at 547 cm-1 is assigned to the octahedral arrangement 

of Co3+, with the band at 651 cm-1 due to Co2+ in a tetrahedral position [18], which 

confirms the formation of spinel Co3O4 (Figure 5.8(a)). This indicates that CeO2 

species did not have an effect on the structural profile of Co3O4 phase, which is 

consistent with the XRD data. However, a decrease in the peak intensity was 

observed, which could explain the surface area transformation of the materials (Table 

5.1, section 5.2.2.5). The intensive broadband at 1631 and 3347 cm-1 are due to O-H 

stretching vibration interacting through H bonds [17].  
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Figure 5.8 The FTIR spectra of (a) (2wt.%CeO2-Co3O4) (H), and (b) (0.5wt.%Pd-

2wt.%CeO2/Co3O4) (H), catalysts. 

 

The FTIR profile of CeO2 alone shows the absorption bands at 1304 and 1631 cm-1 

which correspond to physical absorbed water molecule (see Appendix G(a)) [17, 19]. 

The bands at 886 and 547 cm-1 are produced by CeO2, which is a typical peak for Ce-

O stretching vibrations [19]. The structure of the catalysts is further confirmed by TEM 

analysis. 

 

5.3.6 Scanning electron microscope (SEM) analysis 

The SEM images of a (2wt.%CeO2-Co3O4)(H), (0.5wt.%Pd-2wt.%CeO2/Co3O4)(H) 

catalysts are shown in Figure 5.9. 
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Figure 5.9 The SEM images of (a) (2wt.%CeO2-Co3O4) (H), and (b) (0.5wt.%Pd-

2wt.%CeO2/Co3O4) (H) catalysts. 

 

The introduction of 2wt.%CeO2 on Co3O4 sample shows a mixture of hexagonal 

platelets and rod-like morphologies with agglomerations (Figure 5.9(a)) compared to 

that of Co3O4 (section 4.2.7, Figure 4.8(c)). The introduction of 0.5wt.%Pd-2wt.%CeO2 

on the Co3O4 sample promotes the formation of more agglomerates spheroids 

attached to the hexagonal platelets and rods like morphology (Figure 5.9(b)).  

 

5.3.7 Transmission electron microscope (TEM) analysis 

The TEM images of a 2wt.%CeO2-Co3O4, (2wt.%CeO2-Co3O4)(H), and (0.5wt.%Pd-

2wt.%CeO2/Co3O4)(H) catalysts are presented in Figure 5.10. Like the SEM, the TEM 

images of the 2wt.%CeO2-Co3O4 sample showed hexagonal platelets and rod-like 

morphologies (Figure 5.10(a)). The reductive pre-treatment of the 2wt.%CeO2-Co3O4 

sample resulted in the mixture of hexagonal platelets, cubic and rod-like morphologies 

(Figure 5.10(b)). The introduction of the 0.5wt.%Pd-2wt.%CeO2 species on the Co3O4 

disrupted its structure (Figure 5.10(c)). The (0.5wt.%Pd-2wt.%CeO2/Co3O4) (H) 

sample consists of spheroids and rod-like morphologies. This distribution is well 

aligning with the XRD data of the two samples and SEM results. Moreover, the phase 

identification as shown on the HRTEM (Figure 5.10(d)) indicates the presence of 

lattice fringe spacing of 0.48 nm (311) and 0.28 nm (111), which confirms the 

characteristic lattice structure of Co3O4 [7, 20-21]. The presence of the Pd species is 

not visible on the TEM images which indicate that the Pd are highly dispersed on the 

CeO2-Co3O4 support [22]. 
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Figure 5.10 The TEM images of (a) 2wt.%CeO2-Co3O4, (b) (2wt.%CeO2-Co3O4)(H), 

(c) (0.5wt.%Pd-2wt.%CeO2/Co3O4)(H), and (d) HRTEM of (0.5wt.%Pd-

2wt.%CeO2/Co3O4)(H), catalysts. 

 

5.4 CHARACTERISATION OF MnO2-Co3O4 CATALYSTS 

5.4.1 XRD profile of various MnO2 on Co3O4  

The effect of Mn load over the Co3O4 was investigated by varying the amount of Mn 

on Co3O4, the samples were prepared by co-precipitation method and treated by 

hydrazine. The XRD patterns for the prepared samples are presented in Figure 5.11. 
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Figure 5.11 The XRD patterns of (a) (2wt.%MnO2-Co3O4)(H), (b) (5wt.%MnO2-

Co3O4)(H), (c) (7wt.%MnO2-Co3O4)(H), and (d) (10wt.%MnO2-Co3O4)(H), catalysts. 

 

The product reveals diffraction peaks with 2θ values of 19.8, 31.3, 32.9, 36.8, 38.9, 

44.9, 54.5, and 58.5o that are assigned to the (111), (220), (113), (311), (222), (400), 

(422), and (511) crystal planes of (Co, Mn) (JCPDS Card No. 18-0408), respectively 

(Figure 5.11(a)) [23]. A typical diffraction peak at 2θ value of 36.8o for MnCoOs (Figure 

5.11(a) to (d)) sample is due to formation of spinel structure (Co, Mn) [24], the 

diffractions at 2θ values of 31.3, 44.9, and 58.5o correspond to Co3O4 (JCPDS Card 

No. 76-1802) are visible [25-26]. The typical diffractive peak at 2θ values of 19.2o, 

32.9, 38.2, 44.9 and 54.5o could be assigned to Mn structure (PDF-65-2776JCPDS 

file) which implied the good dispersion of Mn into lattice of Co3O4 [27]. A slight shift of 

the Co3O4 reflections to smaller 2θ angles is detected, as a result of the formation of 

the Mn-Co-O catalyst [28]. The results show that much smaller samples of 5 nm as 

compared to Co3O4 with 10 nm crystallite are formed, indicating that the addition of 

Mn suppressed the growth of the crystal [28]. The average crystallite size, D of the as-

prepared samples was calculated from (311) plane diffraction peak using the 

Scherrer’s formula (as shown in section 3.4.1). 
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5.4.2 Brunauer-Emmett-Teller (BET) analysis 

The BET analysis of the hydrazine treated 2wt. %MnO2-Co3O4, 5wt.%MnO2-Co3O4, 

7wt.%MnO2-Co3O4, and 0.5wt.%Pd-7wt.%MnO2/Co3O4, 1wt.%Pd-7wt.%MnO2/Co3O4, 

and 2wt.%Pd-7wt.%MnO2/Co3O4 samples are shown in Table 5.2. The introduction of 

the Mn species on Co3O4 samples prior to reduction by N2H4.H2O solution improved 

the surface area of the Co3O4. The surface area decreased with an increase in the Mn 

load. Liu et al. [2], showed that the use of Mn as promoter can result in a Co3O4 spinel 

phase with the highest surface area, smallest nano-size crystallites and highly 

dispersed oxygen deficiency and structural defect morphology. An increase in the 

amount of manganese resulted in a decrease in the surface area of cobalt oxide, from 

249 (at 2wt.%MnO2 load) to 81.8 m2/g (at 7wt.% MnO2). The negative effect of the 

surface area of the cobalt, due to higher manganese load is reported in the literature 

[28]. The introduction of the 0.5wt.%Pd-7wt.%MnO2 species on the cobalt oxide 

catalysts resulted in a decrease in the surface area of the catalyst, from 81.8 to 63.1 

m2/g. However, an increase in the surface area of the composite was observed with 

an increasing amount of the Pd species. The increased surface area may be due to 

increased roughness of the surface Pd species [29]. 

 

Table 5.2 The effect of Mn and Pd on the crystallite size and surface area of the as-

prepared samples.  

Catalyst SBET 

(m2/g) 

Pore 

volume 

(cm3 g-1) 

Pore 

size 

(nm) 

Average 

crystallite 

size (nm)a 

2wt.%MnO2-Co3O4(H) 249 0.562 5.28 23.0 

5wt.%MnO2-Co3O4(H) 235 0.600 5.92 33.9 

7wt.%MnO2-Co3O4(H) 81.8 0.253 11.9 47.6 

(0.5wt.%Pd-7wt.%MnO2/Co3O4)(H) 63.1 0.346 23.0 37.5 

(1wt.%Pd-7wt.%MnO2/Co3O4)(H) 71.2 0.324 19.1 35.4 

(2wt.%Pd-7wt.%MnO2/Co3O4)(H) 69.9 0.422 25.7 37.7 

a Average crystallite sizes were estimated from (311) plane of XRD patterns. 
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5.4.3 Thermogravimetric analysis (TGA) 

The thermal stability of hydrazine treated 7wt.%MnO2-Co3O4, and 0.5wt.%Pd-

7wt.%MnO2/Co3O4 samples were investigated by TGA in a static nitrogen atmosphere 

at a heating rate of 10 oC/min, as shown in Figure 5.12.  

 

 

 

 

 

 

 

 

 

 

 

Figure 5.12 Thermogravimetric analysis of (a) (7wt.%MnO2-Co3O4)(H), and (b) 

(0.5wt.%Pd-7wt.%MnO2/Co3O4)(H) catalysts. 

The TGA profile of hydrazine treated 7wt.%MnO2-Co3O4 samples showed a slight 

steady decrease in the composition of the structure with temperature (Figure 5.12(a)). 

The introduction of 0.5wt.%Pd-7wt.%MnO2 species on the Co3O4 prior to reduction 

and calcination at 300 oC, resulted in hydrothermal stable samples up to 600 oC 

(Figure 5.12(b)). This clearly indicates that the calcination process undertaken after in 

situ reduction has completely transformed all cobalt species to a spinel Co3O4 phase 

and the Mn phase species. 
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5.4.4 X-ray photoelectron spectroscopy (XPS) analysis 

The oxidation state of various Co and Mn species formed over (7wt.%MnO2-

Co3O4)(H), (0.5wt.%Pd-7wt.%MnO2/Co3O4)(H), (1wt.%Pd-7wt.%MnO2/Co3O4)(H), 

and (2wt.%Pd-7wt.%MnO2/Co3O4)(H) catalysts which were prepared by co-

precipitation method are presented in Figure 5.13. The XPS survey spectra confirm 

the coexistence of C, Co, O, and Mn over (7wt.%MnO2-Co3O4)(H), (0.5wt.%Pd-

7wt.%MnO2/Co3O4)(H), (1wt.%Pd-7wt.%MnO2/Co3O4)(H), and (2wt.%Pd-

7wt.%MnO2/Co3O4)(H) catalysts (Figure 5.13A). Two peaks were observed overall 

samples and are due to Co 2p3/2 and Co 2p1/2 species as shown in (Figure 5.13B). The 

(7wt.%MnO2-Co3O4)(H) sample has the binding energy of 781.6 and 796.6 eV (Figure 

5.13B(a)). Moreover, the sample has the spin orbit splitting of 15 eV, which denote the 

presence of Co3O4 [14]. The increase in the binding energy of Co 2p3/2 (from 180.2 

eV) after addition of MnO2 to Co3O4 suggest an increase in fraction of Co3+/Co2+ in 

MnO2-Co3O4 catalyst [28]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.13 The XPS spectra of (a) (7wt.%MnO2-Co3O4)(H), (b) (0.5wt.%Pd-

7wt.%MnO2/Co3O4)(H), (c) (1wt.%Pd-7wt.%MnO2/Co3O4) (H), and (d) (2wt.%Pd-

7wt.%MnO2/Co3O4) (H), catalysts. XPS survey spectra (A) and oxidation state (B, C) 

of samples. 
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The peak intensity of (7wt.%MnO2-Co3O4)(H) decreased with an increase in the 

amount of Pd load. The shake-up satellite peak at 790 eV belong to Co 2p1/2 and it 

shows the presence of Co2+ [30]. The electronic interaction between MnOx and CoOx 

is an important influencing factor for enhancing the redox properties of the sample [23, 

31]. Zhanga et al.  [32], reported have reported that the presence of Mn2+ can promote 

the regeneration of Co3+ (i.e. Co3+ → %Co2+). The XPS spectrum for Mn 2p3/2 indicate 

two high intensity asymmetric peaks with binding energies of 642.2 and 653.9 eV, for 

Mn 2p3/2 and Mn 2p1/2, respectively (Figure 5.13C) [32]. The sample has the spin orbit 

splitting of 11.7 eV, which denote the presence of the MnO2 [33]. The structural 

composition for (0.5wt.% Pd-7wt.% MnO2/Co3O4)(H) catalyst was also confirmed by 

EDS data, see Appendix H). 

 

5.4.5 Temperature programmed reduction (TPR) analysis 

The transformation of the as-prepared and spent (7wt.% MnO2-Co3O4)(H) catalysts, 

and (0.5wt.%Pd-7wt.%MnO2/Co3O4)(H) catalyst was further investigated using H2-

TPR, as shown in Figure 5.14. The hydrazine treated Co3O4 exhibited two main broad 

peaks at reduction maxima of 228 oC (with a peak area of 816, insert) and 326 oC (with 

a peak area of 1351, inset), which belong to the stepwise reduction of Co3O4 → CoO 

→ Co [24]. The (7wt.%MnO2-Co3O4)(H) catalyst (Figure 5.14(a)), compared with the 

peak characteristic of Co species increased reduction maxima from 228 to 256 oC 

(Co3O4 → CoO, which gave a negligible amount of area under the peak), and 

increased reduction maxima from 326 to 367 oC (CoO → Co). This phenomenon could 

have resulted from mutual effect of Co and Mn species and confirmed the addition of 

Mn to Co which resulted to a shift in the area of the peaks [2], which is in agreement 

with the XRD data. The TPR profile of a spent (7wt.%MnO2-Co3O4)(H) catalyst (Figure 

5.14(B)(b)) shows a reducing maxima which is higher (at approximately 290 oC, with 

an area of 346) than that of Co3O4 spinel structure. Liu et al [2] have reported similar 

reduction behaviour with the higher reduction maxima when 5wt.% MnOx is doped on 

Co3O4. A sharp reduction maxima peak at 220 oC was observed over (0.5wt.% Pd-

7wt.%MnO2/Co3O4)(H) catalyst, and both peaks (256 and 365 oC, which gave a 

negligible amount of area under the peak) are shifted to lower reduction maxima of 

220 and 349 oC (Figure 5.14(a) and (c)). Wang et al. [22], have shown that the shift in 

reduction maxima is due to PdO which facilitate the reduction of Co3O4 due to the H2 
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spillover effect. Ercolino et al. [34], reported a decrease in the reduction maxima of 

Co3O4 in the presence of palladium, maximum reduction depends on the amount of 

palladium load.  

 

 

  

 

 

 

 

 

 

 

Figure 5.14 The TPR profile of (a) (7wt.%MnO2-Co3O4)(H), (b) (7wt.%MnO2-

Co3O4)(H) spent catalyst, (c) (0.5wt.%Pd-7wt.%MnO2/Co3O4)(H) catalysts. Inset: 

example of deconvoluted TPR peak profile of Co3O4(H).   

 

5.4.6 Fourier transform infrared spectroscopy (FTIR)  

The FTIR spectra of hydrazine treated 7wt.%MnO2-Co3O4, and 0.5wt.%Pd-

7wt.%MnO2/Co3O4, catalysts are shown in Figure 5.15. The FTIR spectra for all the 

samples displays two distinct and sharp bands at 547 and 651 cm-1, which originate 

from the stretching vibrations of the metal oxygen bonds (Co-O) [14, 17-18]. The band 

at 547 cm-1 is assigned to the octahedral arrangement of Co3+, while the band at 651 

cm-1 is assigned to Co2+ placed in the tetrahedral site [18], which confirms the 

formation of spinel Co3O4 phase. The intensive broadband at 1631 cm-1 and 3347 cm-

1 are due to O-H stretching vibration interacting through H bonds [17]. The peak of Mn-

O bond was not observed and that indicates the dispersion of the Mn in the catalyst 

sample, which is consistent with the XRD data [27].  
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Figure 5.15 The FTIR spectra of (a) (7wt.%MnO2-Co3O4)(H), and (b) (0.5wt.%Pd-

7wt.%MnO2/Co3O4)(H), catalysts. 

 

5.4.7 Scanning electron microscope (SEM) analysis 

The SEM images of a hydrazine treated 7wt.%MnO2-Co3O4, and 0.5wt.%Pd-

7wt.%MnO2/Co3O4 catalysts are shown in Figure 5.16. The SEM images for 

(7wt.%MnO2-Co3O4)(H) and (0.5wt.%Pd-7wt.%MnO2/Co3O4)(H) catalysts show 

hexagonal platelets, rod-like and granular like morphology with agglomerations 

(Figure 5.16(a) and (b)). The observed results show that Mn somehow disrupt the 

conventional structural arrangement as confirmed by the TEM data.   
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Figure 5.16 The SEM images of (a) (7wt.%MnO2-Co3O4)(H), and (b) (0.5wt.%Pd-

7wt.%MnO2/Co3O4)(H) samples. 

 

5.4.8 Transmission electron microscope (TEM) analysis 

The TEM images of the hydrazine treated 7wt.%MnO2-Co3O4, 0.5%Pd-

7wt.%MnO2/Co3O4, and 1wt.%Pd-7wt.%MnO2/Co3O4 catalysts are shown in Figure 

5.17. The TEM image of Co3O4(H) in (see section 4.2.7 Figure 4.7(c)) shows the 

agglomerates of hexagonal-like features. Upon loading Mn species on the Co3O4 prior 

to reduction by N2H4.H2O solution, resulted to a complete disrupted Co3O4 structure 

with granular like particles, with agglomerations of Mn species (Figure 5.17(a)). Liu et 

al. [2], reported that an appropriate amount of manganese can cause the formation of 

small solid solution particles and disorder in the spinel structure of cobalt oxides, which 

enhances the formation of active oxygen ion species for CO oxidation. The 0.5wt.%Pd-

7wt.%MnO2 on the Co3O4 had shown structural features similar to that of 7wt.%MnO2-

Co3O4 (Figure 5.17(b) and (c)). The Pd load from 0.5 to 1wt.% did not have an effect 

on the structural changes, all samples had granular particles and rod-like morphology 

(Figure 5.17(b) and (d)). The HRTEM images (Figure 5.17(d)) show a distinct lattice 

fringe with an interplanar spacing of 0.248 and 0.286 nm, which matches well with the 

spacing between the (311) and (220) planes of Mn-Co spinel phase [28]. The lattice 

d-spacing of 0.467 nm is also measured in Figure 5.17(d) which corresponds to (111) 

plane of Co3O4 spinel phase. Similar observations were reported by Luo et al, [23].   
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Figure 5.17 The TEM images of (a) (7wt.%MnO2-Co3O4)(H), (b) (0.5wt.%Pd-

7wt.%MnO2/Co3O4)(H), (c) (1wt.%Pd-7wt.%MnO2/Co3O4)(H), and (d) HRTEM 

(0.5wt.%Pd-7wt.%MnO2/Co3O4)(H), catalysts. 

 

5.5 CATALYTIC ACTIVITY FOR CO PROX REACTION 

All catalysts were tested for CO PROX at the reaction temperature of 40 to 220 oC, 

the feed contained 1% CO, 1% O2, 50% H2, and 48% He. The 200 mg of the samples 

was loaded in a U-shape borosilicate glass reactor and conditioned at 40 oC in helium 

flow at 20 ml/min for 30 min, prior to catalytic tests. The stability of the catalysts was 

investigated under dry, 15% CO2 and moisture conditions at 100 oC for 21 h.   

 

5.5.1 Catalytic activity of various metal oxide supported on Co3O4 catalysts 

The effect of a metal oxide on PROX of CO conversion in excess hydrogen was 

investigated over hydrazine treated 2wt.%M-Co3O4 (M = MnO2, CeO2, Cr3O4, MgO, 
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and TiO2) catalysts, prepared by co-precipitation method (Figure 5.18). The 

2wt.%MgO-Co3O4 catalyst (Figure 5.18A(d)) showed a lower CO conversion of 28.8% 

at 100 oC, and the highest conversion of 97% was observed at 220 oC.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.18 The CO conversion (A), CO2 selectivity (B), H2 conversion (C), and H2O 

selectivity (D) of (a) (2wt.%MnO2-Co3O4) (H) (■), (b) (2wt.%CeO2-Co3O4) (H) (●), (c) 

(2wt.%Cr2O4-Co3O4) (H) (▲), (d) (2wt.%MgO-Co3O4) (H) (▼), and (e) (2wt.%TiO2-

Co3O4) (H) (♦), catalysts. 

 

However, the addition of 2wt.%TiO2 on Co3O4 catalyst (Figure 5.18A(e)) improved the 

activity to 59.2% at 100 oC, and the highest conversion of 98.4% was observed at 140 

oC. A further improvement was observed over 2wt.%Cr2O3-Co3O4 catalyst (Figure 

5.18A(c)) which showed a 91.7% CO conversion at 100 oC, and the highest conversion 

of 99.1% at 120 oC. Interestingly, the 2wt.%CeO2-Co3O4 catalyst (Figure 5.18A(b)) 

showed the highest activity of 99.4% at 100 oC, and a stable activity was maintained 
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with temperature. It has been reported in the literature that supported CeO2 on Co3O4 

catalysts improved the catalytic activity of Co3O4 catalysts in CO PROX [7, 36]. 

Lukashuk et al. [7], reported a decrease in CO conversion maximum temperature in 

CO PROX from 90% at 170 oC (over Co3O4) to 90% at 142 oC over CeO2-Co3O4.  

Although, the 2wt.%MnO2-Co3O4 catalyst (Figure 5.18A(a)) showed 57.9% CO 

conversion at 60 oC, and the highest conversion of 99.3% at 80 oC. The catalyst activity 

decreased with temperature after 80 oC. The catalyst had a 100% selectivity of CO to 

CO2 at the reaction temperature of 40 to 80 oC (Figure 5.18B(a)), and the selectivity 

decreased steadily with temperature. The higher activity of MnO2 composite could be 

due to the higher surface area of 246.8 m2/g of the catalyst and structural defects as 

confirmed by SEM and TEM, in relation to 2wt.%CeO2-Co3O4 catalyst with the surface 

area of 81.8 m2/g. Liu et al. [2], reported a higher surface area, smaller crystallite size 

and higher oxygen dispersion with structural defect Co3O4 catalyst when Mn is used 

as a promoter. Fiorenza et al. [35], have shown that reducible oxides such as CeO2 

and MnOx weaken the CO adsorption on the metal active sites and provide additional 

sites for adsorption or activation of O2. All catalysts showed a lower H2 conversion and 

selectivity to moisture, with temperature. The catalytic activity of the prepared catalysts 

increased in the following order: 2wt.%MgO-Co3O4 < 2wt.%TiO2-Co3O4 < 2wt.%Cr2O4-

Co3O4 < 2wt.%CeO2-Co3O4 < 2wt.%MnO2-Co3O4. Therefore, studies were performed 

to investigate the effect of CeO2 loading on Co3O4 catalysts (the catalysts were not 

treated by hydrazine). Furthermore, the PROX reactions over MnO2-Co3O4 with 

different MnO2 loading were investigated. 

 

5.5.2 The effect of ceria loading on activity of Co3O4 

A series of CeO2-Co3O4 mixed oxides catalysts with different Ce/Co ratios were 

prepared by co-precipitation method and calcined at 300 oC in air. All catalysts were 

tested for PROX of CO in excess hydrogen at the temperature range of 40 to 220 oC. 

Figure 5.19 shows the CO conversion (see Appendix I, for other results) and the 

selectivity of CO to CO2 during PROX of CO at different temperature over the as-

prepared catalysts. These catalysts were not treated by hydrazine. The CeO2 catalyst 

had the lowest activity in CO PROX reaction, the highest CO conversion of 19.4% was 

obtained at 220 oC (Figure 5.19A(b)). The CeO2 nanoparticles alone can thus not 



 

123 
 

account for the enhanced activity [3]. The Co3O4 catalyst has shown better activity in 

CO conversion when compared with the CeO2 species, the activity of 96.7% in CO 

conversion was obtained at 160 oC (Figure 5.19A(a)). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.19 The CO conversion (A), CO2 selectivity (B), H2 conversion (C), and H2O 

selectivity (D) of (a) Co3O4 (■), (b) CeO2 (●), (c) 2wt.%CeO2-Co3O4 (▲), (d) 

30wt.%CeO2-Co3O4 (▼), catalysts. 

 

The Co3O4 is known to be good in CO conversion in excess H2 species, though, its 

activity decreases with time on stream [37]. However, introduction of CeO2 species on 

the Co3O4 catalyst improved its catalytic activity in CO PROX reaction [3]. It has been 

reported that a strong synergy between ceria and cobalt oxides retained cobalt at the 

higher valence state [13, 38]. The CeO2-Co3O4 catalyst with 30wt.% CeO2 load 

showed CO conversion of 64.7% at 100 oC and the highest conversion of 100% at 140 

oC (Figure 5.19(d)). However, the CeO2-Co3O4 catalyst with 2wt.% of CeO2 load had 
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the CO conversion of 87% at 100 oC, and the highest conversion of 98.2% at 120 oC 

(Figure 5.19A(c)). 

Interestingly, the results showed that the CeO2-Co3O4 catalyst with CeO2 load of 

8wt.% (See Appendix I(f)) and J) has the highest activity in CO conversion at fuel cells 

temperature range of 80 to 120 oC. The catalyst higher activity could be due to the 

higher surface area of 65.3 m2/g, in relation to 2wt.% CeO2 composite with the surface 

area of 63.5 m2/g. However, the 8wt.%CeO2-Co3O4 catalyst activity decreases with 

temperature in CO conversion. The catalyst with 2wt.% CeO2 load exhibited second 

best results in CO conversion (Figure 5.19(c)), and has shown better stability and 

selectivity of CO to CO2 with temperature. All catalysts have higher selectivity of CO 

to CO2, as a result, they have lower H2 conversion to moisture (Figure 5.19D). The 

catalyst with a 2wt.% CeO2 load is considered for further tests with other catalytic 

parameters. 

Research has shown that the addition of CeO2 to Co3O4 creates Co-O-Co-O-Ce 

interfacial active sites that exhibit easier oxygen activation and/or oxygen vacancy 

formation [7]. Moreover, Lu et al. [9], reported that strong interaction between CeO2 

and Co3O4 result to a unique redox property, which enhanced the available surface 

active oxygen and led to high valence state of cobalt oxide species. That may 

contribute to the catalytic performance improvement [3]. The results infer that addition 

of CeO2 to the Co3O4 catalyst improves both catalytic and selectivity at a lower 

temperature, the catalytic performance being higher than that exhibited by Co3O4 or 

CeO2 catalysts. It is reported that the Co3O4-CeO2 catalyst possess rather good 

catalytic oxidation performance for CO removal in H2 rich stream [39-40], and Co3+ 

ions were identified as the main active sites for CO oxidation. It has been reported that 

the optimal Co and Ce ratio is essential to obtaining a good catalyst, and excess cobalt 

load can lead to the decrease in catalytic activity due to poor dispersion of active 

species [41].  

 

5.5.3 The effects of hydrazine pre-treatment on activity of CeO2-Co3O4 catalysts 

The comparative study on the effect of hydrazine on 2wt.%CeO2-Co3O4 catalysts are 

shown in Figure 5.20. The catalyst was pre-treated by 0.1 M hydrazine solution and 

calcined at 300 oC, and their catalytic activity was investigated at temperature range 
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of 40 to 220 oC. The reductive pre-treatment improved the surface area of the CeO2-

Co3O4 catalyst from 63.5 to 81.8 m2/g, as confirmed by BET data. As a result, the 

activity of 2wt.%CeO2-Co3O4 catalyst in CO conversion has improved from 98.5% at 

120 oC (over untreated 2wt.%CeO2-Co3O4, Figure 5.20(a)) to 99.4% at 100 oC over 

(2wt.%CeO2-Co3O4)(H) catalyst (Figure 5.20A(b)). However, a slight steady decrease 

in CO conversion was observed with reactor temperature after 140 oC. A 100% 

catalytic selectivity of CO to CO2 was observed from 40 to 100 oC, which followed by 

a slight decrease with temperature (Figure 5.20B(b)). The (2wt.%CeO2-Co3O4)(H) 

catalyst (Figure 5.20D(b)) has a lower hydrogen conversion, and the selectivity to 

moisture. Tang et al. [42], reported that optimized pre-treatment under low 

temperature is suitable for CeO2/Co3O4 catalysts for CO conversion process. The 

2wt.%CeO2-Co3O4 hydrazine treated catalyst outperformed the PROX activity of the 

CeO2-Co2O4 catalysts reported by other researchers [7, 36]. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.20 The CO conversion (A), CO2 selectivity (B), H2 conversion (C), and H2O 

selectivity (D) of (a) 2wt.% CeO2-Co3O4 (■), and (b) (2wt.% CeO2-Co3O4)(H) (●), 

catalysts. 
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5.5.4 The CO PROX over Pd/(2wt.%CeO2-Co3O4) catalysts prepared with different 

methods 

The 1wt.% Pd based metal was introduced on a hydrazine treated mixture of CeO2 

and Co3O4 (i.e., (2wt.%CeO2-Co3O4)(H)), by improved wet impregnation, precipitation 

and deposition method, respectively. Another 1wt.%Pd based metal was introduced 

on a 2wt.%CeO2-Co3O4 by co-precipitation method and later reduced by hydrazine 

solution. Figure 5.21 present the results for PROX of CO in excess hydrogen over the 

prepared catalysts.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.21 The CO conversion (A), CO2 selectivity (B), H2 conversion (C), and H2O 

selectivity (D) of (a) 1wt.%Pd/(2wt.%CeO2-Co3O4(H)) impregnation (■), (b) 

1wt.%Pd/(2wt.%CeO2-Co3O4(H)) deposition (●), (c) 1wt.%Pd/(2wt.%CeO2-Co3O4(H)) 

precipitation (▲), and (d) (1wt.%Pd/2wt.%CeO2-Co3O4)(H) co-precipitation (▼), 

catalysts. 
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The 1wt.%Pd/(2wt.%CeO2-Co3O4(H)) catalyst (Figure 5.21A(a)) prepared by 

improved wet impregnation (with surface area of 75.8 m2/g) showed CO conversion of 

46.3% at 100 oC, the highest CO conversion of 73.0% was obtained at 220 oC (Figure 

5.19A(a)). The 1wt.%Pd/(2wt.%CeO2-Co3O4(H)) catalyst (Figure 5.21A(b)) which was 

prepared by deposition method (with surface area of 80.8 m2/g) showed an 

improvement in CO conversion of 69.1% at 100 oC, and the highest conversion of 

100% was observed at 220 oC. The higher conversion at 220 oC was due to formation 

of CH4 gas (see equations 3 and 4 in chapter one). Varghese et al. [43], have also 

reported a decrease in CO selectivity over Cu-containing catalyst at temperature of 

160 oC and above in PROX due to formation of CH4 gas.  

The introduction of 1wt.%Pd species on 2wt.%CeO2-Co3O4(H) composite (Figure 

5.21A(c)) by precipitation method improved the activity at 100 oC to 72.2%, and the 

highest conversion of 100% was attained at 200 oC. The higher conversion was due 

to H2 dissociation and formation of CH4 gas (Figure 5.21C(c)) [42, 44]. The higher 

activity could be due to the improved surface area (i.e., 81.1 m2/g) of the catalysts. 

Interestingly, based on the better activity of the sample prepared by precipitation of Pd 

on 2wt.%CeO2-Co3O4(H) (similar better activity was also observed when the Pd 

species is precipitated on 2wt.%CeO2-Co3O4 prior to hydrazine treatment and 

calcination (see Appendix K)), we have decided to prepare the catalysts by co-

precipitation, prior to hydrazine treatment and calcination (Figure 5.21(d)).  

The preparation of the catalyst by co-precipitation method has improved the surface 

area from 81.1 m2/g (catalyst prepared by precipitation method) to 83.2 m2/g for the 

catalyst which was prepared by co-precipitation. As a result, the catalyst (Figure 

5.21A(d)) showed CO conversion of 78.1% at 100 oC, with the highest activity of 99.9% 

at 220 oC. However, higher reactor temperature resulted in a decrease in CO 

selectivity of 51% at 220 oC, due to hydrogen dissociation and the formation of CH4 

gas [42, 44].  

The catalytic activity with respect to preparation method increased in the following 

order; advance wet impregnation < deposition < precipitation < co-precipitation 

method. The preparation method has an effect on the surface area and the activity of 

the catalysts [20]. The catalyst which was prepared by co-precipitation methods 

showed higher surface area of 83.2 m2/g, the crystallite size of 20.7 nm and the highest 
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pore volume, therefore, its activity is the highest in CO PROX reaction. As a result, the 

co-precipitation method was considered for further investigation on the effect of Pd 

load over 2wt.%CeO2-Co3O4 in PROX.  

 

5.5.5 The effect of Pd loading on 2wt.%CeO2-Co3O4 catalyst  

The effect of Pd load over 2wt.%CeO2-Co3O4 catalyst in PROX of CO in excess H2 

was investigated on catalysts prepared by co-precipitation method. Figure 5.22 

present the results obtained over the prepared samples in PROX of CO.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.22 The CO conversion (A), CO2 selectivity (B), H2 conversion (C), and H2O 

selectivity (D) of (a) 2wt.%CeO2/Co3O4 (■), (b) 0.5wt.%Pd/2wt.%CeO2-Co3O4 (●), and 

(c) 0.5wt.%Pd-2wt.%CeO2/Co3O4 (▲), (d) 1wt.%Pd/2wt.%CeO2-Co3O4 (▼), 

catalysts. 
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The introduction of 1wt.% Pd load over the 2wt.%CeO2-Co3O4 catalysts (Figure 

5.22A(d)) showed 78.1% at 100 oC, and the highest activity of 99.9% at 220 oC. The 

catalyst is selective to CH4 gas at higher temperature. Although, the surface area of 

the catalyst decreased with the Pd concentration from 83.6 (over 1wt.%Pd on 

composite) to 76.7 m2/g over 0.5wt.%Pd on the composite. The 

0.5wt.%Pd/2wt.%CeO2-Co2O4 catalyst showed CO conversion of 88.2% at 100 oC, 

and the highest activity of 100% was observed at 220 oC. However, the catalyst is also 

selective to CH4 gas at higher temperature.  

Interestingly, the preparation of the catalyst by introducing 0.5wt.%Pd-2wt.%CeO2 

species on Co3O4 improved the catalytic activity of Co3O4 (Figure 5.22A(c)). Although, 

the surface area of the catalyst decreased to 70.9 m2/g. The 0.5wt.%Pd-

2wt.%CeO2/Co3O4 catalyst has a bigger pore size and pore volume than the other 

catalysts. And the XPS data has shown an increase in the Co3+/Co2+ atomic ratio. The 

0.5%Pd-2wt.%CeO2/Co3O4 catalyst showed CO conversion of 98.7% at 100 oC, and 

the highest activity of 100% was observed at 220 oC. The catalytic selectivity of CO to 

CO2 decreased from 100% at 40-80 oC, to 99.1% at 100 oC, and 79.6% at 180 oC, 

followed by an increase to 95.8% at 200 oC (Figure 5.22B(c)). A further increase in 

temperature after 200 oC resulted in a decrease in the CO selectivity to 89.4% at 220 

oC. An improvement on the catalytic activity of the nan alloys was reported in the 

literature [14, 17-18]. The presence of Pd on the catalyst increased the active sites for 

H2O dissociation [14]. All catalysts have shown an increase in the selection to moisture 

with temperature. 

The observed activities in this study indicates that introduction of Pd species on the 

support enhances both the reduction and oxidation performance of the catalysts, due 

to hydrogen spill over [35]. Zlotea et al. [17], reported an improved catalytic activity of 

Ir-Pd nanoalloys in PROX reaction, they have noted that the catalyst can prevent bulk 

hydrogen dissociation which can result in (β hydrides formation) formation of moisture.  
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5.5.6 The effects of moisture and/or CO2 on the stability of 2wt.% CeO2-Co3O4 

and 0.5wt.%Pd-2wt.% CeO2/Co3O4 catalysts 

5.5.6.1 Stability of catalysts as function of temperature 

The effect of moisture (by bubbling He gas through water vessel at 20 ml/min, at room 

temperature) over hydrazine treated 0.5wt.%Pd-2wt.%CeO2/Co3O4 catalyst was 

investigated for CO PROX reaction in excess H2 at a reactor temperature of 40 to 220 

oC. Figure 5.23 present the results obtained for CO PROX under dry and moisture 

condition over 0.5wt.%Pd-2wt.%CeO2/Co3O4 catalyst.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.23 The CO conversion (A), CO2 selectivity (B), H2 conversion (C), and H2O 

selectivity (D) of 0.5wt.%Pd-2wt.%CeO2/Co3O4 catalyst under (a) dry (■), and (b) 

moisture (●). 
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The catalyst showed CO conversion of 16% at 40 oC (Figure 5.23), which increases 

to 31% at 60 oC and 92% at 100 oC in the presence of moisture. A 100% selectivity of 

CO to CO2 from 40 to 100 oC, with a slight decrease to 96.9% at 120 oC was observed 

(Figure 5.23B(b)). Other researchers reported a drastic decrease in CO selectivity 

after 100 oC in CO PROX reaction [44-45]. Formation of CH4 gas was observed from 

the temperature of 180 oC and above, similar observation was reported in the literature 

during PROX [46]. The moisture suppressed the activity of the catalyst at a lower 

temperature (from 40 to 100 oC), however, an improvement was noted at a 

temperature higher than 120 oC, (Figure 5.23A(b)). 

 

5.5.6.2 Stability of catalysts as function of time on stream 

The stability of the catalysts was investigated over the hydrazine treated 2wt.%CeO2-

Co3O4 and 0.5wt.%Pd-2wt.%CeO2/Co3O4 catalysts at 100 oC for 21 h. The effect of 

moisture, and CO2 in CO PROX was also investigated over 0.5wt.%Pd-

2wt.%CeO2/Co3O4 catalyst at 100 oC for 21 h, respectively. The results for the stability 

tests, effect of moisture and CO2 in the feed are presented in Figure 5.24. The 

2wt.%CeO2-Co3O4 catalyst (Figure 5.24A(a)) showed a good stable activity with 

fluctuation in CO conversion of about 99%. A stable catalytic selectivity of about 99% 

of CO to CO2 was observed (Figure 5.24B(a)), and it fluctuates with time on stream. 

The introduction of 0.5wt.%Pd-2wt.%CeO2 on Co3O4 suppressed the activity and 

selectivity of the catalyst (Figure 5.24A(b) and 5.24B(b)). The 0.5wt.%Pd-

2wt.%CeO2/Co3O4 catalyst has shown a drop (Figure 5.24A(b)) in CO conversion from 

99% over 2wt.%CeO2-Co3O4 to about 94%. However, the catalyst stability is still 

maintained with time on stream for over 21 h. The catalytic selectivity of CO to CO2 is 

also stable and fluctuates with time on stream (Figure 5.24B(b)).  
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Figure 5.24 The CO conversion (A), CO2 selectivity (B), H2 conversion (C), and H2O 

selectivity (D) of  (a) 2wt.%CeO2-Co3O4 (■), (b) 0.5wt.%Pd-2wt.%CeO2/Co3O4 (●), (c) 

0.5wt.%Pd-2wt.%CeO2/Co3O4 moisture (▲), (d) 0.5wt.%Pd-2wt.%CeO2/Co3O4 CO2 

(▼), catalysts with time on stream. 

 

Introduction of moisture in the feed stream somehow improved the catalytic activity of 

the catalyst (Figure 5.24A(c)). The conversion of CO fluctuates with time on stream 

and did not show any deactivation. Moisture also improved the selectivity of CO to 

CO2 species (Figure 5.24B(c)), and the selectivity fluctuates with time on stream. Both 

the conversion and selectivity of H2 to moisture fluctuated with time on stream and are 

slightly lower when compared with the CO PROX under dry condition on 0.5wt.%Pd-

2wt.%CeO2/Co3O4 catalyst (Figure 5.24(c)). Gawade et al. [4], reported lower H2 

selectivity and higher CO selectivity at lower temperature (< 125 oC) in the presence 

of H2O over 10wt.%CoO/CeO2 in PROX, due to lower O2 selectivity.  

The introduction of CO2 on the feed suppressed the activity of the catalyst (Figure 

5.24A(d)). A lower CO conversion of 88% (from 96%) was observed at 100 oC, 
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however, the catalyst stability is somehow conserved by the catalyst with time on 

stream (Figure 5.24A(d)). The catalyst has shown a stable fluctuation in catalytic 

selectivity of CO to CO2 species (approximately 88%) with time on stream. The 

conversion of H2 fluctuates with time on stream and is slightly higher compared to 

activities in the presence of moisture (Figure 5.24C(c) and (d)). The catalytic selectivity 

of H2 to moisture is lower and fluctuates with time on stream, with the highest 

selectivity of 3.5%. However, the introduction of 15% CO2 in the feed stream slightly 

suppressed the activity and the selectivity of the catalyst. Gawade et al. [4], reported 

that CoOx/CeO2 catalyst demonstrated better moisture or CO2 tolerance at higher 

cobalt loading.  

 

5.5.7 Effects of different MnO2 loading on PROX of CO over Co3O4 

The catalysts were prepared by co-precipitation methods and the amount of MnO2 

species were varied as follows: 2, 5, 7 and 10wt.% MnO2 on the MnO2-Co3O4 

catalysts. Figure 5.25 present the results obtained in CO PROX in excess H2 over the 

as-prepared catalysts. The MnO2-Co3O4 catalyst with 10wt.% MnO2 load (Figure 

2.25A(d)) showed CO conversion of 27.9% at 40 oC, which increased to 49% at 60 oC. 

The catalyst had the highest CO conversion of 100% at 100 oC, which followed by a 

decrease with temperature to 77.9% at 200 oC. We have noted a 100% selectivity of 

CO to CO2 (Figure 5.25B(d)) at the temperature ranging from 40 to 80 oC, which was 

followed by a steady decrease to 77.9% at 200 oC. The catalyst had the highest 

conversion and selectivity of H2 to moisture (of 7.0% and 6.2% at 140 oC) compared 

to other catalysts. The catalyst with 10wt.% MnO2 load had the lowest catalytic activity 

in PROX reaction, due to blockage of the cobalt sites by higher Mn load [2, 45]. Liu et 

al. [2], reported a decrease in the activity of the MnCo with 20wt.% Mn load in CO 

conversion. However, the MnO2-Co3O4 catalyst with 5wt.% MnO2 loading (Figure 

5.25A(b)) showed 22.1% CO conversion at 40 oC, which drastically increased to 

95.8% at 80 oC, and the highest CO conversion of 100% was obtained at 100 oC. 

Similarly, the catalyst with a 2wt.% load showed 25.9% CO conversion at 40 oC (Figure 

5.25(a)), which drastically increased to a maximum CO conversion of 99.3% at 80 oC. 

This was followed by steady decrease with temperature after 80 oC to 82.5% at 220 

oC. The catalyst had a 100% selectivity to CO2 from 40 to 80 oC, which decreased with 

temperature to 89.5% at 180 oC (Figure 5.25B(a)). 
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Figure 5.25 The CO conversion (A), CO2 selectivity (B), H2 conversion (C), and H2O 

selectivity (D) of (a) 2wt.% MnO2-Co3O4 (■), (b) 5wt.% MnO2-Co3O4 (●), (c) 

7wt.%MnO2-Co3O4 (▲), and (d) 10wt.%MnO2-Co3O4 (▼), catalysts. 

 

Interestingly, the MnO2-Co3O4 catalyst with 7wt.% MnO2 load (Figure 5.25A(c)) 

showed higher activity in CO conversion of 30.9% at 40 oC, which increased to 72.9% 

at 60 oC. The catalyst had the highest CO conversion of 98.1% at 100 oC, which 

followed by a steady decrease with the lowest CO conversion of 84.4% at 200 oC. A 

100% catalytic selectivity of CO to CO2 species (Figure 2.25B(c)) was observed at 

temperature ranging from 40 to 60 oC. A further increase in temperature resulted in a 

steady decrease in CO2 selectivity, and the lowest selectivity of 84.5% was observed 

at 200 oC. A lower conversion and selectivity of H2 to moisture which fluctuate with 

temperature was observed over all catalysts. Although, the surface area of the 

catalysts decreased with the MnOx concentration, the optimum loading of 7wt.% with 

surface area of 81.8 m2/g gave better activity at lower temperature of 40 to 60 oC. 

However, catalyst activity at temperature above 60 oC is lower than that of 2wt.% MnO2 
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load. The XPS data for 7wt.% load showed an increased binding energy which suggest 

an increase in the fraction of Co3+/Co2+. Other researchers have shown that an 

optimum amount of Mn is required to promote the mobility of surface oxygen vacancies 

of the catalyst [2, 45]. The hydrazine treated 7wt.%MnO2-Co3O4 catalyst has 

outperformed the PROX activity of 10wt.%Mn/Co reported by Zhang et al [16]. Further 

investigation on the effect of Pd load was conducted over the catalyst with a 7wt.% 

MnO2 load in CO PROX reaction.  

 

5.5.8 The effect of Pd loading on 7wt.% MnO2-Co3O4 catalyst 

The effect of Pd loading on 7wt.% MnO2-Co3O4 catalyst was investigated by varying 

the amount of Pd species and the catalysts, were prepared by co-precipitation method 

and reduced by 0.1 M hydrazine solution. Figure 5.26 present the results obtained in 

CO PROX in excess H2 over the catalysts, respectively. The CO conversion over 

2wt.%Pd-7wt.%MnO2/Co3O4 catalyst has drastically decreased from 85.9% at 40 oC 

to 52.9% at 80 oC (Figure 5.26A(d)). A further increase in temperature resulted in a 

steady increase in CO conversion from 52.9% to 86.5% at 220 oC. The selectivity of 

CO to CO2 over the catalyst decreased from 98.9% at 40 oC to 51.7% at 80 oC, 

followed by a steady increase to 75.5% at 220 oC (Figure 5.26B(d)). The higher 

catalytic activity at lower temperature could be related to the higher surface area as 

confirm by BET data (Table 5.2). The catalyst showed an increase in the H2 selectivity 

with temperature, the highest selectivity of 17.2% was attained at 220 oC (Figure 

5.26D(d)). The CO PROX over 1wt.%Pd-7wt.%MnO2/Co3O4 catalyst improved at 

lower temperature, a CO conversion increased from 36.2% at 40 oC to 92.4% at 60 

oC. A further increase in temperature resulted in a gradual decrease in CO conversion 

from 92.4% to 87.6% at 160 oC (Figure 5.26A(c)). The catalytic selectivity of CO to 

CO2 decreased gradually with temperature from 100% at 40 oC to 66.2% at 220 oC 

(Figure 5.26B(c)). An increase in CO conversion after 160 oC was observed and was 

accompanied by the formation of moisture and CH4 gas. The catalyst had the highest 

selectivity of H2 to moisture (approximately 21.7%) at 200 oC (Figure 5.26C(c)).  
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Figure 5.26 The CO conversion (A), CO2 selectivity (B), H2 conversion (C), and H2O 

selectivity (D) of (a) 7wt.%MnO2-Co3O4 (■), (b) 0.5wt.%Pd-7wt.%MnO2/Co3O4 (●), (c) 

1wt.%Pd-7wt.%MnO2/Co3O4 (▲), and (d) 2wt.%Pd-7wt.%MnO2/Co3O4 (▼) catalysts. 

 

The data indicates that 0.5wt.%Pd-7wt.%MnO2/Co3O4 catalyst had the CO conversion 

of 39.2% at 40 oC, and 100% conversion at 80 oC (Figure 5.26A(b). This shows that 

the presence of Pd improves the CO conversion, as compared to 7wt.% MnO2-Co3O4 

catalyst. However, introduction of Pd species did not change the structure of the 

catalyst as confirmed by SEM and TEM data (section 5.2.4.7 and 5.2.4.8). Further 

increase in temperature resulted in a decrease in the conversion of CO to 89% at 220 

oC. The catalyst had 100% selectivity of CO to CO2 at temperature ranging from 40 to 

80 oC (Figure 5.26B(b)), which decreased steadily with temperature to 79.7% at 220 

oC. The selectivity of H2 to moisture increases steadily with temperature and the 
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highest selectivity is attained at 220 oC (Figure 5.26D(b)). This suggests that the 

addition of Pd promotes the formation of moisture, as compared to 7wt.% MnO2-Co3O4 

catalyst. The Pd species has high affinity towards H2 which could result to formation 

of β hydrides and moisture [47-49].  

An increase in Pd load suppresses the catalytic activity of the Pd-7wt.%MnO2/Co3O4 

catalyst at higher temperature. The Pd species encourages the conversion of H2 to 

moisture and the formation of CH4 gas at higher temperature over the catalysts. Luo 

et al. [5], have shown that Pd species can promote the reduction and oxidation of 

cobalt phase to a greater extent, due to hydrogen or oxygen spillover effects. As a 

result, higher Pd load promote CO PROX at lower temperature and suppresses the 

activity at higher temperature due to higher hydrogen splitting which increases with 

temperature [47]. The catalyst favour conversion of H2 to moisture and the formation 

of methane gas at temperature above 160 oC.  

   

5.5.9 Activation energy for CO PROX reaction over 7wt.%MnO2-Co3O4 catalyst  

The comparative study on the activation energy required for CO PROX in excess H2 

under dry, and moisture condition was investigated over 7wt.%MnO2-Co3O4 catalyst 

at 40-80 oC, respectively. The activation energies for CO conversion was calculated 

from Arrhenius plots, as shown in Figure 5.27.  

 

 

 

 

 

 

Figure 5.27 Arrhenius plots for the reaction rate of PROX (activation energy, Ea) over 

(7wt.%MnO2-Co3O4)(H) catalyst under (A) dry, and (B) moisture condition. 
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An increase in the specific reaction rate from 6.158 x 10-3 molCO/gCat/h (under dry 

condition) to 5.379 x 10-3 molCO/gCat/h (under moist condition) at 40 oC was observed. 

The catalyst activation energies for CO PROX reactions under dry and moisture 

conditions were found to be 33.1 kJ/mol and 42.6 kJ/mol, respectively (Figure 5.27A 

and 5.27B). The activation energy increased due to the coverage of the active site by 

moisture molecule [23, 46]. Tang et al. [46], described the decrease in catalytic activity 

in benzene oxidation as a result of the occupied active sites by water vapour molecule 

which compete with benzene molecules or oxygen molecules and further reduce the 

number of active sites.  

 

5.5.10 The effects of moisture and/or CO2 on the stability of 7wt.% MnO2-Co3O4 

and 0.5wt.%Pd-7wt.% MnO2/Co3O4 catalysts 

5.5.10.1 Stability of catalysts as function of temperature 

The effects of moisture (by bubbling He gas through water vessel at 20 ml/min, at 

room temperature) on the catalytic activity of 0.5wt.%Pd-7wt.%MnO2/Co3O4 catalyst 

for PROX CO in excess of H2, was investigated at different temperatures, as shown in 

Figure 5.28. The catalyst showed a decrease in CO conversion to 23.9% at 40 oC 

under moisture (Figure 5.28A(b)), which is lower than 39.2% conversion under dry 

condition. The decrease is clearly seen at 60 oC in which a 66.0% conversion was 

recorded under moisture condition (Figure 5.28A(b)). The activity of the catalyst 

remained almost unchanged (at temperatures above 80 oC), which indicates very good 

stability. The observation is similar/related to the report by Gamarra et al [50], on 

CuO/CeO2 catalyst. Interestingly, the selectivity of CO to CO2 was already 100% at 

temperature range from 40 and 60 oC and the selectivity decreased steadily with 

temperature from 100% to 82.3% at 180 oC. At lower temperature, the data suggests 

that the moisture blocks the surface active sites of the catalyst, and impede the binding 

of CO [3- 4, 16]. The presence of moisture in the feed stream during CO PROX in 

excess H2 suppresses the activity of 0.5wt.%Pd-7wt.%MnO2/Co3O4 catalyst at lower 

temperature (40-60 oC).  
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Figure 5.28 The CO conversion (A), CO2 selectivity (B), H2 conversion (C), and H2O 

selectivity (D) of 0.5wt.%Pd-7wt.%MnO2/Co3O4 catalyst; (a) dry (■), and (b) moisture 

condition (●). 

 

 5.5.10.2 Stability of catalysts as function of time on stream 

The stability of the catalysts was investigated over the hydrazine treated 7wt.%MnO2-

Co3O4 and 0.5wt.%Pd-7wt.% MnO2/Co3O4 catalysts at 100 oC for 21 h. The effect of 

moisture, and CO2 in CO PROX was also investigated over 0.5wt.%Pd-7wt.% 

MnO2/Co3O4 catalyst at 100 oC for 21 h, respectively. The results for the stability tests, 

effect of moisture and CO2 in the feed are presented in Figure 5.29.  
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Figure 5.29 The CO conversion (A), CO2 selectivity (B), H2 conversion (C), and H2O 

selectivity (D) of (a) 7wt.%MnO2-Co3O4 (■), (b) 0.5wt.%Pd-7wt.%MnO2/Co3O4 (●), (c) 

0.5wt.%Pd-7wt.%MnO2/Co3O4 moisture (▲), (d) 0.5wt.%Pd-7wt.%MnO2/Co3O4 CO2 

(▼), catalysts with time on stream. 

 

The 7wt.%MnO2-Co3O4 catalyst (Figure 5.29A(a)) showed a good stable activity of 

about 98.8% CO conversion for 21 h. A stable catalytic selectivity of about 98% of CO 

to CO2 was observed (Figure 5.29B(a)), and it fluctuates with time on stream. The data 

are consistent with the report by Zhang et al [16], who noted a stable activity of 

MnOx/Co3O4 catalyst at a temperature ranging from 100 to 125 oC. The 0.5wt.%Pd-

7wt.%MnO2/Co3O4 catalyst (Figure 5.29A(b)) gave approximately 98.0% CO 

conversion (with good CO2 selectivity), which remained stable for 21 h. The catalyst 

has shown lower H2 conversion and selectivity to moisture (Figure 5.29C(b)). 

Hydrazine treatment and the presence of 0.5wt.%Pd-7wt.% MnO2 species improved 

the catalytic activity and stability of the catalyst. Fiorenza et al. [35], have shown that 

the supported bimetallic catalyst can improve the activity/selectivity of the catalyst in 

CO PROX reaction. 
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The 0.5wt.%Pd-7wt.%MnO2/Co3O4 catalyst (Figure 5.29A(c)) in the presence of 

moisture in the feed showed a stable activity of about 98.0% in CO PROX for 21 h. 

The catalyst (Figure 5.29B(c)) had a good stability in the selectivity of CO to CO2, 

though the selectivity was a bit lower when compared with that of moisture free 

atmosphere. The selectivity of H2 to moisture was a bit higher compared to that of dry 

condition.  

The catalytic activity of the 0.5wt.%Pd-7wt.%MnO2/Co3O4 catalyst (Figure 5.29A(d)) 

in the presence of CO2 showed a stable activity for 21 h. The CO conversion in the 

presence of CO2 in the feed stream did not really show any effect in the suppression 

of the catalytic activity of the 0.5wt.%Pd-7wt.%MnO2/Co3O4 catalyst. The catalytic 

stability in CO PROX is still maintained in the presence of CO2 in the feed stream, CO 

conversion in the presence of CO2 is better than that in the presence of moisture, with 

good selectivity of CO to CO2 (Figure 5.29B(d)). The conversion of H2 is lower when 

compared with the activity of the catalyst in the presence of moisture (Figure 

5.29C(d)). The hydrazine treated 0.5wt.%Pd-7wt.%MnO2/Co3O4 catalyst 

outperformed the PROX activity of the MnOx/Co3O-CeO2 and MnOx/Co3O4 catalysts 

reported in the literature [16, 36]. It has been reported that the presence of Mn2+ on 

the catalyst can promote the regeneration of Co3+ (i.e., Co2+ → Co3+) [51].  
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5.6 CONCLUSIONS  

The 2wt.% of metal oxides (CeO2, MnO2, MgO, Cr3O4, and TiO2) on cobalt, and Pd 

supported on CeO2-Co3O4 and MnO2-Co3O4 were successfully prepared by co-

precipitation method. The morphology and structural compositions of the composites 

were confirmed by XRD, BET, TGA, XPS, TPR, FTIR, SEM, TEM data. The XRD data 

shows that introduction of the metal oxide on Co3O4 did not alter its structural phase, 

except for the composite with TiO2 species. The TGA profile for all the samples 

showed thermal stability up to 600 oC. The XRD peaks intensity broadens with an 

increase in the amount of ceria load. The 2wt.%CeO2-Co3O4 composite showed an 

improved surface area of 81.8 m2/g compared to Co3O4(H). However, introduction of 

0.5wt.%Pd-2wt.%CeO2 species on Co3O4 resulted in a decreased surface area to 70.9 

m2/g. The presence of Pd species on the catalyst decreased the Co3+/Co2+ atomic ratio 

XPS peak intensity. The HRTEM indicate the presence of lattice fringe spacing of 0.48 

nm (311) and 0.28 nm (111), which confirm the characteristic lattice structure of Co3O4. 

An increase in the MnO2 load on Co3O4 showed a decreased in XRD peaks intensity. 

A decrease in BET surface area of the composites from 249 (2wt.%MnO2-Co3O4) to 

81.8 m2/g (7wt.% MnO2-Co3O4) was observed. The presence of MnO2 transformed 

the structure of Co3O4 as confirmed by SEM and TEM data. The presence of 

0.5wt.%Pd on 7wt.%MnO2-Co3O4 decreased the surface area to 63.1 m2/g.  

The catalysts were evaluated for PROX of CO in excess hydrogen at the temperature 

range of 40 to 220 oC. Although, 2wt.%MnO2 on Co3O4(H) showed higher activity 

99.3% at 80 oC, both MnO2 and CeO2 improved the activity of Co3O4(H) at 100 oC. 

The CO conversion over supported metal oxide on Co3O4(H) catalysts increased in 

the following order: MgO < TiO2 < Cr3O4 < CeO2 < MnO2. The higher activity of MnO2 

is attributed to the higher surface area of the composite catalyst (i.e., 249 m2/g, 

2wt.%MnO2-Co3O4(H)), in relation to ceria composite catalyst (i.e., 81.8 m2/g). 

Although the MnO2 species disrupted the structure of Co3O4 by lowering the oxidation 

state to Co2+, the spent catalyst showed transformation from Co2+ to Co3+ during 

PROX, as confirmed by TPR data. 

Further studies were undertaken on the effects of CeO2 loading on Co3O4 composite 

catalysts. The data shows that an optimum activity is obtained while using 2wt.%CeO2 

on Co3O4 as compared to other ceria loadings (i.e., 3, 5, 8, 10, 15, 30wt.%CeO2). 

However, upon addition of 0.5wt.%Pd-2wt.%CeO2 species on Co3O4, the activity of 
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the catalyst decreased slightly at 100 oC, which could be associated with a decrease 

in the surface area. The 0.5wt.%Pd-2wt.%CeO2 species on Co3O4 lowered H2 

conversion, and the creation of oxygen vacancies by ceria species resulted in redox 

reaction of Co2+ to Co3+ as confirmed by XPS. Although its activity is lower, the catalyst 

has shown good stability in dry, moisture and CO2 conditions at 100 oC for 21 h.  

In addition, studies were also undertaken on the effect of MnO2 concentration on 

Co3O4 composite catalysts. The data shows that 7wt.%MnO2 species improved the 

activity of Co3O4 catalyst at 60 oC, however, the catalyst could not improve the 

activities at higher temperatures. This low activity is associated with a decrease in 

surface area as concentration increases. The presence of 0.5wt.%Pd-7wt.%MnO2 

species on Co3O4 increased the activity at 60 and 80 oC, which could be due to 

reduction of Co3+ to Co2+ in the presence of Pd, as confirmed by XPS data. The 

catalyst has shown good stability in dry, moisture and CO2 conditions at 100 oC for 21 

h. The hydrazine treated cobalt-based catalysts in the presence of palladium and 

manganese oxide is the promising catalysts for proton exchange membrane fuel cells 

technology. 
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CHAPTER 6 

GENERAL CONCLUSIONS  

This chapter presents the main conclusions on the preparation methods, effect of the 

reducing agent, effect of calcination temperature, effect of a promoter of the supported 

metal-based catalysts, and evaluation of the supported Pd metal-based catalyst in the 

conversion of CO in H2 rich gas stream at 40 to 220 oC. The chapter also present the 

recommendation on the future research work. 

 

6.1 PREPARATION OF THE CATALYSTS AND THEIR CATALYTIC EVALUATION  

The Co3O4 and Co3O4(H) catalysts were successfully prepared by precipitation 

method. Both catalysts were reduced by 5% H2/He to CoO and CoO(H). The Pd 

species was introduced on different Co3O4 by improved wet impregnation method. The 

XRD and TPR of Co3O4(H) catalyst indicated that a surface transformation occurred, 

as confirmed by an increase in the BET surface area. Although an in-situ reduction 

has occurred prior to calcination of CoOxHy(H), the FTIR data did not show peak ratio 

differences, which indicates that a usual amount of Co3+ and Co2+ were formed; which 

is consistent with the XRD, XPS and TPR data. Introduction of Pd species on the 

cobalt oxide did not change the structure of Co3O4 as indicated by XRD, XPS and TEM 

data, however, an increased in surface area was observed.  

The PROX activity of the catalysts increased with CO/O2 ratio (λ), and the formation 

of moisture was observed at higher CO/O2 ratio (λ). The catalyst activity increased 

with temperature, especially within the fuel cells temperature window. This activity 

correlates with the surface properties of the catalyst and showed a very low moisture 

formation at temperatures above 120 oC. The PROX data of Co3O4(H) catalyst gave 

85% CO conversion (with good selectivity) at 100 oC under dry conditions, which 

remained stable for 21 h. The Co3O4 catalyst is unstable and deactivated with time on 

stream at 100 oC. The PROX activity of Co3O4(H) catalyst in the presence of moisture 

deactivated from 100 to 70% and remained fluctuating steadily for almost 21 h. The 

Co3O4(H) produced almost 75% CO conversion in the presence of CO2, which 

deactivate as time increased. The CoO(H) catalyst showed higher PROX activity at 

low temperature range, which could be due to the formation of Co3+ species as 

confirmed by TPR and XRD data.  
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The addition of Pd species on Co3O4(H) suppressed the activity of the catalyst in CO 

conversion, favour conversion of H2 and formation of moisture. A decrease in CO 

conversion from 85% (over Co3O4(H)) to 51% (over 1wt.%Pd on Co3O4(H)) at 100 oC 

was observed, and the activity increased with time on stream for 21 h, due to water 

gas shift of the accumulated moisture. Similarly, the catalyst showed better stability 

under both moisture and CO2 conditions for 21 h.  

The 2wt.% metal oxides (CeO2, MnO2, MgO, Cr3O4, and TiO2) on cobalt, and Pd 

supported on CeO2-Co3O4 and MnO2-Co3O4 were successfully prepared by co-

precipitation method. The XRD data shows that introduction of the metal oxide on 

Co3O4 did not alter its structural phase, except for the composite with TiO2 species. All 

samples showed good thermal stability as confirmed by TGA. The 2wt.%CeO2-Co3O4 

composite showed an improved surface area of 81.8 m2/g compared to Co3O4(H). A 

decreased surface area to 70.9 m2/g was observed when 0.5wt.%Pd is introduced. 

The presence of Pd species on the catalyst decreased the XPS intensity peaks, which 

suggest an increase in the Co3+/Co2+ atomic ratio. A decrease in BET surface area of 

MnO2-Co3O4 catalyst was observed with increased concentration of MnO2. And a 

further decrease in surface area to 63.1 m2/g was observed when 0.5wt.%Pd is 

introduced on 7wt.%MnO2-Co3O4.  

Although, 2wt.%MnO2 on Co3O4(H) showed higher activity of 99.3% at 80 oC in PROX, 

both MnO2 and CeO2 improved the activity of Co3O4(H) at 100 oC. The higher activity 

of MnO2 is attributed to the higher surface area of the composite catalyst (i.e., 249 

m2/g), in relation to ceria composite catalyst (i.e., 81.8 m2/g). Although the MnO2 

species transformed the structure of Co3O4 by lowering the oxidation state to Co2+, the 

spent catalyst showed transformation from Co2+ to Co3+ during PROX, as confirmed 

by TPR data. 

An optimum activity in PROX was observed over 2wt.%CeO2-Co3O4 compared to 

other ceria loadings (i.e., 3, 5, 8, 10, 15, 30wt.%CeO2). However, the catalyst activity 

decreased slightly at 100 oC in the presence of 0.5wt.%Pd, which could be associated 

with a decrease in the surface area. The 0.5wt.%Pd-2wt.%CeO2 species on Co3O4 

lowered H2 conversion, and the creation of oxygen vacancies by ceria species resulted 

in redox reaction of Co2+ to Co3+ as confirmed by XPS. Although its activity is lower, 
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the catalyst has shown good stability in dry, moisture and CO2 conditions at 100 oC for 

21 h.  

The introduction of 7wt.%MnO2 species on Co3O4 catalyst improved the activity at 60 

oC, however, the catalyst could not improve the activities at higher temperatures. The 

lower activity could be due to a decreased surface area as concentration of MnO2 

increases. A further increase in activity at lower temperature was observed over 

0.5wt.%Pd-7wt.%MnO2/Co3O4 catalyst, which could be due to reduction of Co3+ to 

Co2+ in the presence of Pd, as confirmed by XPS data. The catalyst has shown good 

stability in dry, moisture and CO2 conditions at 100 oC for 21 h. The hydrazine treated 

cobalt-based catalysts in the presence of palladium and manganese oxide is the 

promising catalysts for proton exchange membrane fuel cells technology. 

 

6.2 RECOMMENDATIONS   

The reductive pre-treatment, the presence of a metal oxide, and the Pd species play 

an important role in the activity of the catalyst in CO PROX reaction. However, the CO 

PROX depends on the preparation method than the surface area and the crystallite 

sizes of the materials. The preparation of the catalyst using different surfactant can 

improve the activity and selectivity of the materials in CO PROX reaction at lower 

reaction temperature. The study on the activity and selectivity of the materials in CO 

PROX reaction, in the presence of both CO2 and moisture, has to be conducted at 

different temperatures.  
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APPENDIXES  

Appendix A The chromatogram results of the CO, O2 and H2 feed obtained by by-

passing the reactor before the catalytic test of 0.5wt.%Pd/-7wt.%MnO2/Co3O4(H). 

 Reten. 

Time (min) 

Area 

(mV.s) 

Height 

(mV) 

Area 

(%) 

Height 

(%) 

WO5 

(min) 

Compound 

name 

1 0.707 6.930 2.496 78.3 91.9 0.05 H2 

2 1.343 0.662 0.149 7.5 5.5 0.08 O2 

3 6.987 1.256 0.070 14.2 2.6 0.29 CO 

 Total 8.848 2.715 100.0 100.0   

Reten = Retention.   

 

Appendix B The chromatogram results of CO PROX over 0.5wt.%Pd-

7wt.%MnO2/Co3O4 (H) catalyst at 40 oC. 

 Reten. Time 

(min) 

Area 

(mV.s) 

Height 

(mV) 

Area 

(%) 

Height 

(%) 

WO5 

(min) 

Compound 

name 

1 0.707 6.931 2.517 21.5 91.8 0.05 H2 

2 1.347 0.453 0.102 1.4 3.7 0.8 O2 

3 1.817 24.042 0.078 74.7 2.9 0.20 CO2 

4 6.980 0.762 0.045 2.4 1.6 0.28 CO 

 Total 32.188 2.742 100.0 100.0   
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Appendix C The EDS analysis of 2wt.%Pd/(Co3O4(H)) sample. 

 

 

Appendix D The CO conversion (A), and CO2 selectivity (B) of (a) (2wt.%Pd/Co3O4
^) 

(H) 80 oC (■) and (b) (2wt.%Pd/Co3O4
*) (H) 300 oC (●). 
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Appendix E The XRD patterns of (a) Co3O4 (H), (b) CeO2, (c) 2%CeO2-Co3O4(H), (d) 

MnO2, (e) 2%MnO2-Co3O4(H), (f) TiO2, (g) 2%TiO2-Co3O4(H), (h) MgO, (i) 2%MgO-

Co3O4(H), (j) Cr3O4, and (k) 2%Cr3O4-Co3O4(H), catalysts. 

 

 

Appendix F The EDS analysis of (a) 2wt.%CeO2-Co3O4(H), and (b) 0.5wt.%Pd-

2wt.%CeO2/Co3O4(H) samples. 
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Appendix G The FTIR spectra of (a) CeO2, (b) Co3O4 (H), (c) 2wt.%CeO2-Co3O4(H), 

and (d) 0.5wt.%Pd-2wt.%CeO2/Co3O4(H), catalysts. 

 

 

Appendix H The EDS analysis of (a) 7wt.%MnO2-Co3O4(H), and (b) 0.5wt.%Pd-

7wt.%MnO2/Co3O4(H) samples. 
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Appendix I The effect of ceria on PROX of CO over; (a) Co3O4 (■), (b) CeO2 (●), (c) 

2wt.%CeO2-Co3O4 (▲), (d) 3wt.%CeO2-Co3O4 (▼), (e) 5wt.%CeO2-Co3O4 (♦), (f) 

8wt.%CeO2-Co3O4 (◄), (g) 10wt.%CeO2-Co3O4 (►), (h) 15wt.%CeO2-Co3O4 (  ), 

and (i) 30wt.%CeO2-Co3O4 ( ), catalysts. 

 

 

 

 

Appendix J The effect of ceria load on CeO2-Co3O4 in CO PROX reaction at 

temperature range of 40-240 oC at dry condition.  

Catalyst CO conversion 

at 100 oC 

Tmax(oC)a Maximum CO conversion 

(%)a 

3wt.%CeO2-Co3O4 40.1 120 99.0 

5wt.%CeO2-Co3O4 31.1 160 95.7 

8wt.%CeO2-Co3O4 90.2 120 98.2 

10wt.%CeO2-Co3O4 49.2 140 99.5 

15wt.%CeO2-Co3O4 84.0 120 99.3 

a Tmax is the temperature achieving the maximum CO conversion.   
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Appendix K The effect of introduction of Pd species on 2wt.%CeO2-Co3O4 catalyst 

on PROX of CO; (a) (2wt.%CeO2-Co3O4)(H) (■), (b) 1wt.%Pd/2wt.%CeO2-Co3O4(H) 

impregnation (●), (c) 1wt.%Pd/2wt.%CeO2-Co3O4(H) deposition (▲), and (d) 

1wt.%Pd/2wt.%CeO2-Co3O4(H) precipitation (▼), catalysts. 

 

 

 




