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ABSTRACT 

 

Formaldehyde (HCHO) is one of the most common indoor air pollutants which causes 

adverse health effects, and a known carcinogen which has been proven to cause 

nasopharyngeal cancer and leukemia, over prolonged exposure. Catalytic oxidation, 

amongst the known techniques for HCHO removal, is the most promising, as it is 

capable of completely mineralizing HCHO into CO2 and H2O. Although noble metal 

based catalysts are very active for HCHO oxidation, their practical application is limited 

by cost and availability. Transition metal based catalyst offer a promising cost-effective 

alternative. However, improving their catalytic performance is critical to enhancing 

their competitiveness for practical and industrial application in indoor HCHO 

abatement.  

Birnessite-type manganese oxide (ŭ-MnO2) is a promising transition metal catalyst for 

HCHO removal from the indoor environment. Nonetheless, not much has been reported 

in the enhancement of its catalytic activity. This research focused on developing novel 

strategies to enhance the catalytic activity of ŭ-MnO2 through surface defect 

engineering using doping technique; the use of oxygen carrier; and fine-tuning the 

concentration of the cations present in its interlayer spaces. The developed catalysts 

were characterized and evaluated for HCHO oxidation. The surface reaction 

mechanism of HCHO oxidation was investigated via in situ Diffuse Reflectance 

Infrared Fourier Transform (DRIFTS).  

Defect engineering through the creation of oxygen vacancies has been demonstrated to 

be an effective strategy for enhancing the catalytic activity of ŭ-MnO2 for HCHO. 

Modification of ŭ-MnO2 using Co and Cu via metallic doping revealed that doping 

technique is promising in enhancing the catalytic activity of ŭ-MnO2. However, 
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catalytic and characterization results revealed that not all dopants enhance catalytic 

activity. While Co showed a synergistic effect, an inhibition effect was observed in the 

presence of Cu. The incorporation of Co3+ into the lattice structure of ŭ-MnO2 enhanced 

the substitution of Mn4+, generation of oxygen vacancies and lattice defects, which 

promoted the formation of surface active oxygen species, and enhanced catalytic 

activity for low temperature oxidation of HCHO. Catalytic results showed that Co-

doped ŭ-MnO2 completely mineralize HCHO (~170ppm, 120,000 mlϊg-1ϊh-1) at 80°C 

compared to 90°C for the pristine ŭ-MnO2. Co-doped ŭ-MnO2 proved very active even 

under a very high space velocity of 400,000 mlϊg-1ϊh-1. Its activity was further displayed 

in its ability to achieve room temperature oxidation of HCHO, averaging up to 93.5% 

conversion of ~10 ppm HCHO (60,000 mlϊg-1ϊϊh-1) over 72 hrs of operation. However, 

dopant-intermediates interaction can adversely affect the activity of the modified 

catalyst. Cu doping on the other hand led to a drastic inhibition of catalytic activity, 

despite the relative increase in the surface oxygen vacancies and concentration of 

surface active oxygen, compared to the pristine ŭ-MnO2. In the presence of Cu, the 

catalytic activity of ŭ-MnO2 was inhibited, and the inhibitory effect increases with 

increasing Cu doping. DRIFTS analysis revealed that in the presence of Cu, carbonate 

intermediate species accumulate on the surface of the catalysts leading to the restricted 

access to catalystôs active sites and reduced catalytic activity. 

CeO2 was used to further enhance the catalytic activity of Co-doped ŭ-MnO2. As an 

oxygen carrier, the oxygen storage capacity of CeO2 and its ability to transfer its lattice 

oxygen, was utilized to achieve a bimetallic co-doping of Co and Ce into ŭ-MnO2. 

Bimetallic doping of Co and Ce (0.05 = x/Mn; x: Co, Ce) did not show any significant 

enhancement in the activity of ŭ-MnO2, compared to the monometallic doped catalysts 
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ï Co-ŭ-MnO2 and Ce-ŭ-MnO2, with similar doping ratio. Both the bimetallic doped 

(0.05Co-0.05Ce) and monometallic doped catalysts (0.05Co-MnO2 and 0.05Ce-MnO2) 

showed similar activity trend and achieved complete oxidation of HCHO at 80°C 

(~170ppm, , 120,000 ml.g-1.h-1). Complete oxidation shifts to higher reaction 

temperature of 90 and 100°C for 0.05Co-0.2Ce and 0.05Co-0.5Ce, respectively.  As the 

amount of CeO2 loading increases from 0.05 to 0.5 (Ce/Mn ratio), significant loss in 

the interlayer K+ and decrease in catalytic activity was observed due to surface 

accumulation of CeO2 and structural collapse of ŭ-MnO2. In addition, comparatively 

lower content of active oxygen species was observed at high CeO2 loading. Besides, 

methanol was detected over all the CeO2 containing catalysts except 0.05Co-0.05Ce. 

However, in the absence of Co, even at low doping ratio of 0.05 of CeO2 (0.05Ce-MnO2) 

methanol was detected. Methanol selectivity increases with increasing CeO2 content. 

DRIFTS analysis shows that methoxy specie, which is a methanol intermediate, is 

generated in the presence of CeO2. As such, the presence of CeO2 in the catalyst 

matrices leads to the generation of secondary pollutant. This work raises questions on 

the health safety of using CeO2 as a catalytic material for the abatement of indoor air 

pollutant.  

The interlayer spaces of ŭ-MnO2 is composed of ions, mostly K+ or Na+, and water 

molecules which help in stabilizing the layered structure of ŭ-MnO2. In Chapter 5, the 

role of K+ in lattice oxygen mobility of manganese oxide catalysts for enhanced 

catalytic oxidation of formaldehyde (HCHO) was investigated. Manganese oxide 

catalysts with varying K+ content and tuneable concentration of lattice oxygen and Mn4+ 

were synthesized and investigated for HCHO oxidation. Acid treatment of the pristine 

catalysts led to the creation of oxygen vacancies, reduction in the surface concentration 

of lattice oxygen, Mn4+ and K+, and a resultant increase in surface area. Characterization 
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results showed that high content Mn4+ enhances the redox properties of the catalyst and 

K+ improves the mobility and activity of the lattice oxygen to re-oxidize the reduced 

Mn active sites and provide more surface oxygen for HCHO oxidation. Catalytic 

activity increases with increasing K+ content, and the surface concentration of lattice 

oxygen and Mn4+. The catalyst with the highest amount of K+, lattice oxygen, and Mn4+ 

displayed the best catalytic activity, achieving complete HCHO conversion (170 ppm, 

45% relative humidity (RH), 60,000 ml·g-1·h-1) at 70°C, and an average of 68% HCHO 

conversion (10 ppm, 60,000 ml·g-1·h-1, 45% RH) at room temperature for 72 hrs. Lattice 

oxygen test, in the absence of molecular oxygen, revealed that the lattice oxygen is 

involved in HCHO oxidation and K+ enhances its mobility. Acid treatment increases 

the concentration of surface adsorbed oxygen leading to an initial improvement in 

catalytic activity, but the absence of K+ impacted the mobility of the lattice oxygen and 

the activation of molecular oxygen to supplement the consumed oxygen species, 

resulting into reduced catalytic activity.  
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 CHAPTER 1 

1 Introduction  

 

Note. Parts of this chapter are reproduced from Yusuf, A., Snape, C., He, J., Xu, H., 

Liu, C., Zhao, M., Chen, G.Z., Tang, B., Wang, C., Wang, J. and Behera, S.N., 2017. 

Advances on transition metal oxides catalysts for formaldehyde oxidation: A 

review. Catalysis Reviews, 59 (3), pp.189-233. (see Appendix A for permission to reuse) 

 

Formaldehyde is one of the main sources of hazardous indoor air pollution. Furniture 

and building materials such as composite wood, particle board, vinyl coverings and 

adhesives are some of the major indoor sources of formaldehyde (HCHO) emissions [1, 

2]. A comprehensive review of both the indoor and outdoor sources of HCHO and its 

concentrations in various indoor environments can be found in the work of Salthammer 

et al.[3].  Exposure to HCHO may cause adverse health effects on humans such as 

irritation to eyes, nose and throat, headache, fatigue, edema, severe allergic reaction 

and dermatitis [4, 5].   

In 2006, the International Agency for Research on Cancer (IARC) under the World 

Health Organization (WHO) classified HCHO as a carcinogen to humans [6]. There is 

sufficient evidence to ascertain that it causes nasopharyngeal cancer and there are also 

strong indications that it may also cause sinonasal cancer and leukemia over long term 

exposure ([6]).  As such there are various international guideline and recommended 

thresholds for indoor air HCHO concentrations, a summary of which can be found in 

the review of Salthammer et al.[3]. The WHO proposes a short term HCHO exposure 

limit (30 minutes) of 0.1 mg/m3 for the avoidance of sensory irritation and a long term 

exposure limit of 0.2 mg/m3 for protection against long term health effects [7]. Hence 
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the effective removal of HCHO from indoor air is imperative to improving indoor air 

quality and safeguarding human health.    

Various techniques for HCHO removal have been investigated and reported in the 

literature, including adsorption [8-12], photo-catalytic degradation [13-17] and 

catalytic oxidation (thermal and non-thermal). The effectiveness of physical adsorption 

of HCHO on adsorbents such as activated carbon (AC) is constrained by the materialôs 

maximum adsorption capacity, relative humidity (RH) or moisture deactivation and 

also by the environmental risk when desorption occurs during regeneration [18, 19]. 

Photo-catalytic degradation using ultraviolent light on the other hand may lead to the 

generation of toxic by-products [20].  Catalytic oxidation is able to achieve complete 

degradation of HCHO to H2O and CO2 without the formation of harmful by-products 

or secondary pollutants [21]. This could even be achieved at room temperature (RT) 

especially with noble metal catalysts [22-26], thus making it the most promising HCHO 

removal technique [18].   

Noble metals including Pt, Au, Pd, Rh, Ru and Ag supported on: conventional materials 

such as TiO2, SiO2, Al 2O3 and zeolites [27-35]; some single transition metals [36-47]; 

and transition metal-based composites [48-51] exhibit excellent HCHO oxidation 

activities at temperatures lower than 100°C and even at room temperature. However, 

the industrial applications of noble metal catalysts are restricted by high costs, limited 

resources and poor thermal stabilities [52]. Hence recent research efforts have been 

focused on the development of relatively cheap materials for low temperature HCHO 

catalytic oxidation [53-55].  

More abundant and cost effective metal oxides especially those of the transition metals, 

including single transition metals and transition metal based composites are shown to 
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be active for HCHO oxidation. However their relatively low activity compared to noble 

metals catalysts has motivated effort for further improvement. Therefore, the 

development of highly active and cost effective catalysts for low-temperature oxidation 

of HCHO is still a major challenge for practical application. The adoption of transition 

metal catalysts for practical abatement of HCHO from the indoor environment critically 

depends on the development of highly active catalysts with the capability to mineralize 

HCHO at low temperature.  

In the last two decades, various transition metal based catalysts have been developed 

and investigated for HCHO oxidation.  Some conventional transition metal-based 

catalysts have been reported to show good catalytic activities for HCHO oxidation. 

Sekine [2] demonstrated the catalytic oxidation of HCHO over metal oxide catalysts. 

Of the investigated catalysts including CoO, MnO2, TiO2, CeO2 and Mn3O4, MnO2 was 

described to exhibit the highest catalytic activity. Generally, metal oxides in the 

conventional bulk form possess low catalytic activity for HCHO oxidation owing to 

inferior surface properties [56].  On the contrary, specially synthesized nanostructured 

transition metal catalysts of similar compositions to their bulk counterparts exhibit 

improved morphologies and surface properties and hence higher activity for HCHO 

oxidation [21, 57].  

As such, current investigations on transition metal-based catalysts are focused on 

improving and developing new materials with enhanced morphologies and structures. 

The structure of these catalysts and their morphologies improve their activity through 

the improvement of parameters such as specific surface area, high surface reducibility, 

porosity, active surface species, active lattice and adsorbed oxygen-containing species, 

and tunnel size and structure [53, 54]. Transition metal-based catalysts for HCHO 
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oxidation found in the literature could basically be classified as single/mono-metal and 

composite or bi-metallic oxides.  

Composite or bimetallic catalysts were shown to exhibit superior catalytic activities 

compared to the corresponding single materials synthesized using similar procedure 

because of synergistic or promotional influence of improved oxidation capabilities 

either through higher surface oxygen mobility, creation of more oxygen vacancy [48, 

58] or enhancing charge transport during redox cycles [59]. To improve oxygen 

vacancy formation in a composite catalysts and reduce the energy requirement for such, 

it was suggested that the dopant should possess weaker M-O bonds, have larger radius 

and possess lower electronegativity [60]. Various composites such as MnOx-CeO2 [48, 

58], Co3O4-CeO2 [51], MnO2-Fe2O3 [61], CuO-MnO2 [51, 61], MnOx-SnO2 [62], 

Co3O4-ZrO2 [63] and Co-Mn oxide [64] have been studied for HCHO oxidation. 

Reviews of the transition metal-based catalysts investigated for HCHO oxidation 

(Chapter 2) revealed that manganese based catalysts are more promising for HCHO 

oxidation. Amongst the various phases of manganese oxide catalysts, Zhang et al.[19] 

demonstrated that birnessite-type managmense oxide (ŭ-MnO2) is the most active 

crystalline phase of MnO2 for HCHO oxidation. Other reports have also demonstrated 

the catalytic activity of ŭ-MnO2 for the oxidation of HCHO [65-67]. Hence, ŭ-MnO2 

would constitute a good low-cost and environmentally benign transition-metal based 

catalyst for further improvement for HCHO oxidation, especially considering the 

natural abundance of manganese and the ease of ŭ-MnO2 synthesis. Its layered structure, 

which contains water molecules and interlayer cations such as K+ and Na+, and the 

presence of edge-sharing MnO6 octahedra containing varying amounts of Mn3+/4+ and 

octahedral vacancies [68], presents a good opportunity for fine tuning its properties and 
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enhancing its catalytic activity. Moreover, despite the good catalytic activity of ŭ-MnO2, 

only not much works have been reported for its modification and enhancement for 

HCHO oxidation. Thus, to bridge this gap and contribute towards the development of 

cost-effective transition-metal based catalysts, this thesis explores the modification of 

ŭ-MnO2 through surface defect engineering using doping technique; the use of oxygen 

carrier; and fine-tuning the concentration of the cations present in its interlayer spaces.  

1.1  Aims and Objectives 

The primary aim of this research was to: 

¶ Develop cost-effective manganese oxide based transition-metal catalysts and 

investigate the properties that are responsible for enhancing their activity for 

low-temperature HCHO oxidation.   

The specific objectives of this research are to:  

¶ Effectively synthesis ŭ-MnO2 catalysts via hydrothermal redox synthesis.  

¶ Improve the catalytic activity of ŭ-MnO2 through defect engineering via doping. 

Investigate the effects of dopants in the generation of surface defects and 

oxygen vacancies, and study the resulting effects of the modification on the 

catalysts physicochemical properties and activity for HCHO oxidation. 

¶ Investigate the effect of bi-metallic doping of ŭ-MnO2 by coupling an effective 

dopants from (ii above) and an oxygen carrier such as CeO2, which are capable 

of transferring their lattice oxygen, on the catalytic activity of ŭ-MnO2. 

¶ Evaluate the role of interlayer cations (K+) on the catalytic activity ŭ-MnO2 for 

HCHO oxidation by modulating its concentration. 
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¶ Evaluate the catalytic activities of the developed catalysts for HCHO oxidation, 

and appraise their physico-chemical properties using characterization 

techniques such as X-ray Diffraction (XRD), X-ray Photoelectron 

Spectroscopy (XPS), Scanning Electron Microscopy (SEM), Transmission 

Electron Microscopy (TEM), Energy-Dispersive Xray Spectroscopy (EDX), 

Fourier Transform Infrared (FTIR), , N2 Adsorption-Desorption Isotherms.H2 

Temperature Programmed Reduction (H2 TPR), Raman Spectroscopy, and 

Inductively Coupled Plasma Mass Spectrometry (ICP-MS).  

¶ Understand the surface reaction mechanism of the catalysts using in-situ 

Diffuse Reflectance Infrared Fourier Transform (DRIFTS) and relate this to the 

properties and catalytic activity of the catalyst.  

1.2  Thesis Structure 

The introduction part of this thesis (Chapter 1) presents a background to this research, 

highlights the motivation for the development of   cost-effective catalysts, the existing 

challenges of transition-metal based catalysts, the rationale, along with the aims and 

objectives of this research. Chapter 2 presents a comprehensive literature review on the 

recent progress in transition-metal based catalysts for HCHO oxidation. The respective 

catalytic activities and factors (both catalytic and reaction system) that affect catalytic 

performance were reviewed. The existing knowledge gaps in the literature with regards 

transition-metal based catalysts for HCHO oxidation were identified. Chapter 3 

investigates the effects of mono-metallic dopants: Co and Cu, on the physico-chemical 

properties and low-temperature oxidation activity of the modified ŭ-MnO2. DRIFTS 

analysis was conducted to understand the inhibition effect of Cu on the catalytic activity 

of ŭ-MnO2. In Chapter 4, the effect of bimetallic doping and the role of CeO2 in the 
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selectivity of CO2, production of secondary pollutant (methanol) and surface reaction 

mechanism of ŭ-MnO2 was investigated. The role of interlayer K+ in the catalytic 

activity of ŭ-MnO2 and the mobility of lattice oxygen was investigated and presented 

in Chapter 5. Lastly, in Chapter 6, the findings and conclusions from this project as well 

as the recommendations for future work are presented. 
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CHAPTER 2 

2 Advances on Transition Metal Oxides Catalysts for Formaldehyde 

Oxidation: A Review 

 

Note. This chapter is a slightly modified version of an earlier publication. Yusuf A, 

Snape C, He J, Xu H, Liu C, Zhao M, Chen GZ, Tang B, Wang C, Wang J, Behera SN. 

Advances on transition metal oxides catalysts for formaldehyde oxidation: A review. 

Catalysis Reviews. 2017 Jul 3;59 (3):189-233  (see Appendix A for permission to reuse) 

 

This chapter focuses exclusively and extensively on the review of the recent 

developments over the past one and half decade on the activity enhancement for low 

temperature HCHO oxidation. The factors that enhance catalytic activity of transition 

metals-based catalysts are discussed, including preparation methods, morphology and 

structure, specific surface area, concentration of surface active oxygen containing 

species, oxygen mobility and metal active sites. The influence of reaction parameters 

such as relative humidity, HCHO concentration and space velocity are also deliberated 

upon. The reaction mechanisms of HCHO oxidation on transition metal oxides and their 

immobilization on suitable substrate materials for application in air purifiers are also 

elaborated and finally areas for further investigations to achieve higher activities at low 

temperatures are proposed. 

As mentioned earlier, recent research efforts have been focused on the utilization and 

efficiency improvement of transition metal based catalysts for low temperature 

oxidation of volatile organic compounds (VOC). Transition metal oxides are relatively 

cheap, abundant and have also been presented to be active for HCHO oxidation at low 

temperatures [21, 64, 69]. Transition metal-based catalysts for HCHO oxidation found 

in the literature could basically be classified as single/mono-metal and composite or bi-
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metal oxides. A summary of both types of catalysts and their activities and conditions 

of test is presented in Table 2.1 and 2.2, respectively.  

2.1 Single Transition Metal Based Catalysts 

2.1.1 Manganese oxide based catalysts 

Manganese oxide is the most widely explored transition metal catalyst for HCHO 

oxidation owing to its high catalytic activity, thermal stability, existence in various 

crystal morphologies such as Ŭ-, ɓ-, ɔ- and ŭ-MnOx [70] and several tunnel assemblies 

(1D tunnels, layered structures such as birnessite and buserite and 3D spinel tunnel 

structures) [71].  Chen et al.[54] studied the influence of tunnel structures of various 

manganese oxide catalysts (pyrolusite, cryptomelane and todorokite) on HCHO 

oxidation. Cryptomelane displayed the highest activity with 100% HCHO oxidation at 

140°C, 400 ppm HCHO concentration, and a space velocity of 18,000 mL/g·h, while 

20 and 40% conversions were attained by pyrolusite and todorokite, respectively, under 

similar reaction conditions. Tunnel size and structure were shown to be the more 

determinant factors affecting the activity than other factors such as specific surface area, 

degree of crystallinity, surface reducibility and average oxidation states of the catalysts. 

Similarly, Zhang et al.[19] attributed the high HCHO catalytic activity of ŭ-MnO2 to its 

interlayer and tunnel structures which help in expediting adsorption and diffusion to 

and from the catalystôs active sites. These results indicate that activity is closely related 

to morphological and structural properties of the catalyst. 

Tian et al.[53] investigated the impact of synthesis temperature on birnessite type 

manganese oxide catalysts. A general trend of catalytic activity rise was observed with 

increasing the synthesis temperature from 80 to 120°C. The catalyst synthesized at 

120°C exhibited the highest activity with a HCHO removal of 100% at 100°C. This 
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observed high activity was attributed to higher surface reducibility, specific surface area, 

crystallinity and porosity compared to other catalysts synthesized at different 

temperatures. Wang et al.[72] studied the effect of water molecules on the activity of 

birnessite manganese for HCHO oxidation at room temperature and indicated that 

activity depends on the amount of both adsorbed water molecules and interlayer 

hydroxyl and water molecules present in the catalyst. Interestingly, as the drying 

temperature increases from 30 to 500°C, so do the specific surface area, but the water 

molecule content and activity dramatically decrease as displayed in Figure 2.1. This 

result indicates that the activity of birnessite is more a function of the interlayer water 

molecule content than specific surface area. The presence of water molecules enriches 

adsorption of HCHO molecules on, conversion and desorption of intermediates from 

the catalystôs surface.  

Furthermore, the effect of manganese vacancy (VMn) on the activity of birnessite-type 

MnO2 was studied [73]. It was found out that the presence of VMn improves the content 

of the surface adsorbed oxygen containing species facilitated by the presence of 

interlayer K+, which helps in charge imbalance compensation caused by the created 

vacancy. The effect of surface pores created by the modification of birnessite-MnO2 

with nitric acid and tetra ammonium hydroxide on HCHO oxidation was also 

investigated [66]. The created defects, as proposed by the authors, served as sites for 

activation of molecule oxygen and water, hence resulting in the increased density of 

active surface oxygen species and activity of the modified catalyst.  
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Figure 2.1. Effect of birnessite calcination temperature on HCHO oxidation activity at 

RT [72] 

Tian et al.[55] also examined the effect of synthesis reaction temperature on the 

catalytic activities of various cryptomelane manganese octahedral molecular sieve K-

OMS-2 catalysts. The K-OMS-2 nanoparticle catalyst prepared at room temperature 

exhibited a higher catalytic activity compared to K-OMS-2 nanorod structured catalyst 

prepared at 100°C. The former attained 64% HCHO conversion at the reaction 

temperature of 100oC was due to the existence of a higher proportion of pore channels 

compared to the 10% accomplished by the latter under the same reaction conditions. 

Tian et al.[36] studied the relationship between textural properties and catalytic activity 

of the cryptomelane manganese oxide catalyst, and revealed that a resultant increase in 

textural properties (specific surface area and pore volume) as a result of synthesis 

temperature increment from 15 to 70°C led to a dramatic improvement in catalytic 

activity.  

Three dimensional MnO2 (3D MnO2) catalysts prepared via nanocasting route using 

KIT-6 hard template which retain the mesoporous properties of the template were 

shown to be promising for HCHO oxidation [74]. The mesoporous structure, high 

specific surface area and large number of surface active Mn4+ ions enhanced its high 
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activity compared to the corresponding Ŭ-MnO2 and ɓ-MnO2 nanorod catalysts. 

Complete HCHO oxidation to H2O and CO2 was accomplished at 130°C with 3D MnO2 

while same conversion rate was achieved at 140°C and 180ÁC respectively with Ŭ- 

MnO2 and ɓ- MnO2 under similar reaction conditions. This indicates that activity is 

closely related to morphological structures of the catalyst. The catalytic activities of Ŭ, 

ɓ, ɔ and ŭ phase structures of MnO2 were investigated by Zhang et al.[19] and the 

following order of activity for complete HCHO oxidation was established:  ŭ- > Ŭ- > 

ɔ- > ɓ- MnO2. Complete HCHO oxidation was attained at 80ÁC by ŭ-MnO2. Its high 

activity was a result of its abundant amount of active lattice oxygen species and 2D 

layer structure, the latter of which enables easy adsorption and diffusion of HCHO. 

Chen et al.[21] prepared mesoporous hollow and honeycomb structured KxMnO2 

nanospheres. The former displayed higher activity of up to 100% HCHO degradation 

at 80°C, while the latter attained similar conversion at 100°C under similar reaction 

conditions. Catalytic activity of hollow structured KxMnO2 nanospheres was attributed 

to its porosity and the ability to retain HCHO in its pores for a longer period compared 

to honeycomb structured catalyst. Zhou et al.[75] examined the catalytic activity of 

various structures of Mn and the following order of decreasing activity was established 

at reaction temperature below 120°C: cryptomelane Mn2O > birnessite Mn2O > 

ramsdellite Mn2O >monoclinic MnOOH. However, birnessite turns out to exhibit better 

activity for complete HCHO oxidation at higher temperature, achieving 100% 

conversion at 140°C while cryptomelane at 160°C under similar conditions. This was 

possibly a result of weakened HCHO adsorption on cryptomelane at lower temperature 

as suggested by the authors.  
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2.1.2 Cobalt oxide based catalysts 

Cobalt oxide is another important transition metal-based oxide that has recently been 

attracting attention for low temperature VOC catalytic applications. Similar to MnOx, 

Co3O4 also exhibit various morphologies which include nanofibers [76], nanosheets, 

nanocubes, nanorods [77] and the morphologies influence its catalytic activity through 

the exposure of catalytically active surface sites [57]. The activity of Nano-, 2D- and 

3D-Co3O4 structures for complete HCHO oxidation was compared and the following 

order of reactivity was established: 3D-Co3O4 > 2D-Co3O4 > nano-Co3O4 [57]. The 

superior performance of 3D and 2D-Co3O4 was ascribed to their mesoporous channel 

structure which enables easy diffusion of reactants to undergo reaction on the active 

surface compared to the non-porous nano-Co3O4; in addition, the best performance of 

3D-Co3O4 was closely related to its abundant surface oxygen species, large specific 

surface area and exposed active Co3+ species on the (2 2 0) crystal face. Similarly, Ma 

et al.[51] indicated that 2D- Co3O4 composed mainly of active Co3+ species on the (1 1 

0) facet was able to achieve 20.3% HCHO oxidation at room temperature. 

Fan et al.[69] investigated the effect of precipitants on the activity of Co3O4 catalysts. 

The catalysts produced from carbonates and bicarbonates displayed better textural 

properties and superior catalytic activities. The catalyst produced from KHCO3 reached 

100% HCHO conversion at 90°C, compared to 120°C and 130°C for those prepared 

from KOH and NH3·H2O, respectively. Recently, Wu et al.[76] described the utilization 

of porous Co3O4 nanofibers prepared by spiral electrospinning and controlled 

calcination (500°C) as highly active catalysts for HCHO oxidation. Complete oxidation 

was accomplished at 98°C under a space velocity of 30,000 mL/g·h and it was shown 

to be highly stable for up to 160 hrs. Its activity was attributed to its high specific surface 

area and large pore volume which provided more active sites for the reaction.  
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Despite the reported influence of morphological structure on the activity of Co3O4 based 

catalysts, very few structures have been exploited for HCHO oxidation. There is 

therefore the need for further work to investigate other structures such as nano-sheets, 

nano-cubes, nano-rods and the extent to which they can influence properties such as 

specific surface area, porosity and exposure of active metal sites and oxygen species 

for improved low temperature HCHO oxidation. 

2.1.3 Other metal oxides 

Beside manganese and cobalt based catalysts, other metal oxides have been investigated 

in the literature. Xia et al.[56] synthesized 3D ordered rhombohedra Cr2O3 using 

assisted ultrasound nanocasting in the presence of 3D mesoporous silica (KIT-6) as 

template. They were shown to also exhibit good catalytic activity, achieving up to 90% 

HCHO conversion at 117°C. The ultrasound assisted synthesis played a major role in 

improving the characteristics and activity of the catalyst compared to similar catalysts 

synthesized in the absence of ultrasound. Huang et al.[78] first recounted the use of 

bifunctional Eu-doped CeO2 with both thermal- and photo-catalytic oxidation 

capabilities for HCHO oxidation. Doping Eu onto CeO2 dramatically enhanced its 

HCHO oxidation activity and complete oxidation temperature was reduced from 310°C 

on pure CeO2 to 120°C on 4% Eu doped CeO2. Catalytic activity was promoted through 

more oxygen vacancy created on the surface of CeO2, greater redox ability, more 

abundant surface active Ce3+ and enhanced surface reaction. The created defects 

provide more sites for oxygen activation hence providing more active surface oxygen 

species for reaction. In addition, the catalysts exhibited an outstanding stability of up to 

100 hrs on stream without any sign of deactivation.  
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Similarly, Zeng et al.[79] demonstrated that hydrogenation treatment of TiO2 and C-

TiO2 improved their activity through the creation of more surface oxygen vacancy and 

surface hydroxyl groups. The untreated catalysts virtually displayed no activity for 

HCHO oxidation in a static chamber reaction after 4 hrs at room temperature in the 

absence of light illumination, while the treated catalysts including H-TiO2 and H-C-

TiO2 were able to respectively attained 53% and 57% conversion under similar reaction 

conditions.   

In general, manganese and cobalt based catalysts were demonstrated to be active 

compared to other transition metals catalysts for HCHO oxidation. However, not much 

work has been done on other transition metals. In order to explore their full potentiality 

as viable catalysts, further work is needed to explore their utilization for low 

temperature HCHO oxidation. In addition, more work is required to explore the 

application of surface oxygen vacancy creation using various dopants to improve 

oxygen activation ability of metal oxide catalysts and enrich their active surface oxygen 

content to improve low temperature reaction. 

Table 2.1. Single transition metal catalysts 

Catalyst Preparation 

method 

Reaction conditions 1HCHO conversion 

T100 

Reference 

Birnessite Hydrothermal 

synthesis using 

surfactant (SDS) 

100 mg, 460 ppm, 

purified air, 30,000 

ml/g.h 

100% at 100°C [53] 

Birnessite Redox Reaction of 

KMnO4 and 

Ammonium oxalate 

100 mg, 40 ppm, air, 

120,000 ml/g.h, 80% RH 

90% at 96°C [73] 

Birnessite Surface modification 

of birnesite with 

nitric acid and 

Tetraammonium 

hydroxide  

100 mg, 200 ppm, air, 

120,000 ml/g.h, 45% RH  
HCHO 

conversion/removal 

[66] 

Todorokite  Na-Birnesite 

followed by MgCl2 

hydrothermal 

treatment 

200 mg, 400 ppm, 10.0% 

O2, 18,000 ml/g.h 

1100% at 100°C [54] 

Pyrolusite  Redox hydrothermal 

synthesis 

200 mg, 400 ppm, 10.0% 

O2, 18,000 ml/g.h 

190% at 96°C [54] 

K-OMS-2 

nanoparticle  

Soft chemistry 

(KMnO4 and benzyl 

alcohol) using 

100mg, 460 ppm, 

purified air, 20,000 

ml/g.h, 

1100% at 100°C [55] 
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surfactant (CTAB) at 

25°C 

K-OMS-2 nanorod  Soft chemistry 

(KMnO4 and benzyl 

alcohol) using 

surfactant (CTAB) at 

100°C 

100mg, 460 ppm, 

purified air, 20,000 

ml/g.h, 

1100% at 160°C [55] 

K-OMS-2 nanorods  Sol-gel synthesis at 

70°C 

100 mg, 460 ppm , 21% 

O2, 30,000 ml/g.h 

1100% at 180°C [36] 

K-OMS-2 

nanoparticles  

Sol-gel synthesis at 

15°C 

100 mg, 460 ppm , 21% 

O2, 30,000 ml/g.h 

164% at 100°C. 

 

[36] 

OMS-2  Redox reaction 200 mg, 500 ppm, 10% 

O2, 30,000 ml/g.h 

110% at 100°C [45] 

3D-MnO2 

mesoporous 

Nanocasting: KIT-6 

hard template 

200 mg, 400 ppm, 20% 

O2, 30,000 ml/g.h 

1100% at 200°C [74] 

Ŭ-MnO2 nanorods Redox-hydrothermal 

synthesis 

200 mg, 400 ppm, 20% 

O2, 30,000 ml/g.h 

154% at 200°C [74] 

ɓ-MnO2 nanorods Redox-hydrothermal 

synthesis 

200 mg, 400 ppm, 20% 

O2, 30,000 ml/g.h 

1100% at 120°C [74] 

8.86% 

MnO2/celloluse 

(nanosheet 

birnessite) 

KMnO4 

impregnation 

followed by oleic 

acid reduction 

60 mg, 100 ppm, 20% O2, 

50, 000/h 

1100% at 130°C [80] 

Birnessite 

nanospheres 

KMnO4-oleic acid 

hydrothermal 

reduction 

50 mg, 100 ppm, 20% O2, 

50,000/h 

1100% at 140°C [75] 

Cryptomelane  

nanorods 

KMnO4-oleic acid 

hydrothermal 

reduction 

50 mg, 100 ppm, 20% O2, 

50,000/h 

1100% at 180°C [75] 

Ramsdellite 

nanorods 

KMnO4 oleic acid 

hydrothermal 

reduction 

50 mg, 100 ppm, 20% O2, 

50,000/h 

2100% at 140°C [75] 

Monoclinic MnOOH KMnO4 oleic acid 

hydrothermal 

reduction 

50 mg, 100 ppm, 20% O2, 

50,000/h 

2100% at 140°C [75] 

KxMnO2 

mesoporous hollow 

nanospheres 

Low concentration 

KMnO4-oleic acid 

reduction 

50 mg, 100 ppm, 20% O2, 

50,000/h  

295.1% at 140°C [21] 

KxMnO2 

mesoporous 

honeycomb 

nanospheres 

High concentration 

KMnO4-oleic acid 

reduction 

70 mg, 100 ppm, 20% O2, 

50,000/h (GHSV) 

287.2% at 140°C [21] 

Birnessite  Facile redox-reaction 50 mg, 200 ppm, 

synthetic air, static 

reactor 

290.1% at 140°C [72] 

Ŭ-MnO2 Hydrothermal 

synthesis 

60 mg, 170 ppm, 20% O2, 

25% RH, 100,000 mL/g.h 

2100% at 80°C [19] 

ɓ-MnO2 Hydrothermal 

synthesis 

60 mg, 170 ppm, 20% O2, 

25% RH, 100,000 mL/g.h 

2100% at 85°C [19] 

ɔ-MnO2 Hydrothermal 

synthesis 

60 mg, 170 ppm, 20% O2, 

25% RH, 100,000 mL/g.h 

2100% a(25°C,12h) [19] 

ŭ-MnO2 Hydrothermal 

synthesis 

60 mg, 170 ppm, 20% O2, 

25% RH, 100,000 mL/g.h 

1100% at 125°C [19] 

Spinel Co3O4 Precipitation with 

KHCO3 

100 mg, 100 ppm, 21% 

O2, 69,000/h 

1100% at 200°C [69] 

Spinel Co3O4  Precipitation with 

NH4HCO3 and 2% 

K2CO3 treatment 

100 mg, 100 ppm, 21% 

O2, 69,000/h 

1100% at 150°C [69] 

Spinel Co3O4  Precipitation with 

KOH 

100 mg, 100 ppm, 21% 

O2, 69,000/h 

1100% at 80°C [69] 

Spinel Co3O4 Precipitation with 

NH3.H2O 

100 mg, 100 ppm, 21% 

O2, 69,000/h 

1100% at 90°C [69] 

3D- Co3O4 Nanocasting: KIT-6 

hard template 

200 mg, 400 ppm, 20% 

O2, 30,000 ml/g.h 

1100% at 90°C [57] 
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2D- Co3O4  Nanocasting: SBA-

15 hard template 

200 mg, 400 ppm, 20% 

O2, 30,000 ml/g.h 

1100% at 120°C [57] 

Nano- Co3O4 Precipitation with 

Na2CO3 

200 mg, 400 ppm, 20% 

O2, 30,000 ml/g.h 

1100% at 130°C [57] 

3D- Co3O4 Nanocasting: KIT-6 

hard template 

200 mg, 100 ppm, 20% 

O2 , 30,000/h 

1100% at 130°C [46] 

3D-Cr2O3 (400°C) Nanocasting: KIT-6 

hard template 

100 mg, 500 ppm, 30,000 

mg/g.h,  

1100% at 150°C [56] 

2D- Co3O4  Nanocasting: SBA-

15 hard template 

100 mg, 200 ppm, 22% 

O2, 55,000/h 

1100% at 230°C [51] 

Co3O4 nanofibers spiral 

electrospinning 

synthesis, calcined at 

500°C 

100 mg, 400 ppm, 20% 

O2, 30,000 mL/g.h 

1100% at 110°C [76] 

4% Eu doped-CeO2 

nanosheets 

Anodic 

electrodeposition of 

Eu onto CeO2 

200 mg, 50 ppm, 25% O2, 

30,000mL/g.h,  

190% at 117°C [78] 

H-TiO2 Hydrothermal 

synthesis 

100 mg, 100 ppm, air, 

static reactor 

120.3% at 25°C [79] 

1 Conversion = [CO2]  out / [HCHO] in 
2 Removal = ([HCHO] in - [HCHO] out) / [HCHO] in 
3 RH - relative humidity 
4 Indicates the reaction temperature and time taken to reach such conversion in a static reactor. 

2.2 Transition Metal -based Composites/Mixed Oxides 

Transition metal-based composites have been widely applied in control of pollutants 

such as CO [81, 82], and ammonia [83]. Composite catalysts for HCHO degradation 

have also been investigated and reported in the literature. These catalysts are generated 

by co-synthesis of two transition metals oxides or the addition of other metal oxides 

either by co-precipitation [48, 58] or by improved synthesis methods such as 

nanocasting [51]. Composite catalysts were shown to exhibit superior catalytic 

activities compared to the corresponding single materials synthesized using similar 

procedure because of synergistic or promotional influence of improved oxidation 

capabilities either through higher surface oxygen mobility, creation of more oxygen 

vacancy [48, 58] or enhancing charge transport during redox cycles [59]. To improve 

oxygen vacancy formation in a composite catalysts and reduce the energy requirement 

for such, it was suggested that the dopant should possess weaker M-O bonds, have 

larger radius and possess lower electronegativity [60].   Various composites such as 

MnOx-CeO2 [48, 58], Co3O4-CeO2 [51], MnO2-Fe2O3 [61], CuO-MnO2 [51, 61],  
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MnOx-SnO2 [62], Co3O4-ZrO2 [63] and Co-Mn oxide [64] have been studied for HCHO 

oxidation.  

2.2.1 MnO x-CeO2 composites 

The composites of Mn and Ce oxides were shown to be active for HCHO oxidation 

owing to the synergistic effect of Mn high activity and O2 storage capacity of ceria. In 

addition, the composites aid in attaining higher oxidation states for Mn [81, 84] which 

is vital for HCHO oxidation [59]. Formation of solid solution between Mn and Ce is 

also critical to achieving synergistic influence through O2 transfer mechanism [48, 58]. 

The optimum Mn-Ce molar ratio (Mn/(Mn + Ce)) for achieving solid solution was 

shown to be in the range of 0.3 to 0.5, with 0.5 molar ratio being the optimum 

composition [48, 58, 85] and the solubility limit for the substitution of Ce ions by Mn 

ions [52].  

Tang et al.[58] indicated the manifestation of synergy in MnOx-CeO2 solid solution 

composite, compared to pure MnOx and CeO2, enables the composite to attain complete 

HCHO conversion at lower temperature (100°C). The synergy was attained through a 

series of redox cycles (Mn4+/ Mn3+ and Ce4+/ Ce3+) involving the activation of feed 

stream molecular oxygen by Ce and its transfer to Mn. The optimum calcination 

temperature for solid solution stability was demonstrated to be 550°C, above which 

activity decreased because of phase segregation. In another investigation, Tang et al.[48] 

further underscored that above Mn-Ce molar ratio of 0.5, MnOx crystallized out of the 

solid solution, with a consequent drastic reduction in catalytic activity, which is in 

conformity with the findings of Li et al.[85]. However, much higher total 

decomposition temperature of 270°C was reported by Li et al.[85] for Mn0.5Ce0.5O2. 

Nonetheless, the catalysts were able to totally degrade HCHO at room temperature in 
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the presence of 506 ppm ozone (O3) in the feed stream. The ozone molecules enhance 

the reaction by dissociating on the catalystôs surface and providing enough atomic 

oxygen species to drive the reaction [85]. 

Quiroz et al.[52] studied the impact of acid treatment over MnOx-CeO2 composite for 

HCHO oxidation. Their results indicated that the treatment had no pronounced effect 

on the textural and redox properties of the composites within the solubility limit of Mn 

(Mn molar ratio Ò 0.5) in CeO2. However, at higher Mn molar ratio (0.7 and 1) when 

MnO2 began to crystallize out of the solid solution, significant improvement in catalytic 

activity was observed owing to the increased specific surface area and higher oxidation 

state of surface Mn. It is important to mention that while textural properties of the solid 

solution were not altered by the acid treatment, the oxygen transfer ability of CeO2 was 

significantly hampered by the formation of Ce(SO4)2 resulting into a drastic reduction 

in activity. Therefore, acid treatment has positive effects on pure MnO2 and an 

inhibitive effect on the synergy of the solid solution composites.  

The modification of birnessite-structured MnO2 with ceria for HCHO oxidation was 

also reported in the literature [86]. The incorporation of cerium ions inhibited the 

growth of MnO2 crystals leading to particle size reduction and increase in specific 

surface area, as the amount of doped ceria increases. The doping led to the increase in 

the amount of oxygen vacancies and the rate of molecular oxygen activation into 

surface adsorbed oxygen species (O2
-, O- or terminal OH [73]). The catalyst with the 

highest ratio of surface adsorbed oxygen to lattice oxygen exhibited the best catalytic 

performance. At higher ceria doping (Ce-MnO2 5:10), the birnesitte structure collapsed 

leading to decrease in catalytic activity.   



20 

 

Tang et al.[48] further demonstrated that impregnating Pt on MnOx-CeO2 composite 

significantly improved its activity by attaining 100% HCHO degradation at room 

temperature. It is noteworthy to mention that the formed composite (Pt/MnOx-CeO2) 

was prone to deactivation with increasing HCHO concentration. Its activity dropped 

from 100% conversion at 30 ppm to 54% in the presence of 580 ppm HCHO at room 

temperature as shown in Figure 2.2. Meanwhile the same authors [58] showed that 

MnOx-CeO2 composite was stable for complete HCHO oxidation over 48 hrs without 

any sign of deactivation at similar concentration. It should however be noted that the 

latter experiment was conducted at 100°C and the high temperature could aid the 

decomposition of intermediate species while the former was conducted at room 

temperature. Supposedly Pt might be prone to deactivation by HCHO at higher 

concentration, which needs to be investigated in future. 

 

Figure 2.2. Effect of HCHO concentration on Pt/MnOx-CeO2 activity at 25°C [48] 

2.2.2 Co3O4-CeO2 composites 

Ma et al.[51] investigated the oxidation of HCHO at room temperature on 2D-Co3O4-

CeO2 composites. They revealed that no synergy or activity improvement was realized 
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by the formed 2D-Co3O4-CeO2 composites and that 2D-Co3O4 was more active than the 

composites with respective HCHO conversions of 20.3% and 13.2% at room 

temperature. It should however be noted that no solid solution formation was observed 

in the 2D-Co3O4-CeO2 composites, which is a phenomenon reportedly required for 

achieving synergy through ceria O2 transfer mechanism [48, 58]. The incorporation of 

Au in the composite (2D-Au/Co3O4-CeO2) improved the composites activity to 50% 

HCHO conversion at room temperature by promoting desorption of surface active 

oxygen species [51]. Liu et al.[50] presented the evidence of solid solution formation 

in 3D ordered macroporous (3DOM) CeO2-Co3O4 catalysts with low loading of Co3O4. 

However, the 3D-CeO2-Co3O4 catalysts with various Ce-Co molar ratios were shown 

to possess low catalytic activities. Loading Au particles (3 wt. %) on the composites 

dramatically improved their catalytic activities, and in fact all the Au supported 

composites were able to completely convert HCHO into CO2 and H2O below 65°C. The 

composites (3D Au/CeO2-Co3O4), with lower Co content in CeO2-Co3O4 in the region 

solid solution, presented better activity in this study. When higher Co molar ratios was 

employed, segregation between CeO2 and Co3O4 occurred, which led to weaker 

interaction and thus reduced the activity of the Au/CeO2-Co3O4 catalysts.  

2.2.3 Co-Mn oxides Composites 

The composites of Co and Mn oxides were also studied and shown to be more active 

than the individual pure oxide for HCHO complete oxidation [87]. Favorable synergy 

was obtained due to the abundant surface adsorbed oxygen species generated by the 

oxygen vacancies created in the Co-Mn oxides solid solution. Textural and redox 

properties were also shown to be affected by the synthesis method employed. Co-

precipitation synthesis produced a more active catalyst with higher specific surface area, 

more amount of adsorbed surface active oxygen species and surface active manganese 
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(Mn4+) that completely oxidized HCHO at 75°C compared to 100°C on that synthesized 

using sol-gel method.  

Wang et al.[64] further studied the efficiency of the cycling ñstorage-oxidationò process 

for HCHO degradation using 3D ordered mesoporous Co-Mn oxides composite 

synthesized using KIT-6 template and that of Co-Mn oxides composite synthesized 

using co-precipitation. During the storage process, the catalysts were first exposed to a 

feed stream of O2 and HCHO; subsequently, the stored HCHO was oxidized in a flow 

of O2 at elevated temperature to evaluate its activity. The 3D-Co-Mn oxides composite 

was shown to have superior storage capacity of up to 0.8 mmol/g-catalyst and HCHO 

complete oxidation temperature of 70°C, compared to the storage capacity of 0.428 

mmol/g-catalyst and HCHO complete oxidation temperature of 75°C respectively 

achieved by co-precipitated Co-Mn oxides composite. The excellent activity of 3D-Co-

Mn oxides composite was attributed to its larger specific surface area and ordered 

mesoporous structure. Lu et al.[88] studied HCHO oxidation over MnOx-Co3O4-CeO2 

composites and found out that the incorporation of MnOx into Co3O4-CeO2 greatly 

improved its textural properties and the amount of available surface active oxygen 

species, resulting in an improvement in catalytic activity. 

2.2.4 Other composite catalysts 

Other composites such as MnOx-SnO2 [62] and zirconia supported cobalt oxide 

catalysts [63] have been reported in the literature. Wen et al.[62] showed that the redox 

properties of MnOx-SnO2, which were in turn influenced by the preparation method, 

played a crucial role in determining its activity. Their experimental results highlighted 

that higher oxidation states of Mn were more active in HCHO oxidation. The dominant 

oxidation state of Mn in the composite synthesized using redox co-precipitation was 
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Mn4+ while Mn3+ was the main state in the co-precipitated composite, which accounted 

for the difference in their activities as shown in Table 2.2.  

Table 2.2. Transition metal composite catalysts for HCHO oxidation 

Catalyst Preparation method Reaction conditions HCHO 

conversion 

Reference 

MnOx-CeO2 2(M.R 

= 0.5) 

Co-precipitation 
1(500°C) 

200mg, 580 ppm, 18% O2, 

21,000 mL/g.h  

1100% at 100°C [58] 

MnOx-CeO2 

2(M.R = 0.5) 

Co-precipitation 200mg, 580 ppm, 20% O2, 

30,000 mL/g.h  

190% at 90°C [48] 

Mn0.5Ce0.5O2  Co-precipitation 300 mg, 33 ppm, 21% O2, 

10,000/h 

2100% at 270°C [85] 

Mn0.5Ce0.5O2  Co-precipitation 300 mg, 61 ppm, 21% O2/506 

ppm O3, 10,000/h 

2100% at 25°C [85] 

MnOx-CeO2 2(M.R 

= 0.5) 

Co-precipitation 200mg, 580 ppm, 20% O2, 

30,000 mL/g.h 

1100% at 125°C [84] 

Ce-MnO2 Redox reaction of 

KMnO4 and 

Ammonium oxalate 

with Cerium nitrate 

100 mg, 190 ppm, air, 90 

L/g.h 

1100% at 100°C [86] 

3D-CeO2- Co3O4 

(2.5:1, Ce/Co) 

Nanocasting: 3D-PS 

hard template 

200 mg, 8 ppm, purified air,  

15,000 mL/g.h 

1100% at 155°C [50] 

Co-Mn 4(3:1) Co-precipitation 80 ppm, 21% O2, 50% 5RH, 1100% at 75°C [87] 

3D-Co-Mn 4(3:1) Nanocasting: KIT 6 

Hardtemplate 

250 mg, 80 ppm, 21% O2, 

50% 5RH, 36,000/h 

1100% at 70°C [64] 

MnOx-Co3O4-

CeO2 

Sol-gel synthesis 50 mg, 200 ppm, 21% O2, 

36,000 ml/g.h 

1100% at 100°C [88] 

MnOx-SnO2 Redox co-precipitation 200 mg, 400 ppm,  10% O2, 

30,000 ml/g.h 

1100% at 180°C [62] 

MnOx-SnO2 co-precipitation 200 mg, 400 ppm,  10% O2, 

30,000 ml/g.h 

1100% at 220°C [62] 

GrapheneīMnO2 

hybrid 

Graphene treatment 

with KMnO4 (redox) 

100 mg, 100 ppm, purified 

air, 30,000 mL/g.h 

1100% at 65°C [59] 

1 Conversion = [CO2]  out / [HCHO] in 
2 Removal = ([HCHO] in - [HCHO] out) / [HCHO] in 
3 RH - relative humidity 

This is in agreement with other reported literatures for the active state of Mn for HCHO 

oxidation [58, 74]. Lu et al.[59] investigated the catalytic performance of graphene-

MnO2 (G-Mn) hybrid for complete oxidation of HCHO. The G-Mn hybrid catalyst 

achieved complete HCHO degradation at 65°C, compared to 140°C for pure MnO2 and 

the completely inactive graphene (G) nanosheets. The hybrid system exposed more 

Mn4+ active sites, enhanced charge transport during Mn redox cycle and offered a larger 

amount of surface OH· species which eased HCHO oxidation and improved activity. 
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2.3 Catalyst Immobil ization on Porous Materials for practical HCHO 

Oxidation 

For practical applications, deployment of powdered form materials especially 

nanosized, gives rise to engineering challenges such as dust contamination and 

nanoparticle leaching in flue gas streams [80]. Therefore, catalysts immobilization on 

porous materials with low air pressure drop is considered viable for air purification 

processes. A variety of porous materials with low air resistance including polyethylene 

terephthalate (PET) [18], polyester particulate filter [89] and porous cellulose fiber [80] 

have been used as supporting materials for immobilizing nanoparticle catalysts for 

HCHO oxidation.  

A summary of the activity of these immobilized catalysts is presented in Table 2.3. 

Wang et al.[18] reported the in-situ coating of ŭ-MnOx nanosheet on the surface of PET 

first through surface reaction followed by in-situ deposition. The formed composite 

which is light with low air resistance and high specific surface area, proved highly 

active and stable for low concentration HCHO (0.6 mg/m3) oxidation at room 

temperature for 10 hrs. Sidheswaran et al.[89] supported Mn based catalyst with 84% 

nsutite, 2% cryptomelane and 13% manjiroite composition on the surface of a thin 

polyester particulate filter for heating ventilation and air conditioning (HVAC) and 

evaluated its performance for HCHO degradation. Experimental results indicated that 

stable single pass HCHO oxidation with over 80% conversion efficiency at room 

temperature was achieved continuously for 35 days for both high and low face 

velocities close to typical building air ventilation systems. 
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Table 2.3. Immobilized transition metal catalysts for HCHO oxidation 

Catalyst Preparation method Reaction conditions HCHO 

conversion 

Reference 

ŭ-MnO2/PET Redox-precipitation 500 mg, 0.6 mg/m3 HCHO, 

purified air, 50% RH, 17,000/h 

GHSV 

94% at 25°C [18] 

8.86 wt% 

MnO2/cellulose 

fiber 

KMnO4 impregnation 

of cellulose fiber 

followed by oleic acid 

treatment 

5 mg, 100 ppm HCHO, 20 vol % 

O2, 

50 000/h GHSV 

99.1% at 

140°C 

[80] 

Birnessite/AC  KMnO4 reduction of  200 mg, 400 ppm, synthetic air, 

(static reactor) 

100% 
1(25°C,7h) 

[90] 

ŭ-MnO2/AC Redox co-precipitation 100 mg, 150 ppm, pure air, (static 

reactor) 

100% 
1(25°C,9h) 

[70] 

1 Indicates the reaction temperature and time taken to reach such conversion in a static reactor 

Zhou et al.[80] likewise demonstrated an in situ deposition of MnO2 nanosheets on 

cellulose fiber composite (8.86 wt.% MnO2/cellulose fiber) and showed that even 

though birnessite powder is slightly more active than the composite (100% and 99.1% 

at 140°C, respectively), the composite is about 19 times more active in terms of HCHO 

conversion per mg of MnO2. However, the observed difference could supposedly be 

attributed to the adsorption capacity of cellulose fiber and not necessarily HCHO 

conversion as CO2 generation/adsorption and catalytic activity of the cellulose fiber 

were not monitored in the experiment. Li et al.[90] and Dai et al.[70] utilized AC for 

immobilizing birnessite-MnO2 and ŭ-MnO2 respectively. In both cases, HCHO was 

completely converted into CO2 in a static reaction chamber.  

However, the mechanisms in both cases were such that the concentration of HCHO 

sharply dropped in the first 60 mins with little corresponding CO2 generation, possibly 

indicating that the molecules were actually adsorbed onto the surface of AC. The 

adsorbed molecules were consequently and slowly converted into CO2 after 6 hrs on 

birnessite-MnO2/AC [90] and 9 hrs on ŭ-MnO2/AC [70] as shown in Figure 2.3 (a) and 

(b). In contrast, simultaneous HCHO conversion and CO2 generation were observed 

over modified birnessite with manganese vacancies and up to 81.7% conversion was 

attained in the first one hour of the static experiment [73]. This indicates that the HCHO 
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is instantaneously converted into CO2, as opposed to the AC supported birnessite [70, 

90] in which the HCHO is adsorbed onto the AC and subsequently converted over time.  

Few immobilized transition metal-based catalysts for HCHO oxidation have been 

reported as presented in Table 2.3; therefore, further investigations are required to 

evaluate more effective substrate materials for immobilization and to understand their 

interactions with the catalysts and effectiveness for practical application in air 

purification process. In addition, these materials need to be tested under indoor 

conditions in air purifiers or HVAC systems and evaluate the effect of conditions such 

as particle leaching, dust contamination, relative humidity and temperature variation, 

on the effectiveness and stability of these materials.  
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Figure 2.3. Concentration variation of HCHO and CO2 formation in a static 

experiment: (a) over birnessite-MnO2/AC [90] and (b) over ŭ-MnO2/AC [70] 

2.4 Influence of Catalyst Based Factors on HCHO Oxidation Efficiency 

The effectiveness of HCHO oxidation process is majorly related to the 

activity/reactivity of the catalyst deployed and other reaction parameters such as 

temperature, concentration, space velocity, catalyst mass and relative humidity. 

Catalytic activity is in turn influenced by a number of physicochemical properties 

which include structure and morphology, preparation or synthesis method, degree of 

crystallinity, surface reducibility, specific surface area, amount of active oxygen species 

and active metal sites [53].  A combination of these properties is decisive for high 

catalytic activity and for an effective HCHO degradation at low reaction temperature.  
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2.4.1 Influence of synthesis methods and conditions on textural 

properties, morphology and activity 

Several conventional preparation methods can be used to synthesize catalysts for 

HCHO oxidation including sol-gel method [55], precipitation and co-precipitation [58, 

89]. Recent researches have mainly focused on improving and modifying catalysts 

preparation methods to enhance their performance and catalytic activities through the 

utilization of synthesis techniques such as hydrothermal synthesis [75], electrospinning 

[76], electrodeposition [78] and hard template nanocasting [57, 74].  

Synthesis methods and reaction conditions are able to tailor catalystsô textural and 

surface properties, structures and morphologies and hence influence their catalytic 

activity [36, 53]. For instance, the utilization of ultrasound assisted nanocasting of 3D-

Cr2O3 using KIT-6 as template helps improve the penetration of precursor materials 

into the mesoporous structure of KIT-6, which proved efficient in enhancing its specific 

surface area, pore volume and mesoporousity compared to 3D-Cr2O3 synthesized 

without the aid of ultrasound [56]. Zhang et al.[19] highlighted that by varying reaction 

conditions in a hydrothermal synthesis, various crystal structures of MnO2 including 

(Ŭ- and ŭ-MnO2) and (ɓ- and ɔ-MnO2) with entirely different properties can respectively 

be produced from the same starting materials.    

Reaction temperatures in hydrothermal synthesis have a tremendous effect on 

morphology and structural evolution of structured manganese catalysts. Tian et al.[53] 

highlighted that the reaction temperature greatly affects the crystallinity, surface 

reducibility, specific surface area and activity of birnessite structured manganese oxide 

catalysts. At low reaction temperature of 80°C, poorly crystalline birnessites were 

produced as indicated by weak XRD peaks, whilst t the birnessites were transformed to 

well-crystalline structures when reaction temperature increased to 100oC thereby 
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increasing its activity. However, higher temperature (140°C) led to decomposition of 

the birnessite structure as a result of excessive reduction of Mn7+ by benzyl alcohol 

during the synthesis. Zhou et al.[75] also observed that birnessites structure obtained at 

120°C synthesis temperature transformed into monoclinic MnOOH at 150°C and 

eventually collapsed into 1D MnOOH nanorods at 180°C. Similarly, a correlation 

between reaction temperature and catalystôs morphology for cryptomelane-type 

manganese octahedral molecular sieve (K-OMS-2) was reported by Tian et al.[55]. The 

morphologies of the K-OMS-2 catalysts changed from nanoparticles at room 

temperature to nanorods at reaction temperatures of 80-100°C and to nanowires at 

120°C.  

Tian et al.[36] reported that essential properties of cyptomelane catalyst such as 

morphology, crystallinity, specific surface area and pore structure could be tailored by 

manipulating the hydrothermal synthesis temperature. Increasing synthesis temperature 

dramatically raised the crystallinity and textural properties of the catalyst. However, 

too high temperatures diminished crystallinity and this is in agreement with the findings 

of Tian et al.[53] for birnessite manganese catalysts. Textural properties such as specific 

surface area and pore volume were also shown to vary with the synthesis temperature. 

An increase in the synthesis temperature led to a dramatic improvement in textural 

properties; specific specific surface area and pore volume increased from 68 m2/g and 

0.2 cm3/g at synthesis temperature of 15°C, to 206 m2/g and 0.3 cm3/g at 70°C, 

respectively. Such an improvement in textural properties in turn led to enhancement in 

catalytic activity.   

Calcination temperature was demonstrated to be very critical for catalysts structural 

stability and activity. Wang et al.[72] indicated that between 30 and 300°C only a little 
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change was observed in the sizes of birnessite nanospheres and that the structure was 

prevented from collapsing by interlayer K+ and water molecules present. However, 

when the calcination temperature reached up to 500°C, the layered structure of 

birnessite completely collapsed and transformed into cryptomelane with a 2 × 2 tunnel 

structure due to the loss of interlayer water. The calcination temperature of composite 

MnOx-CeO2 prepared using modified co-precipitation was shown to greatly influence 

its catalytic activity for HCHO oxidation [58]. As the temperature rises from 300-500°C, 

the relative amount of surface active Mn4+ and Olattice also rises, however at higher 

temperature (700°C) both activity and relative amount of surface active species 

dramatically decreased due to phase segregation evident by the appearance of MnO2 

crystals in the otherwise solid solution composite. Likewise, Wu et al.[76] indicated 

that high calcination temperatures (600-800°C) led to the decrease in the activity of 

Co3O4 nanofibers as a result of aggregation growth and collapse of the catalystôs 

mesoporous structure.     

The utilization of templates and surfactants in catalysts synthesis for HCHO oxidation 

is also attracting attention. When templates are deployed in catalyst preparation, the 

catalystôs structures and morphology could easily be manipulated to enhance their 

catalytic activities [55, 74] and replicate the characteristics of the template materials 

used. While Shi et al.[87] demonstrated that Co-Mn oxides composites prepared using 

co-precipitation method were far more active than those prepared using sol-gel method, 

and the same group [64] further disclosed that 3D mesoporous Co-Mn oxides 

synthesized using KIT-6 hard template possessed superior activity owing to their better 

textural properties. Similarly, the syntheses of 3D-Cr2O3 [56], 3D-Co3O4 [57] and 3D-

MnO2 [74] have been demonstrated using KIT-6 molecular sieve hard template for 

HCHO oxidation. The presence of the template improved the mesoporous structure and 
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specific surface area and exposes more active sites thereby enhancing catalytic activity. 

Other mesoporous structures including 2D-MnO2 [91] and 2D-Co3O4 [51, 57] have 

been prepared using SBA-15 hard templates, which turned out to be more active than 

the corresponding non-porous materials but less active than their 3D-counterparts. 

Furthermore, Tian et al.[55] highlighted that highly active nanoparticle cryptomelane 

(K-OMS-2) catalyst could be synthesized at room temperature with the aid of  

cetyltrimethylammonium bromide (CTAB) surfactants without necessarily the use of 

high reaction temperature as earlier reported [36].  

Acidity of the reaction medium and the type of acid deployed in controlling the pH has 

significant effects on the morphology of manganese based catalysts. Chen et al.[21] 

disclosed that mesoporous hollow and honeycomb KxMnO2 nanospheres with varying 

properties and activities could be produced by varying the ratio of KMnO4 and oleic 

acid during the synthesis process.  Zhou et al.[75] revealed that introducing H2SO4 

(decreasing the pH) into a reaction medium that would otherwise produce birnessite 

structured manganese led to the production of cryptomelane structured manganese. 

However, the type of anions present in the acid is also critical in determining the 

resultant morphology under similar conditions. While the addition of H2SO4 led to 

cryptomelane structure, addition of H3PO4 and HNO3 produced birnessite and 

ramsdelite structured manganese, respectively. This shows that different anions play 

dissimilar roles in channeling the mechanism of crystal formation towards a particular 

morphology.  

2.4.2 Influence of catalystôs morphology on activity 

Catalystsô morphology and structure play an important role in promoting its catalytic 

activities. Control over the morphological structure of catalysts is able to influence 
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other properties such as pore size, specific surface area and the exposure of available 

surface active sites. The activity of manganese oxide catalysts with square tunnel 

structures (pyrolusite, cryptomelane and todorokite) is majorly affected by the sizes of 

the tunnels [54]. Similarly the available surface active sites depend on the nature of the 

catalysts. 3D- MnO2 catalyst have more exposed Mn4+ on its crystal lattice plane 

thereby improving its activity compared to the one-dimensional Ŭ-MnO2 and ɓ-MnO2 

nanorod materials [74].  

Chen et al.[54] investigated the effect of MnOx tunnel structure on the active oxidation 

of HCHO. Three types of Mn tunnel structures have been discussed including pyrolusite 

with tunnel structure of ca. 0.23 × 0.23 nm2, cryptomelane consisting of double edge 

sharing MnO6 octahedral with tunnel diameter of ca. 0.46 × 0.46 nm2 and todorokite 

composed of triple chains edge-sharing MnO6  with tunnel of ca. 0.69 × 0.69 nm2. 

Experimental results disclosed that cryptomelane had the highest catalytic activity 

achieving 100% HCHO conversion at 140°C. Cryptomelane possesses an effective 

tunnel diameter close to HCHOôs dynamic diameter (0.234 nm) thereby allowing better 

adsorption and higher catalytic activity [54]. Yu et al.[41] indicated that the micropore 

channel structure of nest- and urchin-like MnO2 improved their catalytic activity by 

allowing better adsorption of HCHO compared to that of cocoon-like MnO2 without 

mesopores present despite having higher specific surface area.    

Tian et al.[53] also highlighted that the presence of smaller catalytic pore sizes could 

extend the residence of HCHO molecules in the catalystôs pores so as to improve its 

catalytic activity. Correspondingly, the work of Tian et al.[55] underscored that the pore 

structures of nanoparticle K-OMS-2 were readily accessible to HCHO molecules, 

enhancing higher adsorption and better activity compared to K-OMS-2 nanorods with 
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similar specific surface areas. Zhang et al.[19] further highlighted that the 2D layered 

tunnel structure of ŭ-MnO2 enhanced its activity through facilitating the adsorption and 

desorption of HCHO to active sites compared to other structures (Ŭ-, ɓ- and ɔ- MnO2). 

In another research, Chen et al.[21] stressed that catalystôs activity depends more on its 

porosity and nanoplatelets crystal size than specific surface area. Mesoporous hollow 

KxMnO2 nanospheres, which have smaller nanoplatelets size and specific surface area 

twice less than those of its corresponding mesoporous honeycomb structure, achieved 

higher activity in HCHO oxidation. 

Wang et al.[72] showed that the structure of birnessite is such that it contains OH· and 

water molecules at the interlayer surface. The presence of OH· and water molecules 

greatly improved its catalytic activity for HCHO degradation even at room temperature. 

After the removal of both the OH· and water molecules, the birnessite structure 

collapsed and the catalyst lost its high activity. Likewise, Sidheswaran et al.[89] 

indicated that the existence of H2O molecules in interstitial voids of MnO2 based 

catalysts with varying composition of nsutite, cryptomelane and pyrolusite contributed 

to its higher catalytic activity compared to 99% pyrolusite catalyst which has smaller 

tunnel structure and lower H2O molecules content in its interstitial voids.  

2.4.3 Roles of active surface oxygen in HCHO oxidation 

It is reported in the literature that surface oxygen species either in the form of surface 

adsorbed oxygen species (O2
-, O- or terminal OH group [73]) and lattice oxygen are 

critical to the effectiveness of the catalytic oxidation of HCHO and other intermediates 

into CO2 and H2O [51, 69, 87]. However, there is a discrepancy in the literature 

regarding the respective roles of each of the oxygen species for HCHO oxidation over 

transition metal based catalysts.  For example, Zhang et al.[19] stipulated that since 
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HCHO oxidation was shown to conform to Mars van Krevelen mechanism, abundant 

lattice oxygen on the catalyst surface will lead to higher catalytic activity. They further 

showed that the catalytic activities of four MnO2 catalysts (Ŭ, ɓ, ɔ and ŭ-MnO2) are 

closely linked to their respective amount of surface lattice oxygen (relative to surface 

adsorbed oxygen species) and the following order of activity was established: ŭ- > Ŭ- > 

ɓ- > ɔ- MnO2. Similarly, Tang et al.[58] indicated that the catalytic activity trend of 

MnOx-CeO2 composite catalysts synthesized using various methods, followed the trend 

of their relative lattice oxygen content. Those richer in lattice oxygen relative to 

adsorbed surface oxygen presented better activity.  

On the other hand, surface adsorbed oxygen species were shown to be directly involved 

in the activation of HCHO and its subsequent oxidation into CO2 and H2O [66, 73]. It 

was indicated that the activity of layered birnesite-MnO2 catalysts with surface pits 

corresponds to the relative amount of surface adsorbed oxygen species (relative to 

lattice oxygen) on the catalysts [66]. The surface pits acts as vacancies for activation of 

molecular oxygen and/or water into surface adsorbed oxygen and the higher the relative 

of these species the better the catalytic activity. Wang et al.[86] contended that while 

adsorbed surface oxygen species participates in the oxidation reaction of HCHO, lattice 

oxygen species enhance their formation through its complex interaction with oxygen 

vacancy and molecular oxygen. Huang et al.[78] reported that the enhancement of the 

relative amount of adsorbed surface active oxygen species was achieved through the 

creation of surface defects by doping Eu on CeO2. The created oxygen vacancies served 

as sites for oxygen activation to form more active superoxide (O2-) species which could 

partake in surface reaction, hence enhancing the concentration of surface adsorbed 

oxygen and the catalystôs activity. Similarly, surface defects created on birnesite-MnO2 

catalysts served as pits for activation of molecular oxygen and water into surface active 
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oxygen species, hence increasing the surface density of these species leading to higher 

catalytic activity [66, 73].  Ma et al.[51] also underscored the role of adsorbed surface 

oxygen (O2-, O-) in HCHO oxidation over cobalt based catalysts. They showed that 

catalytic activity is closely associated to the ease with which active surface oxygen 

desorb from catalysts surface. They further deHmonstrated that catalytic activity can 

be improved by increasing the ease with which surface active oxygen desorb from 

catalystôs surface through the incorporation of Au nanoparticles into Co3O4-CeO2 

composite.  

In addition, Lu et al.[59] indicated that adsorbed oxygen species (OH·)  and not lattice 

oxygen are responsible for the high activity of graphene-MnO2 hybrid catalyst for 

HCHO oxidation. They further pointed out that the abundant relative amount of 

OH· species on the catalyst did not only improve its catalytic activity but also simplified 

HCHO decomposition pathway by direct OH· oxidation of formate species to CO2 

without the formation of CO intermediates.  It was also shown that surface OH· species 

were directly involved in the room temperature oxidation of HCHO on the surface of 

birnessite, which led to the formation of formates and carbonates [72]. Similarly, Wang 

et al.[18] showed that the high amount of surface adsorbed oxygen in the form of 

OH· species were responsible for the high HCHO oxidation activity of ŭ-MnO2/PET at 

room temperature. Similarly, Fan et al.[69] underscored that OH· species on the surface 

of Co3O4 are the key active surface oxygen required for the formation of 

dioxymethylene (DOM) species and their subsequent conversion to formate in HCHO 

oxidation process.  
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2.4.4 Influence of reducibility and active metal sites on catalysts surface 

The surface reducibility of catalysts plays an important role in determining their 

catalytic activity. It indicates the amount of reactive species on the catalystôs surface 

and their onset reaction temperatures [53]. It could also indicate catalystôs oxygen 

mobility, which might cause more oxygen adsorption and further excitement to active 

oxygen species which participate in the oxidation reaction [19]. Tian et al.[53] indicated 

a correlation between reduction temperature and catalytic activity for birnessite 

manganese based catalysts. The established trend disclosed that the lower the catalystôs 

reduction temperature (higher surface reducibility), the higher its HCHO oxidative 

activity and vice-versa. Tang et al.[58] presented that owing to solid solution formation, 

MnOx-CeO2 catalysts possessed higher surface reducibility and better catalytic activity 

compared to pure MnOx and CeO2. Furthermore, the catalystsô activity reduced as 

surface reducibility decreased (high reduction temperature) with increasing calcination 

temperature because of phase segregation. Xia et al.[56] also indicated that chromia 

catalysts with the lowest reduction temperature possessed the best HCHO catalytic 

activity. A similar trend was also reported for HCHO oxidation over Co3O4 catalysts 

[69]. 

The active sites present on catalystôs surface are critical and key for determining activity. 

The higher the concentration or availability of exposed active metal sites on catalystôs 

surface, the better its HCHO oxidative activity. Bai et al.[57] presented that Co3+ ions 

are the surface active state and sites of 3D-Co3O4 for HCHO oxidation. The (220) 

crystal plane of the catalyst  is majorly composed of Co3+ against the Co2+ present on 

the (111) crystal plane of nano-Co3O4, thereby making it more active and achieving 

complete HCHO oxidation at lower temperature. Similarly, Ma et al.[51] demonstrated 

that the (110) facet of 2D-Co3O4 which is mainly composed of Co3+ is the key active 
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facet for effective HCHO oxidation. High activity for HCHO oxidation by 3D-MnO2 

was attributed to the presence of high content of Mn4+ active sites on the exposed (110) 

crystal plane surface [74]. These exposed ions provided sufficient sites upon which the 

actual oxidation reaction takes place, thereby improving its activity. It was also shown 

that Mn4+ is the active state and site for HCHO oxidation for MnOx-CeO2 based 

composite and the catalyst with the highest amount of Mn4+ possessed the best activity 

[48, 58, 59]. Zhang et al.[19] also highlighted that amongst their investigated catalysts 

(Ŭ, ɓ, ɔ and ŭ-MnO2), those with the highest content of Mn4+ displayed the best HCHO 

catalytic activity.  

Improving the electrochemical properties of catalysts was proven to enhance their 

catalytic activities. Lu et al.[59] established that the charge transport ability and 

interfacial electron transfer of MnO2 during Mn4+/Mn3+ redox cycle can be enhanced 

by incorporating graphene into MnO2 (G-Mn hybrid), which was revealed to improve 

the electrical conductivity of MnO2 and decrease electron transfer resistance. In 

addition, it offered high specific surface area and 2D plane structure for increased 

exposure of metal surface active sites [92].  

2.4.5 Influence of specific surface area on HCHO catalytic activity 

Catalystsô specific surface area is an important parameter affecting HCHO catalytic 

oxidative. High specific surface area could enhance adsorption of HCHO molecules 

onto the catalystôs surface and help in exposing more surface active sites, improving 

surface lattice defect and oxygen vacancy, thereby leading to abundant surface active 

oxygen species  [57, 76], which is a key requirement for oxidation reactions. A 

correlation between catalystôs surface and activity was established by Wu et al.[76] for 

Co3O4 nanofibers. Activity increase was observed with increasing specific surface area 
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and pore volume as the calcination temperature increased from room temperature to 

500°C, above which a decline in activity was observed due to the destruction of the 

mesopores and the consequent decrease in specific surface area at higher temperatures.  

Tian et al.[36] also demonstrated that higher specific surface area greatly enhanced 

catalytic activity for HCHO oxidation. Nanoparticle cryptomelane catalyst, with 

specific surface area as high as 206 m2/g and smaller uniform mesopores exhibited 

higher catalytic activity than the corresponding nanorod cryptomelane catalyst with a 

specific surface area of 68 m2/g. The high specific surface area and small nanoparticle 

sizes improved cryptomelane activity by increasing the available surface active sites 

and more accessible pore channels for adsorption and desorption of HCHO molecules 

and reaction products respectively [36]. Sekine [2] showed that fine MnO2 catalysts 

with higher specific surface area (163 m2/g) achieved higher HCHO oxidation 

compared to MnO2 catalysts with a specific surface area of 61 m2/g. Similarly, Tian et 

al.[53] also reported that birnessite structured manganese catalysts having higher 

specific surface area exhibited better catalytic activities compared to those with lower 

specific surface areas.  

However, high specific surface area does not always translate to superior catalytic 

activities in HCHO oxidation reactions. The activity of birnessite-type MnO2 was 

shown to be independent on the catalystsô specific surface area trend [73] but on the 

relative content of adsorbed surface oxygen species and the manganese oxidation state. 

The catalyst with the highest manganese vacancy had the lowest specific surface area 

but exhibited the best catalytic activity. Shi et al.[87] also demonstrated that the activity 

trend of Co-Mn oxides composite with varying Co/Mn molar ratios did not follow their 

specific surface area trend, and in fact the catalysts with the smallest specific surface 
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area exhibited the best catalytic activity. Complete oxidation of HCHO was achieved 

at 75°C on Co-Mn oxides (molar ratio: 3/1) with specific surface area of 92 m2/g while 

only 64% conversion was attained on Co-Mn oxides (molar ratio: 2/1) with specific 

surface area of 172 m2/g at the same reaction temperature. The higher activity of Co-

Mn (3/1) oxides was a result of increase in the relative amount of adsorbed surface 

oxygen species realized from the creation of solid solution by the incorporation of Mn 

into the lattice structure of Co3O4. Fan et al.[69] also showed that Co3O4 catalysts with 

high surface content of K+, CO3
2- and Co3+ exhibited better activity despite having 

relatively smaller specific surface area.  

2.5 Effect of Reaction Conditions on HCHO Oxidation Efficiency 

Reaction parameters for HCHO oxidation process such as temperature, relative 

humidity, reactantsô space velocity and HCHO concentration play great roles in 

ensuring the overall effectiveness of the oxidation reaction. These parameters need to 

be optimized especially reaction temperature considering the potential application of 

the process (no harmful by-products generation), in order to realize practically effective 

HCHO oxidation. 

2.5.1 Reaction temperature and time 

Reaction temperature is critical in HCHO oxidation, and generally the efficiency of 

HCHO oxidation over catalyst improves with increasing temperature even though some 

highly active catalysts are able to achieve complete oxidation at room temperature. 

Most of the reported transition metal based catalysts attained complete HCHO 

oxidation at temperatures above 100°C [21, 36, 54, 69, 72, 80] with very few below 

100 °C [19, 21, 59, 72, 87, 90]. Figure 2.4 presents the conversion/removal efficiency 

of HCHO as a function of reaction temperatures over different catalysts. However, it 
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does not provide a basis for comparison due to the differences in the initial HCHO 

concentration and feed flow rate employed in various experiments. This makes it 

difficult to evaluate the specific reaction rates (R) (Eq. 2.1) of the variously reported 

catalysts for comparison. For static systems, experiments are normally conducted at 

room temperature; in which case HCHO conversion becomes a function of time in 

addition to other factors catalyst based factors discussed earlier. Figure 2.5 presents 

HCHO removal efficiency over various catalysts as a function of reaction time. For 

proper comparison, other factors such as initial HCHO concentration and the mass of 

catalyst used should be taken into account.  

In view of these, more investigations are required to improve the activity of transition 

metal based catalysts at low temperature in order to compete with noble metal based 

catalysts which could successfully oxidize HCHO even at room temperature [48, 93].  
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(2.1) 

where CHCHO is the inlet HCHO concentration (ppm), F is the flowrate (ml/min), Ὥ is 

the percentage HCHO conversion (CO2 generation), SBET catalysts specific surface area 

and m is the catalyst mass.  
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Figure 2.4. Formaldehyde conversion over transition metal catalysts as a function of 

reaction temperature 

 

Figure 2.5. Formaldehyde conversion over transition metal catalysts as a function of 

reaction time in a static system 
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2.5.2 Relative humidity 

Relative humidity (RH) at moderate levels influences the efficiency of HCHO oxidation, 

however at higher RH competitive adsorption of H2O water molecules tend to block the 

catalystôs active surface hence impinging activity. RH also helps in replenishing the 

supply of surface active hydroxyl OH· groups which are consumed during HCHO 

oxidation, via the reaction of water vapor and surface active oxygen (O2
-, O-) [72, 94]. 

Wang et al.[18] noted that in the presence of 50% RH, water vapor react with surface 

active oxygen to generate enough surface hydroxyl groups to sustain HCHO oxidation 

reaction at RT. Water vapor also helps in carbonates desorption from the catalystôs 

surface via competitive adsorption, thereby enabling recovery of catalytic activity [72].  

Wang et al.[72] indicated that RH in the range of 33% to 65% enhanced HCHO 

degradation on birnessite structured manganese at room temperature. However at 

higher RH (92%), catalytic activity was impacted owing to competitive adsorption of 

H2O molecules on the catalystôs surface. Similar effects were observed with MnO2/PET 

[18]: at 0% RH significant deactivation was observed due to the formation of formate 

species on the catalystôs surface; however at higher RH (50%), the catalyst remained 

active and stable while activity significantly dropped when the RH was further raised 

to 80% due to competitive adsorption of water molecules. This conforms to the findings 

of Sidheswaran et al.[89].  

2.5.3  Feed flow rate and feed concentration  

The significance of feed (reactants) flow rate in terms of gas hourly space velocity 

(GHSV) on catalytic oxidation of HCHO was also reported in the literature. GHSV can 

improve the efficiency of a fixed bed reaction system in two ways; at higher velocity, 

it will help to a certain extent in enhancing external mass transfer while at a lower 
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velocity it increases the residence time of reactants in the reactor [95]. It was however 

reported that the efficiency of HCHO oxidation reactions decreases with increasing 

space velocity [39, 56, 57, 93] and vice-versa.  In view of these, it could be insinuated 

that external mass transfer has little or no limitation on the efficiency of HCHO 

oxidation reaction, although an experimental evaluation on external mass transfer effect 

would be required.  

In addition, HCHO feed concentration is another significant parameter for HCHO 

oxidation process. HCHO oxidation efficiency tends to decrease with an increase in the 

feed concentration. Chuang et al.[28] demonstrated that an increase in HCHO feed 

concentration led to a decrease in conversion at the same reaction temperature. 

Likewise, Tang et al.[48] reported that catalytic activity decreased with rise in HCHO 

feed concentration from 30 to 580 ppm and that the catalysts were more active and 

stable at lower concentration. Correspondingly, Li et al.[90] pointed out that MnO2/AC 

completely lost its activity when exposed to 5 mg/m3 HCHO feed concentration in 32 

hrs, compared to its sustained HCHO oxidation efficiency of up to 70% for 80 hrs under 

a HCHO feed concentration of 0.5 mg/m3. 

2.6 Reaction Mechanism of Catalytic Oxidation of HCHO 

Understanding the reaction mechanism of HCHO oxidation over transition metal based 

catalysts is vital for the development of catalysts with high efficiency, low cost and 

good stability. Different catalysts for HCHO oxidation may exhibit varying reaction 

mechanisms because different intermediate species could be formed with various active 

oxygen species and surface active sites [4]. Oxidation reaction of HCHO over some 

transition metals based catalysts were shown to conform to Mars-van Krevelen 

mechanism [18, 19, 89]. In this mechanism, reaction proceeds via a two-stage redox 
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reaction with an assumption of constant surface oxygen. The catalystôs surface is first 

oxidized by gas phase molecular oxygen to form surface adsorbed oxygen species 

which subsequently reduces the pollutant [95]. 

Sekine [2] proposed that HCHO oxidation on metal oxides catalysts proceeds first by 

adsorption on the catalystôs surface followed by decomposition through the formation 

of formate intermediates on the surface, then the intermediates are subsequently 

decomposed to H2O and CO2 as presented in Eq. (2.2 ï 2.5) where g and a indicate 

gaseous phase and adsorbed species, respectively.  

ὌὅὌὕ  ὕ  O  ὌὅὌὕὕ (2.2) 

ὌὅὌὕὕO   Ὄὅὕὕ  Ὄ  (2.3) 

Ὄὅὕὕ O  Ὄ  ὅὕ  (2.4) 

ςὌ  ὕ  O Ὄὕ (2.5) 

Tang et al.[58] indicated the oxidation of HCHO over MnOx-CeO2 catalyst was attained 

through the effective transfer of oxygen species from CeO2 oxygen reservoir to MnO2 

active state. This synergy is achieved through the effective activation of feed molecular 

oxygen and the transfer of the activated oxygen to replace the released active oxygen 

species from MnO2 which participated in HCHO oxidation through a series of redox 

cycles involving Mn4+/Mn3+  and Ce4+/Ce3+ [48, 58] as shown in Figure 2.6.   
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Figure 2.6. Synergistic Oxygen transfer mechanism in MnOx-CeO2 composites [48] 

 

Figure 2.7. Mechanism of HCHO oxidation on birnessite at RT [72] 

Wang et al.[72] proposed three-step mechanism for HCHO oxidation on birnessite 

structured manganese catalyst at room temperature as presented in Figure 2.7. The 

reaction first proceeds through H-bond between HCHO molecules and birnessite 

bonded water molecules. The adsorbed molecules are then oxidized to formate and 

carbonates by structural hydroxyl (OH·) species. Subsequently, the consumed OH· ions 

are replaced through the reaction between surface active oxygen and water molecules. 

An oxygen vacancy is then formed on the site of the consumed surface active oxygen 
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species, which further acts as a site for molecular oxygen activation to active species 

for continuous reaction [73].  

Wang et al.[64] reported that only hydrocarbonate species were observed on the surface 

of 3D-Co-Mn catalysts with no obvious formation of formate species, probably due to 

the fast conversion rate of formate to hydrocarbonates on the catalystôs surface as 

suggested by the authors. The hydrocarbonate species were totally decomposed at 70°C 

as reported by Shi et al.[87] for Co-Mn. 

Shi et al.[87] indicated that the mechanism of HCHO oxidation over Co-Mn oxides 

proceeds via the formation of DOM and formate species as intermediates. During 

adsorption process, HCHO is immediately converted to DOM as no HCHO molecules 

were observed on the catalyst surface at room temperature. The active DOM species 

react with surface adsorbed oxygen species to form formate species and further 

oxidized to hydrocarbonates. At higher temperature (50°C), further oxidation of 

formate and degradation of hydrocarbonate species occur. At the complete oxidation 

temperature of HCHO (75°C), only adsorbed H2O molecules were observed, indicating 

complete oxidation of all the intermediate species. Hence, formate oxidation and 

hydrocarbonate decomposition are considered as the rate-limiting steps for HCHO 

oxidation over Co-Mn oxides catalyst.  

A reaction mechanism for 2D ordered mesoporous Co3O4, Au/Co3O4 and Au/Co3O4-

CeO2 at room temperature had been proposed by Ma et al.[51] as depicted in Figure 

2.8. In this mechanism, formate species are first generated by the nucleophilic attack 

on the C-H in HCHO by surface active oxygen on the (110) facet of Co3O4 (with Co3+ 

as the active state). The formate species are further oxidized to bicarbonates by surface 

active oxygen species. Carbonic acid species are then generated by the reaction of the 
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bicarbonates and H+, which are subsequently decomposed to CO2. In contrast, Fan et 

al.[69] (indicated that OH· groups were responsible for the immediate oxidation of 

HCHO on the surface of Co3O4 and that DOM and formate species were observed as 

the intermediates during the adsorption of HCHO on the catalystôs surface as previously 

reported [87]. However, the behavior of the catalysts at elevated temperature in the 

presence of O2 was influenced by the existence of K+ ions on the catalystôs surface. In 

the presence of K+ ions, DOM species generated during the adsorption process are 

converted to formate species and formate oxidation to bicarbonates becomes the key 

reaction step. It was proposed that hydroxyl groups were generated from surface 

hydrolysis of K2CO3 and got consumed during the reaction. The consumed hydroxyl 

groups were replenished by the H2O molecules generated thus K2CO3 surface 

hydrolysis was sustained and the reaction was accelerated. On the other hand, in the 

absence of K2CO3 at elevated temperature (80°C) only few DOM species could be 

converted to formate species due to the lack of hydroxyl groups on the surface of Co3O4, 

thus formate decomposition to carbonates and bicarbonates became the key reaction 

step at Ó 80ÁC. Here it could be observed that the existence of K+ on the surface of 

Co3O4 changed the reaction path from formate decomposition to formate oxidation and 

continued supply of surface OH· group necessary for the oxidation reaction was 

sustained by K2CO3 surface hydrolysis thus promoting HCHO oxidation. Similar 

promotion effects of K+ was observed for Ag/Co3O4 [46], Na+ for ceramic honeycombs 

[96] and Na+ for Pd/TiO2 [97]. 
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Figure 2.8. Mechanism of HCHO oxidation over mesoporous Co3O4, Au/Co3O4, and 

Au/Co3O4-CeO2 catalysts at RT [51]  

Lu et al.[59] proposed a reaction pathway for HCHO over graphene-MnO2 hybrid 

catalysts. In this mechanism, HCHO is first oxidized to form formate intermediates 

while molecular oxygen is activated and transferred to active Mn sites through 

Mn4+/Mn3+ redox cycle. Graphene being an electrical conductor reduces electron 

transfer resistance and enhances the rate of charge transfer between Mn4+ and Mn3+, 

thereby improving the overall efficiency of the process. Thereafter, due to the abundant 

amount of surface OH· groups on the hybrid catalyst, formate species were directly 

converted to CO2 and H2O, while the consumed OH· were regenerated by the produced 

H2O molecules as reported by other authors [69].  

The reaction mechanism of HCHO catalytic oxidation is intricate and varies with the 

type and amount of surface active oxygen or hydroxyl species present. But generally, 

formate species are key intermediates present on almost all transition metal based 

catalysts. Other species such as DOM and hydrocarbonates are also reported as 

intermediates for HCHO oxidation. However, the reported pathways for HCHO 

decomposition varied in the literature. In some mechanisms DOM species are first 

generated followed by their conversion to formate intermediates, which are 

subsequently oxidized to hydrocarbonates and finally CO2 and H2O molecules are 
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generated by hydrocarbonate decomposition. In other mechanisms, no DOM species 

are observed and formates are directly oxidized to CO2 and H2O especially in the 

presence of high amount of surface OH· groups [59, 69]. The reaction mechanism of 

transition metal based catalysts for HCHO oxidation is minimally reported in the 

literature. This prompts the need for further elaborate investigation into the mechanism 

on various active transition metals especially as it relates to the surface properties of 

these catalysts, and the specific role of hydroxyl and oxygen species and the 

promotional effects of alkali metals (Na+, K+) on the overall efficiency of the reaction. 

This will provide more information and offer the basis for the design of yet more active 

and cost-effective catalysts for practical application. 

2.7 Conclusions and Research Outlook 

Formaldehyde is one of the most harmful indoor air pollutants as it has adverse effects 

on human health due to its toxicity and carcinogenicity. Techniques such as adsorption, 

photo-catalytic degradation and catalytic oxidation have been used in HCHO removal. 

Adsorption removal is limited by the adsorption capacity of the adsorbents deployed 

and the hazard of HCHO desorption during regeneration while photo-catalytic 

oxidation produces hazardous by-products. Catalytic oxidation offsets these drawbacks 

and can achieve complete degradation of HCHO into CO2 and H2O molecules without 

the formation of hazardous by-products.  

Noble metal based catalysts exhibit excellent low and even room temperature HCHO 

oxidation capabilities but their practical application is restricted by their cost and 

availability. Recent investigations focus on the use of relatively cheap and abundant 

transition metals oxides and improving their low temperature performance. More 

attention has mainly been focused on the improvement and exploitation of various 
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structures and morphologies of manganese oxide catalysts due to its high activity yet 

with little attention on other transition metal catalysts. As such, more investigation 

needs to be done on the improvement of morphological structures, textural and redox 

properties of these materials.  

No single property is decisive for catalytic performance of transition metal oxides for 

complete oxidation of HCHO but a combination of several factors which include 

specific surface area, metal oxidation state, adsorbed and surface oxygen species, 

structure and morphology of the catalyst. Improvement of the morphological structures 

of transition metal based catalysts relative to their conventional bulk counterparts 

enhances their catalytic activity through improvement of specific surface area, 

mesoporosity and exposure of surface active metals and oxygen species.  

Oxidation state of metals in the catalyst is also vital for determining activity and higher 

oxidation states seem to be more active; Mn4+ in the case of manganese and Co3+ in the 

case of cobalt were identified to be the most active states for HCHO activation.  Several 

methods have been proposed for improving the oxidation sate of metal oxides which 

include modified synthesis, controlling calcination temperature and the relative molar 

ratio of component elements, to maintain solid solution stability in the case of 

composite catalysts [58]. The use of hard template materials has been proven effective 

in providing the plane structure for improved exposure of more surface active sites and 

enhanced access to these sites.  

Active surface oxygen and hydroxyl species directly participate in oxidizing HCHO 

molecules and all other intermediate species into CO2 and H2O. The higher the 

concentration of these active materials on the catalystôs surface the better its HCHO 

oxidative activity. The availability of surface active oxygen species and the rate of 
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molecular oxygen activation could be enhanced by the formation of surface vacancy 

using dopants and formation of solid solution composites with oxygen carrier materials. 

Recently reported works [78, 79] indicated that creating oxygen surface vacancy using 

dopants increases the activation rate of molecular oxygen to more active and reactive 

oxygen species thereby providing more abundant oxygen species for HCHO oxidation. 

However not much has been reported on surface vacancy creation and surface 

modification using dopants on transition metal based catalyst for HCHO oxidation, 

thereby prompting the need for further exploration.  

The use of oxygen carrier materials for composite formation on the other hand improves 

the transfer rate of active oxygen from the rich oxygen sources of the carrier to the 

active metal sites in a complete redox cycle. The formation of solid solution within the 

solubility limit of the composite is critical to achieving synergistic effects either through 

oxygen transfer or oxygen vacancy creation, above which phase segregation occurs and 

synergy is lost. Most of the reported composites in the literature for HCHO oxidation 

focus on the use of CeO2 as composite material with little or no attention to other 

oxygen carriers.  

Furthermore, enhancing the electrical conductivity of catalyst through the formation of 

hybrids or composites with electrically conducting materials such as graphene ([59]) 

was shown to greatly improve catalytic activity at low temperature. The hybrid system 

exposed more Mn4+ active sites, enhanced charge transport during Mn redox cycle and 

offered higher content of surface OH· species, which eases HCHO oxidation and 

improves the catalystôs activity at low temperature. However, very few studies have 

been reported for catalystôs electrical conductivity enhancement using conductor 

materials for HCHO oxidation. Hence further investigation into the influence of 
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dopants and other conductor materials on the activity of transition metals based 

catalysts for improved low temperature HCHO oxidation will be desirable. In addition 

to catalytic properties, reaction parameters such as reaction temperature, relative 

humidity, space velocity and HCHO feed concentration also affect the overall 

efficiency of HCHO oxidation. Relative humidity at moderate levels helps in enhancing 

the availability of surface active hydroxyl OH· groups via the reaction of water vapor 

and surface active oxygen but becomes detrimental at higher levels. 

The reaction mechanism of HCHO is complex and depends on the type of catalysts, the 

oxidation state and amount of active metals and the nature of surface active oxygen 

(adsorbed and/or lattice) present. Although further research is required to ascertain the 

respective role of each in HCHO oxidation. Only a few mechanisms were reported for 

transition metal catalysts, as such further investigation is required into the reaction 

mechanism especially as it relates to the catalystôs surface properties and the role of 

surface active oxygen or hydroxyl species. But generally, formate species, DOM and 

hydrocarbonates are the identified intermediates for HCHO oxidation on transition 

metal based catalysts. However, the reported pathways for HCHO decomposition 

varied in the literature. In some mechanisms DOM species are first generated followed 

by DOM conversion to formate intermediates, which are subsequently oxidized to 

hydrocarbonates and finally CO2 and H2O molecules are generated by hydrocarbonate 

decomposition. In other mechanisms, no DOM species are observed and formates are 

directly oxidized to CO2 and H2O molecules without the formation of hydrocarbonates 

especially in the presence of high amount of surface OH· groups. 
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CHAPTER 3 

3 Promotional Effect of Co and Inhibitory Effect of Cu Dopants on the 

Activity of B irnessite MnO2 Catalyst for Low-temperature Formaldehyde 

Oxidation 

3.1  Introduction  

 

Note. Reproduced with permission from The Journal of Physical Chemistry C, 

submitted for publication. Unpublished work copyright 2020. American Chemical 

Society.  

 

Recent attention has focused on the development of cost-effective transition metal 

based catalysts for the oxidation of formaldehyde (HCHO) from the indoor 

environment due to its carcinogenic nature and other health related impacts on humans. 

Catalytic oxidation is one of the promising techniques widely deployed to mineralize 

HCHO into harmless CO2 and H2O. Various strategies devised, such as defect 

engineering, have enhanced the catalytic activity of catalysts for various applications 

including oxidation reactions. Inducing structural defects such as oxygen vacancy and 

structural lattice distortion is a proven technique for enhancing catalytic activity of 

materials [1-4]. These defective sites serve as active centers and or sites for the 

activation of oxygen and or water molecules into surface active oxygen species 

including the hydroxyl groups, which were shown to actively participate in most 

oxidation reactions, particularly the oxidation of HCHO [5-7]. Structural defects could 

be induced through the variation of synthesis conditions and or material treatment [5, 

8], ion exchange [9], and the incorporation of metals or ions into the lattice of the host 

material [10, 11]. 

Polarz et al.[2] investigated ZnO catalysts with varying degree of oxygen defects and 

demonstrated the prospect of oxygen vacancies directly acting as active centers for the 
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hydrogenation of CO into CH3OH. A study on the effect of oxygen defects on the 

oxidative dehydrogenation of methanol over Ceria supported VOx catalysts showed a 

direct correlation between oxygen defect density and catalytic activity for methanol 

oxidation, which acted by lowering the activation energy needed for the decomposition 

of the methoxyl group [12]. Structural defects in multi-wall carbon nanotubes have been 

demonstrated to act both as active sites and promoters for the oxidation of benzene [3, 

4]. Wang et al.[5] demonstrated the formation of surface defects (pits) on birnessite 

manganese oxide (ŭ-MnO2) via surface chemical modification, which led to the 

generation of unsaturated manganese and oxygen atoms for the enhanced activation of 

oxygen and HCHO adsorption. Huang et al.[11] showed that the role incorporation of 

Eu into ceria led to the creation of surface oxygen defects, which in turn enhanced its 

catalytic activity for both thermal and photocatalytic oxidation of HCHO. 

Recent research attention has focused on layered birnessite (ŭ-MnO2), as a promising 

alternative: cheap and active, transition metal based catalyst for low-temperature 

HCHO oxidation [5, 6, 13-15]. Metal cation doping is an important strategy that has 

been deployed to enhance the catalytic activity of MnO2 catalysts through defect 

engineering. The partial substitution of Mn by elements within the [MnO6] octahedral 

framework of ŭ-MnO2 can lead to the generation of structural lattice distortion and 

oxygen vacancies [16-18]. These defective sites facilitates the activation and mobility 

of oxygen into surface active species and enhance catalytic oxidation of HCHO [10, 19, 

20]. Zhu et al.[19] showed that Ce doping of ŭ-MnO2 yielded oxygen vacancies, higher 

amount of surface adsorbed oxygen species and enhanced catalytic activity for HCHO 

oxidation. Similarly, the doping of tungsten (W) in ŭ-MnO2 facilitated the formation of 

Mn vacancies and enhanced the activity of surface adsorbed oxygen species [10]. 

Genuino et al.[21] also showed that substituting Mn with Nb in the framework of MnO2 
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octahedral molecular sieves led to the generation of electrophilic sites for the adsorption 

and enhanced oxidation of CO.  

Besides the enhancement of catalystsô electrochemical properties induced by doping, 

the influence of dopants on the surface reaction of intermediates is another critical 

parameter that influences catalytic activity. It is well known that the surface 

accumulation of intermediates species grossly affect catalytic activity for reactions such 

as CO preferential oxidation, and their decomposition and desorption from the surface 

becomes critical [22-24]. The type of dopant employed for CO preferential oxidation, 

was shown to have a tremendous effect on the decomposition of adsorbed intermediates 

and catalytic activity. For instance, the presence of La, as a dopant, induced the surface 

accumulation of carbonate intermediates leading to blockage of active sites and reduced 

catalytic activity, while a promotional effect was observed in the presence of Nd, for 

CO preferential oxidation over ceria [23]. Similar ntermediates poisoning effect was 

observed on CO oxidation rate when Zr was used as a dopant in CuO/CeO2 [24].  

In the case of HCHO oxidation over doped catalysts, so far, a study that explore the 

impact of dopants on surface-intermediate interaction and how it affects catalytic 

activity for HCHO oxidation is rarely reported. Such an understanding is vital in the 

rational design of active catalysts for practical application in HCHO oxidation, 

particularly for low to room temperature reactions, in which case, not enough energy is 

provided to facilitate the desorption of intermediates from the catalyst surface. In this 

study, Co and Cu were explored as individual dopants for the modification of ŭ-MnO2 

for low-temperature HCHO oxidation. Co and Cu were selected as model dopants 

because: cations with coordination radius similar to that Mn can easily substitute Mn 

and incorporate into the octahedral framework of ŭ-MnO2 leading to the creation of 
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defects [10, 17]; naturally occurring ŭ-MnO2, in aquatic environment, acts as a sorbent 

for transition metals including Co, and Cu [17, 25]; and no previous study, to the best 

of the authorsô knowledge, explored Co and Cu as individual dopants for ŭ-MnO2 for 

HCHO oxidation.  

Herein, we demonstrated that besides the structure-activity effects of dopants, their 

influence on surface interaction with intermediates is another critical parameter that 

determines the catalytic activity of the modified catalysts for HCHO oxidation. 

Characterization and catalytic activity results revealed that while Co doping exhibited 

a promotional effect on the catalytic activity of ŭ-MnO2, an inhibitory effect was 

observed in the presence of Cu, leading to the suppression of the catalytic activity of ŭ-

MnO2 for HCHO oxidation. The structural and the surface properties of the pristine ŭ-

MnO2 and doped catalysts were investigated by various characterization techniques. In 

situ Diffuse Reflectance Infrared Fourier Transform (DRIFTS) was used to study the 

surface reaction and the dopant-intermediates interaction on the surface of the catalyst.  

3.2 Experimental 

3.2.1 Catalysts synthesis 

Microwave-assisted hydrothermal synthesis of ŭ-MnO2 was accomplished using 

MARS 5 (CEM Corporation, USA) microwave oven. In a typical synthesis of ŭ-MnO2, 

1g of potassium permanganate (KMnO4) (Sinopharm) and 0.4g ammonium oxalate 

((NH4)2C2O4),  (Aladdin) was dissolved in 50 ml deionized water and stirred for 30 

minutes at room temperature. The resultant solution was transferred into a 100 ml 

Teflon vessel secured by an explosion-proof Kevlar sleeve assembled into a support 

module. The synthesis temperature was controlled at 120 to 180°C for 30 minutes. The 

synthesized catalysts were thereafter denoted as ŭ-MnO2 (x), where x represents the 
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synthesis temperature: 120, 140, 160 and 180°C. After cooling down to room 

temperature, the formed brown precipitates were filtered under vacuum, washed with 

deionized water and dried in an oven at 105°C for 12 hrs. The synthesized catalysts 

were thereafter denoted as ŭ-MnO2 (x), where x represents the synthesis temperature: 

120, 140, 160 and 180°C. Mild drying temperature of 105°C was used for post-

synthesis treatment to avoid excessive loss of water in the interlayer structure of ŭ-

MnO2. Previous study [6] using similar synthesis protocol, demonstrated that high 

drying/calcination temperature (200-500°C) causes excessive loss of interlayer water 

molecules, which led to loss of catalytic activity. Furthermore, no CO2 was detected 

from the mass spectroscopic analysis of the reactor effluent prior to charging HCHO, 

indicating indicates that the possible residue that might be left on the surface has little 

effect on the CO2 selectivity. Moreover, it was shown elsewhere [27] that the presence 

of C residue on C@ MnO2 catalyst has negligible effect on the CO2 selectivity of the 

catalyst for HCHO oxidation. 

Co and Cu doping into ŭ-MnO2 was achieved by separately introducing appropriate 

amounts of cobalt nitrate and cupper nitrate (equivalent to 0.05, 0.1, and 0.2 molar ratio 

of x/Mn, x: Co and Cu) into the precursor solutions of ŭ-MnO2 prior to the microwave 

treatment. The obtained catalysts were respectively named xCo ŭ-MnO2 and xCu ŭ-

MnO2, where x is the mole ratio of Co or Cu varied from 0.05 to 0.2 (x: 0.05, 0.1, and 

0.2) The mole ratio was determined by calculating the total number of moles of Mn in 

1g of KMnO4 and the appropriate amount of Co and Cu precursors equivalent to x were 

determined. 
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3.2.2 Characterization 

The crystal phases of the synthesized catalysts were identified using X-ray powder 

diffraction technique (XRD) collected on a D8 Advanced (Bruker, Germany) 

instrument. Raman spectra were obtained using a Renishaw inVia Raman Microscope 

with an excitation source at 532 nm from 60-1800 cm-1. The morphological structure 

of the catalysts was observed on Hitachi S-4800 Field Emission Scanning Electron 

Microscope (FESEM) equipped with EDS for elemental analysis, prior to which 

samples were sputtered with Pt. TEM and HRTEM images were obtained using a JEM-

2100 (JOEL, Japan) instrument. The textural properties of the catalysts were analyzed 

using a Micrometric 2020 analyser. Preceding the analysis, samples were degassed at 

200°C for 3 hrs, to removed surface adsorbed moisture and gases. Using a Kratos Axis 

Ultra DLD instrument equipped with Al KŬ and element pass energy of 20 eV, XPS 

analysis was conducted to obtain the surface oxidation states and chemical environment 

of the constituent elements of the catalysts.  

The elemental composition of the catalysts was determined using Inductively Coupled 

Plasma Mass Spectrometry (NexION 300, PerkinElmer). Information on the surface 

reducibility of the catalysts was obtained on Micrometrics Autochem II (chemisorption 

analyzer) via H2-TPR. Approximately 50 mg of the catalysts were loaded in a quartz 

tube, degassed for 1 hr under a flow of 150 ml min-1 Ar. Reduction profile was collected 

from 30 to 500°C at 5°C min-1 temperature ramp. Information on the surface reaction 

and intermediates were obtained using in situ Diffuse Reflectance Infrared Fourier 

Transform Spectroscopy (DRIFTS) on Thermo fisher, Nicolet 6700 equipped with 

Praying Mantis reaction cell, at a flow rate of 30 ml min-1 of ~ 75 ppm of HCHO in 21% 

O2 balanced in N2. The samples were treated at 200°C for 30 mins to remove surface 

adsorbents.      
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3.2.3 Catalytic activity evaluation 

The catalytic activities of the catalysts for HCHO oxidation within the temperature 

range of 30 to 120°C were evaluated. In a typical test, about 50 mg (40 ï 60 mesh) of 

catalyst was weighed and loaded into a fixed bed reactor (6 mm ID). 170 ppm of HCHO 

was generated by passing air over paraformaldehyde (97% Alfa Aesar) maintained at 

30°C in a water bath. The total feed flowrate over the catalyst bed was maintained at 

100 ml min-1 (120,000 ml g-1.h-1) with a relative humidity of ~ 45%. No changes in 

catalytic activity was observed over the catalyst by doubling the flowrate and catalyst 

mass at the space velocity of  120,000 ml.g-1.h-1, thereby excluding the effects of 

internal and mass transfer limitation at catalyst mesh size of 40-60. As such, 40-60 mesh 

size was used throughout the thesis. At moderate RH, water molecules react with 

defective sites to replenish the supply of consumed surface OH- species [6, 28]. At high 

RH, they compete with HCHO molecules in adsorbing onto the surface and active sites 

of the catalysts, thereby leading to reduced activity and in some instances deactivation 

[29, 30]. Besides, for optimal healthy wellbeing of buildings and its occupants, a 

relative humidity between 30 to 55% is required [31]. Therefore, for practical 

implication, a moderate relative humidity of ~ 45-50% was maintained throughout the 

experiment.  

 With the aid of an Agilent 7890B GC fitted with an FID and a Polyarc universal carbon 

detector/reactor [21] (Activated Research Company (ARC), US), the concentration of 

generated CO2 and unreacted HCHO in the outlet stream were simultaneously 

monitored online. CO2 was the only detected reaction product. The impact of space 

velocity on catalytic performance was investigated in the GHSV range of 120,000 to 

400,000 ml g-1.h-1. The stability and room-temperature oxidation of HCHO were 
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investigated at 25°C in a dynamic mode at 60,000 ml g-1.h-1 in the presence of ~ 10 ppm 

HCHO concentration (21%O2 / 79%N2) for 72 hrs.  

Since CO2 was the reaction product, the conversion of HCHO (%) was calculated using 

the equation below:  

Conversion % =
CO2 out

HCHOin
*100 

(3.1) 

where CO2 out and HCHO in represent the outlet concentrations of CO2 and inlet 

concentration of HCHO in ppm respectively. 

3.3 Results and Discussion 

3.3.1 Effect of synthesis conditions  

The effect of micro-wave reaction temperature on the synthesis of ŭ-MnO2 was 

investigated by varying the reaction temperature. No reaction was observed to take 

place between the reactants (KMnO4 and (NH4)2C2O4) below 120°C. The crystal phase 

of the synthesized MnO2 catalysts were investigated using XRD measurements (Figure 

3.1). The diffraction peaks at 2ɗ 12.3Á, 24.5Á, 36.5Á and 65.5Á can be assigned to the 

(001), (002), (100) and (110) planes of layered birnessite MnO2 (JCPDS No. 80ï1098) 

with poor crystallinity. No phase change was observed with increasing reaction 

temperature from 120 to 180°C. Furthermore, the Raman spectra of the catalysts are 

presented (Figure 3.2), confirms that no phase change occurred with changes in reaction 

temperature. All the as-prepared catalysts exhibit three major absorption peaks at 

around 500 (ɜ3), 570 (ɜ2) and 630 cm-1 (ɜ1) which are the characteristic bands of layered 

birnessite MnO2. The Raman band at 630 cm-1 could be assigned to the ɜ1(Mn-O) 

symmetric stretching vibration of MnO6 groups while the band at 570 cm-1 is the 

fingerprint band usually ascribed to the ɜ2(Mn-O) stretching vibration in the basal plane 
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of MnO6 sheets in birnessite MnO2 framework. The peak at around 500 cm-1 arise from 

the flexural vibration of the Mn-O-Mn of the MnO6 group [33]. 

 

 

Figure 3.1. XRD patterns of synthesized catalysts at varying reaction temperatures 

   

Figure 3.2. Raman spectra of synthesized catalysts at varying reaction temperatures 

The synthesized pristine ŭ-MnO2 (x) were evaluated for HCHO oxidation under 

dynamic conditions (GHSV of 120, 000 ml g-1.h-1) in the presence of ~170 ppm and 
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50 % relative humidity.  The effect of relative humidity (RH) on the effectiveness of 

catalytic oxidation of HCHO has been previously reported in the literature. The 

catalytic conversion of HCHO over the catalysts is presented in Figure 3.3. As shown 

in the figure, the synthesis temperature has little effect on the catalytic activity of the 

catalyst, with the only noticeable difference being between ŭ-MnO2 (120) and ŭ-MnO2 

(140), where obvious increase in catalytic activity is observed over the temperature 

ranges between 30 to 80 °C. Nonetheless, 100% conversion was achieved at 90 °C over 

the two catalysts. Increasing the reaction temperature beyond 140 °C did not result into 

any meaningful activity gain. As such 140 °C was maintained throughout the 

subsequent synthesis.  

 

Figure 3.3. Catalytic conversion of HCHO over ŭ-MnO2 (x) 

3.3.2 Effect of dopants loading on the catalytic activity of ŭ-MnO 2  

To improve the catalytic activity of ŭ-MnO2 (140), hereafter referred to as ŭ-MnO2, 

metal doping strategy for defect engineering was utilized. As seen in Figure 3.3, the 

pristine ŭ-MnO2 achieved good catalytic performance, attaining complete conversion 

of HCHO at 90°C. The influence of dopants (Co and Cu) on the catalytic activity of the 
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synthesized catalysts was evaluated under similar conditions, using the pristine catalyst 

as a benchmark.  

The amount of each dopant in mole ratio (x/Mn, x: Co, Cu) was varied (0.05, 0.1, and 

0.2) to investigate the effect of dopant loading on the catalytic activity of ŭ-MnO2, using 

the pristine ŭ-MnO2 as a basis for comparison. The respective activity of the doped 

catalysts were tested under the same conditions and presented below in Figures 3.4 and 

3.5 for Co and Cu doped ŭ-MnO2 respectively. As seen in the figures, the pristine ŭ-

MnO2 displayed a remarkable activity and was able to achieve complete conversion of 

170 ppm HCHO into CO2 at 90ÁC. It is interesting to observe that after doping ŭ-MnO2 

with 0.05Co, the complete conversion temperature was lowered by 10°C to 80°C, 

thereby indicating the promoting effect of Co on the catalytic activity of ŭ-MnO2 for 

HCHO oxidation.  

However, increasing the Co doping ratio to 0.1 slightly decreased the intermediate 

catalytic activity of the catalyst, nonetheless, it achieved complete conversion at the 

same temperature as the 0.05Co doped catalyst. At doping ratio of 0.2, complete 

mineralization temperature further increased to 90ÁC, same as that of the pristine ŭ-

MnO2 catalyst. It is worth mentioning that despite the observed decrease in activity with 

increasing all the Co doped catalysts are more active than the pristine ŭ-MnO2. As such 

0.05 mole ratio (Co/Mn) was established as the optimum doping ratio. Because low 

doping ratio was employed in this study: to achieve the creation of surface defects but 

not the formation of solid solution, the contribution of Co to catalytic activity will be 

difficult to exclude. However, the fact that the catalytic activity did not increase but 

decreased, with increasing Co doping ratio (0.1 and 0.2Co ŭ-MnO2) relative to 0.05Co 

ŭ-MnO2 as shown in Figure 3.4, suggests that the quantity of Co present is not key to 
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activity enhancement but the incorporation of Co into the lattice framework of ŭ-MnO2 

and its resultant effect in the creation of surface defect (see section 3.2.3-6 and 3.3 for 

detailed discussion). As such, the observed decrease in the catalytic activity with 

increasing Co doping could be attributed to the surface aggregation of Co, which might 

reduce access to surface active sites [19]. 

 

Figure 3.4. Effect of Co doping ratio on catalytic activity of ŭ-MnO2 

Surprisingly, the opposite effect was observed in the Cu modified ŭ-MnO2, where the 

temperature for the complete oxidation temperature of HCHO increased to 100°C.  As 

depicted in Figure 3.4, Co doped ŭ-MnO2 exhibited improved activity relative to 

pristine ŭ-MnO2 over all the temperature ranges. Conversely, Cu doped ŭ-MnO2 

showed reduced activity at almost all the temperature ranges. Interestingly, the 

difference between the catalytic activity of pristine ŭ-MnO2 and that of Cu doped ŭ-

MnO2 increases with cumulative on-stream reaction time in spite of the increase in 

reaction temperature (Table 3.1). On this basis, we suspect signs of catalytic 

deactivation or perhaps surface accumulation of intermediate species (discussed in 

section 3.4) with increasing exposure to HCHO. A slight decrease in activity was 
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observed between 0.05 and 0.1 Cu doped ŭ-MnO2. However, with higher amount of Cu 

doping (0.2 ratio), the light-off temperature for HCHO oxidation moved to as high as 

70°C, with no sign of low temperature activity (from RT to 60°C)  as previously 

observed in both the pristine 0.05, and 0.1 Cu doped ŭ-MnO2. The complete conversion 

temperature further moved up to 120ÁC from 90ÁC and 100ÁC for ŭ-MnO2 and 0.05Cu- 

ŭ-MnO2 respectively. This further demonstrates the inhibition effect of Cu doping on 

the catalytic activity of ŭ-MnO2 for HCHO oxidation. 

 

Figure 3.5. Effect of Cu doping ratio on the catalytic activity of ŭ-MnO2 

Having observed that increasing the loading ratio of Co beyond 0.05 mole ratio does 

not yield any positive enhancement on catalytic activity, possibly due to the surface 

accumulation, 0.05 Co mole ratio of Co/Mn was considered as the optimum doping 

ratio. This is in agreement with the report of Zhu et al. [14] for Ce modified ŭ-MnO2. 

On the other hand, even at 0.05 doping ratio of Cu, a catalytic deactivation effect was 

observed which drastically reduced the activity of ŭ-MnO2 with increasing amount of 

Cu doping. To effectively understand the respective synergistic and inhibition effects 

of Co and Cu in the catalytic activity of ŭ-MnO2, in the subsequent sections of this 
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chapter, the optimum catalyst (0.05Co doped ŭ-MnO2) and its Cu doped counterpart 

(0.05Cu ŭ-MnO2) were compared and evaluated side by side using the pristine ŭ-MnO2 

as a benchmark for comparison. 

 

Table 3.1. Conversion difference between ŭ-MnO2 ï 0.05Cu-MnO2 as a function of 

reaction temperature and time 

Temperature (°C)  ȹ Conversion (%) 

(ŭ-MnO2 ï 0.05Cu-MnO2)  

30  1 

40  1.5 

50  4.7 

60  9.3 

70  16.9 

80  37.2 

90  32.7 

 

3.3.3 Characterization results 

3.3.3.1 Phase structure: X-ray Diffraction analysis 

The crystal phase of the synthesized MnO2 catalysts were investigated using XRD 

measurements (Figure 3.6). The diffraction peaks located at 2ɗ 12.3Á, 24.5Á, 36.5Á and 

65.5° can be assigned to the (001), (002), (100) and (110) planes of layered birnessite 

MnO2 (JCPDS No. 80ï1098) with poor crystallinity. Birnessite MnO2 with 2D-layered 

is mainly composed of edge-sharing MnO6 octahedra with varying amounts of 

Mn3+/Mn4+, resulting to electrostatic charge imbalance and octadedra vacancies. 

Positively charged alkali cations such as K+ or Na+ and water molecules are situated in 

the interlayer spaces, to provide charge balance, leading to an interlayer spacing of ~ 

0.7 nm [16, 34]. All three catalysts possess similar diffraction patterns, with no visible 

peaks corresponding to Co and Cu, indicating that both Co and Cu are well 

dispersed/incorporated in the MnO2. The weak nature of the peaks indicates the poor 

crystallinity of all catalysts. However, with the addition of dopants, slight weakening 
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in peak intensity was observed, which might indicate reduction in the crystallinity and 

structural disorder of the MnO2. Furthermore, Raman spectra were collected to further 

understand local structures of the catalysts and the effects of dopants.  

 

Figure 3.6. XRD pattern of pristine, Co and Cu modified birnessite samples 

3.3.3.2 Textural properties and morphological structure evaluation: FE-SEM, 

TEM, HR-TEM and BET 

Figure 3.7 presents the FE-SEM, TEM and HRTEM images of the pristine and doped 

catalysts. The pristine ŭ-MnO2 is composed of entangled nanostrands of an average size 

of 17.8 nm arranged into nanospheres of about 110 nm. Though the nanopsherical 

morphologies were retained even after doping with Co and Cu, a large degree of particle 

size reduction into smaller nanospheres of  around 37.6 nm were observed in the case 

of Co, while large, dense and compact aggregated nanospheres with irregular shapes of 

about 147 nm in size were observed after Cu doping. This could be a result of the 

incorporation of Co into the lattice structure of birnessite leading to the inhibition of 

the growth of manganese crystals thereby resulting into smaller particle sizes, which is 

accompanied by increase in surface area [19], as shown in Table 3.2. It was also 
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reported elsewhere that the substitution of Mn ions by V [35, 36] and Mo [37] in the 

lattice structure of of MnO2 leads to lattice deformation and inhibition of crystal growth, 

with the formation of smaller particle size. In the case of 0.05Cu-ŭ-MnO2, the larger 

particle sizes and particle agglomerations led to significant reduction in surface area as 

observed in the FE-SEM (Figure 3.7g) and BET (Table 3.2) results, respectively. 

Similar observations were reported elsewhere for low ratio of Cu doping in MnO2 [38].  

Additionally, in comparison to the pristine ŭ-MnO2, smaller sized nanospheres are 

evident in the TEM images of 0.05Co-ŭ-MnO2 (Figure 3.7e), while larger nanospheres 

were observed in 0.05Cu-ŭ-MnO2 (Figure 3.7h), further corroborating the FE-SEM 

results. The HRTEM images further confirmed the birnessite structure of the catalysts 

in agreement with the XRD and Raman results. The observed lattice fringes of 0.71 nm 

corresponds to the (001) plane of birnessite MnO2. Unlike in the case of the pristine ŭ-

MnO2, where well resolved lattices fringes were observed along the (001) plane of the 

nanostrand (Figure 3.7c), a reduction in lattice periodicity and long-range order was 

observed in the doped catalysts (Figure 3.7f and 3.7i). This could be attributable to 

structural defects, due to lattice distortions [1, 39], possibly resulting from 

incorporation of the dopants into the lattice structure of ŭ-MnO2. A higher degree of 

lattice distortion was observed on 0.05Co-ŭ-MnO2 compared to 0.05Cu-ŭ-MnO2, likely 

indicating a higher level of Co incorporation.  
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Figure 3.7. FE-SEM, TEM, and HRTEM images of ŭ-MnO2 (a, b, c) 0.05 Co-MnO2      

(d, e, f,) 0.05Cu-MnO2 (g, h, i) 

3.3.3.3 Structural defect analysis: Raman spectroscopy and FTIR analysis 

Figure 3.8 presents the Raman spectra of the investigated catalysts. All the as-prepared 

catalysts exhibit three major absorption peaks at around 500 (ɜ3), 570 (ɜ2) and 630 cm-

1 (ɜ1) which are the characteristic bands of layered birnessite MnO2. The Raman band 

at 630 cm-1 could be assigned to the ɜ1(Mn-O) symmetric stretching vibration of MnO6 
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groups while the band at 570 cm-1 is the fingerprint band usually ascribed to the ɜ2(Mn-

O) stretching vibration in the basal plane of MnO6 sheets in birnessite MnO2 framework. 

The peak at around 500 cm-1 arise from the flexural vibration of the Mn-O-Mn of the 

MnO6 group [33].  

Even after doping with 0.05 Co and Cu, birnessite structure did not collapse as shown 

in Figure 3.8, indicating its stability in the presence of dopants at low doping ratio [19, 

40]. The absence of the peaks corresponding to the vibration of Co-O and Cu-O, 

indicates high level of dispersion of the dopants in the catalysts. Nonetheless, a general 

decrease in the intensity of the peak at around 570 cm-1 (ɜ2) was observe with doping, 

with a corresponding increase in the intensity of the peak at around 630 cm-1 (ɜ1). This 

might be indicative of the distortion in the Mn-O bond of the MnO6 [41, 42], and defects 

formation in the lattice framework of ŭ-MnO2 resulting from stress due to the 

incorporation of dopants into the lattice [19, 43]. The ratio of the peaks (ɜ1/ɜ2) is higher 

in Co doped ŭ-MnO2 than in Cu doped ŭ-MnO2, indicating a higher level of Co 

incorporation into the lattice which leads to the distortion of Mn-O bond and induced 

crystal defect in the octahedral sheets, in agreement with the XRD results. A similar 

Raman technique was employed elsewhere to determine the extent of structural defect 

formation [3, 4]. 
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Figure 3.8. Raman spectra for pristine, Co and Cu modified birnessite samples 

To further confirm the defective structure of catalysts, FTIR spectra of all samples were 

collected and depicted in Figure 3.9. All the spectra are characteristics of birnessite 

MnO2 IR spectra as reported elsewhere [44]. The broad absorption peak at around 3440 

cm-1 is attributed to the stretching vibration of bound hydrates and OH- groups in the 

interlayer structure of birnessite, while the peaks at 1050 and 1633 cm-1 are assigned to 

the bending vibrations of O-H bonds of structural H2O and OH groups. The absorption 

bands at 520 and 750 cm-1 could respectively be assigned to the stretching vibration of 

M-O and Mn-O-Mn bonds [45-47], while the peak at 1385 cm-1 could be attributed to 

the vibration due to the interaction of Mn with surrounding species such OH-, O, H+ 

and K+ [48].  Partial leaching of Mn atoms and disruption of Mn-O-Mn could lead to 

defect in the structure of the MnO2 and the formation of hydroxyl groups and H2O 

molecules [46].  

As observed from the spectra, the absorption band of 0.05Co-C1 has the highest 

absorption intensity at both 3440, 1385 and 1633 cm-1 thereby indicating it has the 

largest amount of OH- groups caused by structural defects compared to unmodified and 

0.05Cu-modified birnessite [46], which is in agreement with the Raman, TEM and HR-

TEM results. This results indicate that the incorporation of dopants leads to the partial 
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substitution of Mn3+ in MnO2 [49]  and the generation of defective sites and more 

surface OH- groups. Defective sites are reported to be sites for the activation of 

molecular oxygen into active surface oxygen species or defective oxides such as 

superoxides [5]. As such, it is expected that 0.05Co ŭ-MnO2 contains higher amount of 

defective oxides than 0.05Cu-ŭ MnO2 and the pristine ŭ-MnO2.  

 

Figure 3.9. FTIR results for pristine, Co and Cu modified birnessite samples 

Table 3.2. Surface area and chemical analysis 

Sample 

Name 

BET Surface 

Area (m2/g) 

EDS (molar) 

   K/Mn      Mn/O     x/Mna 

ICP-MS (molar) 

K/Mn             x/Mn 

ŭ-MnO2 141.3 0.17 0.472 - 0.27 - 

Co- ŭ-MnO2 176.3 0.18 0.396 0.043 0.29 0.047 

Cu- ŭ-MnO2 61.8 0.17 0.434 0.042 0.25 0.045 
a. x stands for  Co and Cu dopants 

3.3.3.4 Elemental analysis and chemical environment evaluation: ICP-MS and XPS 

analysis 

The ICP-MS and EDS (Table 3.2) results showed that the experimental amount of 

dopants present in the catalysts matrix is very close to the theoretical values. The 

presence of K ions is detected in all the catalysts and dopants in the doped catalysts, 

further confirming the successful doping of both Co and Cu into ŭ-MnO2. The K/Mn 
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ratio of the doped catalysts remain relatively the same as that of the of the pristine 

catalyst, in both the ICP-MS and EDS results, indicating that the dopants did not replace 

K+ in the interlayer structure of birnessite, but are rather dispersed or incorporated in 

the MnO2 framework. This explains the retained birnessite structure of the doped 

catalysts and further supporting the sorption of dopants into the layers of birnessite 

MnO2. Similar observation was reported elsewhere for low doping ratio (0.05 atomic 

ratio) of transition metals in birnessite MnO2 [47].  

The XPS results are summarized in Table 3.3 and depicted in Figure 3.10. The peaks at 

around 653.8-653.9 eV and 641.9-643.5 eV are respectively assigned to Mn 2p1/2 and 

Mn 2p3/2 splitting. The Mn 2p3/2 was further deconvoluted into 2 peaks with centers at 

641.9-642.2 eV and 643.3-643.45 corresponding to Mn3+ and Mn4+ respectively [1, 47]. 

The splitting of Co 2p1/2 (795.12 eV) and Co 2p3/2 (780.1 eV) (Figure 3.11) was found 

to be 15.02 eV, in agreement with the reported values for Co3+ [50].The presence of a 

shakeup peak at around 943 eV and a peak centered at around 933.6 eV (Figure 3.12) 

indicates that the doped Cu exists in Cu2+ state [42, 51]. The observed decrease in the 

ratio of Mn4+/Mn3+ is due to the substitution of Mn4+ by the dopants in the lattice of 

birnessite MnO2 and indicates the creation of oxygen vacancies. Once Mn4+ is removed 

or substituted and Mn3+ appears, oxygen vacancies exists to maintain the electrostatic 

balance in the MnO2 [19]. The oxygen vacancies are created by the removal of lattice 

oxygen to generate anion-vacant sites layers [1, 52]. Thus, the lower the surface ratio 

of Mn4+/Mn3+ of the catalysts, the higher the expected oxygen vacancies in the catalyst. 

Consequently, on the basis of the lowest Mn4+/Mn3+ of 0.05Co ŭ-MnO2, it is expected 

to possess higher density of oxygen vacancies.  
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Figure 3.10. XPS Spectra of Mn 2P (a) and O 1s (b) of Pristine MnO2, Co and Cu 

modified MnO2 
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Figure 3.11. Co 2p3/2 ï 2p1/2 splitting 

 

Figure 3.12. Cu 2p XPS 

To further determine the effect of dopants on the nature and surface composition of 

oxygen species on the catalysts, the O1s spectrum was deconvoluted into three peaks, 

corresponding to lattice oxygen (OI), surface active oxygen species (OII) and surface 

adsorbed water molecules (OIII). The peaks located at 529.45 ï 529.53 eV correspond 

to structural lattice oxygen (Mn-O-Mn), those at 531.09 ï 531.34 eV are related to 

surface oxygen with low coordination which facilitates the formation of terminal 

hydroxyl groups (OH-) and defective-oxide surface adsorbed oxygen species (O-, O2
-), 
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while the peaks at 533.1 ï 533.4 eV can be attributed to surface adsorbed water 

molecules [5, 47]. As seen in Figure 3.10(b), and Table 3.3, the relative amount of 

surface active oxygen species increases after the addition of dopants. 0.05Co ŭ-MnO2 

exhibited a remarkable increase in the content of surface active oxygen species 

compared to 0.05Cu ŭ-MnO2, in agreement with the Mn 2p3/2 and HRTEM results. It is 

widely known that structural defects in the form of oxygen vacancies act as sites for the 

activation of molecular oxygen and or water molecules into active or defective surface 

oxides and also enhance the mobility of lattice oxygen [5, 10, 53]. This indicates that 

more Co3+ is incorporated into the lattice of ŭ-MnO2 compared to Cu2+ probably due to 

the coordination radius of the earlier being closer to that of Mn4+ compared to the latter 

[17], which leads to more structural distortion and the provision of sites for the 

generation of  active oxygen species. This is in agreement with the FTIR and Raman 

results (section 3.3.3.3). 

Table 3.3. XPS analysis of Mn 2p3/2 and O1s 

Sample 
Mn 2p3/2 

Mn 4+/Mn 3+ 
O1s center (eV)  

OII /Ototal Mn 3+ Mn 4+ OI OII  

MnO2 642.0 643.3 0.65 529.5 531.3 0.31 

0.05Co-MnO2 642.0 643.4 0.50 529.4 531.1 0.44 

 0.05Cu-MnO2 642.1 643.4 0.59 529.5 531.1 0.36 

 

3.3.3.5 Surface reducibility analysis via H2 TPR 

To understand the reduction behavior and further gain insight into the surface 

reducibility of the catalysts and the activity of the respective surface adsorbed oxygen 

and the effect of oxygen vacancies on oxygen mobility, the H2 TPR profiles of the 

catalysts were collected and depicted in Figure 3.13. Only one broad peak with 

overlapping contributions corresponding to the reduction of surface active oxygen 
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species and the successive reduction of MnO2 was observed. The broad peak can be 

further divided into four peaks:  Ŭ, ɓ, ɔ and ŭ, respectively representing the reduction 

of adsorbed surface oxygen species (OH-, O-, O2-) and the successive red uction of 

MnO2 to Mn2O3, Mn2O3 to Mn3O4 and Mn3O4 to MnO [47].  

 

Figure 3.13. H2-TPR of the investigated catalysts 

A low onset reduction temperature of 170°C corresponding to adsorbed surface oxygen 

species was observed in the pristine ŭ-MnO2, which could be attributed to the presence 

of surface adsorbed oxygen species, which is also confirmed by the XPS results. With 

Co and Cu doping, the onset reduction temperature of adsorbed surface oxygen species 

decreased and centred at around 154 and 150ÁC respectively. However, 0.05Co ŭ-MnO2 

exhibits the highest peak intensity for the Ŭ peak thereby indicating that the 

incorporation of Co into the layers of ŭ-MnO2 does not only increases the concentration 

of surface active species but also improve their reactivity and enhance the mobility of 

lattice oxygen through the created defects [53]. The presence of oxygen vacancies 

enhances the reactivity of lattice oxygen thereby promoting catalytic activity [1]. 

Furthermore, all the temperatures for the successive reduction of MnO2 to MnO (ɓ, ɔ 

and ŭ) shifted to lower temperatures in the presence of the dopants as shown in Table 
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3.4. This indicates that the presence of dopants on the overall improve the surface 

reducibility of ŭ-MnO2 and lattice oxygen mobility. The relatively lower reduction 

temperatures of Co-modified ŭ-MnO2 could be attributed to its defective structure and 

superior oxygen mobility both at the surface and in the bulk phase [14, 47].  

Table 3.4. Catalytic activities (T50% and T90%) and H2 reduction Temperatures 

 

 

3.3.4 Respective synergistic and inhibition effects of Co and Cu doping  

In light of the above characterization results in the preceding sections, here a detailed 

explanation of the effects of Co and Cu dopants on the catalytic activity of ŭ-MnO2 for 

the oxidation of HCHO is presented. As seen in Figure 3.14a, the pristine ŭ-MnO2 

displayed a remarkably high activity and was able to achieve complete conversion of 

170 ppm HCHO into CO2 at 90°C. It is interesting to observe that after doping, 0.05Co 

ŭ-MnO2 displayed enhanced catalytic activity while an opposite effect was observed on 

0.05Cu ŭ-MnO2, despite containing slightly more surface active species and displaying 

better reducibility than the pristine ŭ-MnO2 catalyst. In the case of 0.05Co ŭ-MnO2 

higher catalytic activity was observed over all temperature ranges and the temperature 

of complete conversion shifted down to 80ÁC from 90ÁC in the pristine ŭ-MnO2, 

thereby indicating the promoting effect of Co on the catalytic activity of ŭ-MnO2 for 

HCHO oxidation. Conversely, 0.05Cu ŭ-MnO2 showed reduced activity at almost all 

the temperature ranges, with complete conversion temperature moving up to 100°C. 

Sample 

 

Temperature (°C) 

 

Catalytic activity   
Reaction rate 

(ɛmol.g-1.min-1) 

 Activation 

energy 

(kJ.mol-1) 

Ŭ ɓ ɚ ŭ T50% T90%  40°C 70 °C 
  

ŭ-MnO2 170 225 237 265 74 87  0.091 0.266  40.9 

0.05Co ŭ-MnO2 154 208 229 246  63 77  0.163 0.452  31.5 

0.05Cu ŭ-MnO2 150 216 230 259  85 97  0.080 0.138  49.4 
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Interestingly, the difference between the catalytic activity of pristine ŭ-MnO2 and that 

of 0.05Cu ŭ-MnO2 increases with cumulative on-stream reaction time in spite of the 

increase in reaction temperature.  

For effective comparison, the temperatures for 50% (T50%), 90% (T90%) conversion and 

the reaction rates (40 and 70°C) are presented in Table 3.4. The T50% for ŭ-MnO2, 

0.05Co ŭ-MnO2 and 0.05Cu ŭ-MnO2 are 74, 63 and 85°C respectively, while the T90% 

are 87, 77 and 97°C respectively. A seen from Table 3.4, 0.05Co ŭ-MnO2 showed the 

highest reaction rates over followed by the pristine ŭ-MnO2. Besides, the values of the 

apparent activation energy (Ea) determined from the Arrhenius plots (Figure 3.14b) are 

31.5, 40.9, and 49.4 kJ mol-1 for 0.05Co ŭ-MnO2, ŭ-MnO2, and 0.05Cu ŭ-MnO2 

respectively, suggesting that HCHO is easily converted.  
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Figure 3.14. (a) Catalytic conversion of HCHO (170 ppm, ~50% RH, 120,000 mlĀg-

1Āh-1) (b) Arrhenius plot for activation energy on the catalysts 

The increase in the surface concentration of the active oxygen species in the presence 

of dopants, particularly Co, suggests that the incorporation of dopants led to the 

generation of oxygen vacancies, which act as sites for the activation of molecular 

oxygen into active surface oxygen species. It is clear from the characterization results 

that the remarkable activity of 0.05Co ŭ-MnO2 is attributable to its abundant surface 

active oxygen species due to oxygen vacancies, and its relatively higher reducibility 

and mobility of lattice oxygen. Consumed surface active oxygen species could be 

regenerated by the interaction of structural defects with molecular oxygen and water 

molecules [47, 54]. The presence of oxygen vacancies could also enhance the mobility 
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and activity of lattice oxygen to the surface, while molecular oxygen is activated into 

lattice oxygen at the oxygen vacant sites, thereby sustaining the whole process [19, 55].  

Catalyst doping and or surface modification has been demonstrated to be an effective 

strategy for enhancing catalytic activity, mainly through the creation of defects and 

enriching the surface concentration of active oxygen species. Huang et al.[11] observed 

improved activity over Eu doped CeO2 with the highest surface concentration of 

defective oxides, which was attributed to the generation of oxygen vacancies due to the 

reduction of Ce. The generated vacant sites act as sites for the activation of oxygen into 

superoxides. The presence of surface defects improve the efficiency for hydroxylation 

reaction of benzene to phenol [4]. It was similarly demonstrated that the incorporation 

of W into MnO2 led to the generation of oxygen vacancies and high surface 

concentration of reactive surface oxygen species, which in turn enhance the efficiency 

of the catalytic oxidation of HCHO [10]. 

Correspondingly, Wang et al.[5] demonstrated that the presence of vacancies in the 

form of surface pores facilitated the formation of unsaturated oxygen and defective 

oxides, which significantly improve the catalytic activity of their investigated catalysts 

for HCHO oxidation. Liu et al.[52] also established a direct relation between the oxygen 

vacancies density of ceria based catalysts to reactivity for CO oxidation. They directly 

participate in the conversion of HCHO into its intermediate and final products. As the 

reaction proceeds, they are consumed and their supply is replenished by the reaction of 

water molecules, oxygen molecules and lattice oxygen with the defective sites [54]. It 

was pointed out that the while surface adsorbed species are consumed during the 

reaction, lattice oxygen migrate to the vacant sites and get activated into active oxygen 

species, while molecular oxygen is activated into lattice oxygen at the oxygen vacant 
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sites, thereby sustaining the whole process [19, 55]. As such, it is not surprising that the 

Co doped ŭ-MnO2 demonstrated an excellent low temperature catalytic activity for 

HCHO owing to its high oxygen vacancies and rich surface concentration of active 

oxygen species. 

3.3.5 Effect of GHSV, room-temperature activity and stability of 0.05Co-

doped ŭ-MnO 2 

To evaluate the activity of the catalyst under high throughput operation, the effect of 

GHSV on the activity of 0.05Co ŭ-MnO2 was investigated under high space velocities 

of 120, 240 and 400 LĀg-1Āh-1, 170 ppm HCHO, and 50% RH. As depicted in Figure 

3.15a, the complete conversion temperature increases with increase in the GHSV from 

80ÁC to 90 and 100ÁC for 120, 240 and 400 LĀg-1Āh-1respectively. Even at high GHSV 

of 400 LĀg-1Āh-1, 0.05Co ŭ-MnO2 was very active achieving complete conversion of 

HCHO at just 100°C. This further demonstrate the good catalytic activity of the catalyst.  

Next, to evaluate the suitability of the catalyst for application under typical indoor 

environment, the room temperature catalytic efficiency and stability of the catalyst were 

investigated under a feed concentration of ~10 ppm for 72 hrs in a dynamic system with 

a GHSV of 60 LĀg-1Āh-1and presented in Figure 3.15b. The results indicated an average 

conversion of up to 93.5% was sustained for 72 hrs on-stream. These results illustrate 

the stability of the catalyst, its high catalytic activity even under room temperature 

conditions and its suitability for the practical abatement of HCHO from indoor 

environment.  
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Figure 3.15. (a) Effect of GHSV on catalytic activity of 0.05Co-ŭ-MnO2, (b) Room 

temperature and catalytic stability test of 0.05Co-ŭ-MnO2 10 ppm, 60000  ml/g.h, 

45% RH 

Note that the above results have clearly demonstrated that the ability of a dopant to 

create oxygen vacancies and facilitates the mobility of oxygen is a critical factor in 

enhancing he catalytic of ŭ-MnO2 for HCHO oxidation. Such synergistic effect could 

be seen in the presence of Co. However, the inhibitory effect of Cu doping so far 

remains unclear̆  and the effect of surface was ruled out, because the trend of surface 

area is not in agreement with that of the observed catalytic activities of the catalysts 

(Table 3.5). This observation is in agreement with previous works that showed that the 

oxidation of HCHO is not dependent on the surface area of the catalysts [6, 15, 19, 56]. 
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Next, DRIFTS analysis were conducted to understand if the type of dopant present has 

an impact on the surface reaction of ŭ-MnO2, in terms of intermediate generation and 

desorption and/or accumulation. This will allow a better understanding of the 

promotional or inhibition effects of dopants.  

Table 3.5. Comparison of surface area and catalytic conversion of HCHO 

Catalyst BET Surface 

area (m2/g) 

T50 (%) T90 (%) 

ŭ-MnO2 141.3 74 87 

0.05Co ŭ-MnO2 176.3 63 77 

0.1Co ŭ-MnO2 179.7 69 78 

0.2Co ŭ-MnO2 239.7 72 85 

0.05Cu ŭ-MnO2 61.8 85 97 

0.1Cu ŭ-MnO2 156.6 87 98 

0.2Cu ŭ-MnO2 144.5 111 118 

 

3.4 Surface Reaction Mechanism of HCHO over modified ŭ-MnO 2: 

DRIFTS   

To further gain insights into the surface reaction, mechanism of the HCHO oxidation 

and the influence of surface modification on the catalystsô reactivity, in situ DRIFTS 

analysis was conducted and the results are presented in Figure 3.16. In all the spectra, 

no peaks related to the C O stretching band of surface adsorbed HCHO at 1710cm-1 

was observed [57]. The strong absorption bands in the region of 3500 - 2900 cm-1 are 

assigned to strongly bonded hydroxyl groups [37]. Formates species as well as 

dioxymethylene species and carbonates were all observed as intermediates on all the 

investigated catalysts. The absorbance bands at 2830-2840 and 2865-2885 cm-1 (ɜ (CH) 

stretch), 1370-1373 cm-1 (ŭ (CH) bending), 1567-1580 cm-1 (ɜs (OCO)), and 1350-1352 

cm-1 (ɜas (OCO)) are characteristics of formates species. The band splitting between the 

symmetric and asymmetric modes of C-O of formates is suggestive of the coordination 

of mode of formates on the surface. The splitting of 219, 225 and 227 cm-1 respectively 
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for 0.05Co-, 0.05Cu-, and ŭ-MnO2, is indicative of bridging mode coordination [37, 56, 

58]. The bands observed at 2730-2732, 1440-1453, and 1127-1161 cm-1 are 

characteristic features of dioxymethylene (DOM) species [5, 56]. Features attributed to 

bidentate carbonates (1653, 1240, and 1015-1053 cm-1) and monodentate carbonates 

(1470-1490, 1315-1331, cm1) were also observed [6, 23, 59-61], while the bands at 

around 1620 cm-1 correspond to the bending vibration of adsorbed water molecules [62, 

63].  

The main types of intermediate species observed over the three catalysts are DOM, 

formates and carbonates, in addition to surface hydroxyl groups. In the presence of Co, 

the DOM species (1161 cm-1) are quickly converted to formates intermediates, and 

exhibited the highest production rate of formates (1567 cm-1).  Furthermore, the 

carbonate feature at around 1498 and 1231 cm-1 are only present as weak shoulder on 

0.05Co-ŭ-MnO2, and the relative intensity of the carbonate peak at 1650 cm-1 is lower 

compared to other catalysts. This suggests that in the presence of Co, not only is HCHO 

quickly converted into its intermediate species but also are the intermeidates quickly 

desorbed from the surface ï freeing up active sites, leading to high catalytic activity, in 

agreement with its high reaction rates and lower activation energy (Table 3.3). This 

could likely be related to the enhanced lattice oxygen mobility and generation of surface 

active oxygen species induced by surface defects due to the incorporation of Co into 

the lattice structure of ŭ-MnO2. Surface defective oxides and hydroxyl groups were 

reported to take part in the formation of formates intermediates and further oxidation 

of surface carbonates into CO2 [6, 59]. On the other hand, it is interesting to observe 

that the carbonates peak (1653 cm-1) on 0.05Cu ŭ-MnO2 nearly became the dominant 

peak, thereby indicating the surface accumulation of carbonates with time. Furthermore, 
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additional weak feature appeared at around 840 cm-1 on 0.05Cu ŭ-MnO2, which is 

attributed to carbonate species [37, 61]. 

 

 

 

Figure 3.16. DRIFTS results for (a) ŭ-MnO2 (b) 0.05Co- ŭ-MnO2 (c) 0.05Cu- ŭ-MnO2 
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To further ascertain this observation, the DRIFTS scans for 0.2Cu ŭ-MnO2 are 

presented in Figure 3.17. Compared to other catalysts, a remarkable weakening in the 

intensities of all the absorbance peaks were observed for the RT scans, indicating a poor 

RT performance, in agreement with the activity test results (Figure 3.5). Moreover, the 

peaks attributed to carbonates species (1020 and 1646 cm-1) dominated the entire 

spectra, which developed with time. The peaks related to formates appear very weak, 

notably, the asymmetric COO stretching peak of the formates (which is the dominant 

peak in other catalysts,) only appears as a weak shoulder band at 1580 cm-1 as depicted 

in Figure 3.17a. This further supports the observed accumulation of carbonates on 

0.05Cu ŭ-MnO2 (Figure 3.16c) and could provide insights into the inhibitory effect of 

Cu on the activity of ŭ-MnO2, and the observed higher apparent activation compared to 

the pristine ŭ-MnO2. A plausible explanation could be related to the direct surface 

coordination between Cu and carbonates leading to surface accumulation and blockage 

of catalytic active sites. This could lead to steric hindrance for the reaction of HCHO 

with active sites, and a slowdown in catalytic activity, as observed in the catalytic 

conversion of HCHO over all Cu modified ŭ-MnO2 catalysts (Figure 3.5). It has been 

demonstrated that the presence of some dopants (La [23] and Zr [24]) could induce 

surface accumulation of carbonates, leading to the blockage of active sites and reduced 

catalytic activity for CO preferential oxidation [23, 24], supposedly due to the thermal 

stability of the surface accumulated carbonates [24], and hindrance of metal redox cycle 

and oxygen activation and mobility [22].  

To further gain insights on this phenomenum, DRIFTS scans of 0.2Cu ŭ-MnO2 were 

collected at elevated temperatures (60-120°C) and presented in Figure 3.18b. As 

depicted in the figure, the intensity of the carbonates peaks (1020 and 1646 cm-1) 

attenuates with increasing temperature, while that of formates (asymmetric stretching 
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of COO 1583 cm-1) progressively developed and became the dominant feature at 120°C. 

This suggests that as carbonates desorb from the catalystôs surface, more active sites 

are exposed and HCHO is converted into formates (evident by the increase in intensity 

at 1583 cm-1 Figure 3.18b). The variation of the absorption intensities of both the 

formates and the carbonates with temperature is shown in Figure 3.17c. The hindrance 

effect carbonates accumulation, in the presence of Cu, could be seen in the inability of 

the catalyst to generate formate below 60°C, as depicted in Figure 3.17b. It is interesting 

to also note that both the oxidation of the carbonates into CO2 and the formation of 

formates, at elevated temperature, were accompanied by the consumption of surface 

hydroxyl groups, as the temperature increases. This suggests the participation of surface 

hydroxyl species in the oxidation of carbonates into CO2 - freeing up surface active 

sites for further activation of HCHO and its conversion into intermediate species. It was 

proposed that consumed surface hydroxyl species are replenished by the reaction of 

water molecules with defective oxides [6].  

On the basis of the above observations, it is therefore rational to state that the dopant-

intermediate interaction is another critical parameter that affects catalytic activity. The 

presence of Cu in ŭ-MnO2 leads to surface accumulation of carbonates, which in turn 

led to partial blockage of surface active sites, and likely hinder surface redox cycle and 

oxygen activation and mobility [22, 24]. This could explain why 0.05Cu ŭ-MnO2 

exhibited reduced catalytic, evidenced by lower reaction rates and HCHO conversion, 

and higher activation energy, despite possessing improved redox properties and 

relatively enriched surface active oxygen species compared to the pristine ŭ-MnO2. As 

such, for low-temperature oxidation of HCHO, desorption of carbonates from the 

catalystsô surface is a critical step to ensure availability of active sites for continuous 

reaction. Therefore, in addition to improving catalyst properties via doping for HCHO 
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oxidation, the influence of the dopants on intermediates desorption from the catalystôs 

surface, particularly for low reaction temperature oxidation, in which case, not enough 

energy is applied to drive the desorption, is another critical parameter to be considered 

in designing catalysts for practical abatement of HCHO from indoor air environment.  

 

Figure 3.17. DRITFS results for 0.2 Cu-ŭ-MnO2 (a) room temperature test (b) high 

temperature (60-120°C) test (c) absorption intensities of the formates and carbonates 

with increasing temperature 

3.5 Conclusion 

Cobalt and Cupper doped ŭ-MnO2 catalysts were successfully synthesized using 

microwave-assisted hydrothermal synthesis. Defect engineering via metal doping was 

demonstrated to be an effective strategy for the formation of oxygen vacancies in ŭ-

MnO2. Co was shown to incorporate into the lattice structure of ŭ-MnO2 thereby leading 
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to the generation of surface defects evidenced by the creation of lattice defects and 

oxygen vacancies, enriched the surface concentration of active oxygen species and 

enhanced oxygen mobility. Generation of surface defects (oxygen vacancy and lattice 

distortion through Co incorporation) proved to be successful in enhancing the low 

temperature catalytic oxidation of HCHO relative to the pristine ŭ-MnO2 catalyst. 

Complete oxidation of ~ 170 ppm HCHO, 120,000 mlĀg-1Āh-1, was achieved at 80°C 

compared to 90°C for the pristine catalysts under similar conditions. Additionally, Co 

doped ŭ-MnO2 demonstrated active for the room temperature oxidation of HCHO (~ 

10 ppm), under dynamic conditions (60,000 mlĀg-1Āh-1) with an average conversion of 

about 93.5% over 72 hr. Even at higher Co doping ratio of up to 0.2 molar ratio, all the 

Co-doped catalysts were more active than the pristine ŭ-MnO2. However, dopant-

intermediates interaction can adversely affect the activity of the modified catalyst. Cu 

doping led to a drastic inhibition of catalytic activity, despite the slight relative increase 

in the surface oxygen vacancies and concentration of surface active oxygen, compared 

to the pristine ŭ-MnO2. The inhibitory effect of Cu increases with increasing doping 

ratio. Relative to the pristine ŭ-MnO2, the complete conversion increased to 100°C over 

0.05Cu ŭ-MnO2 and higher up to 120ÁC over 0.2Cu ŭ-MnO2. DRIFTS results indicated 

that the surface accumulation of carbonates in the presence of Cu might account for the 

observed inhibition effect of Cu on the catalytic activity of ŭ-MnO2. The amount of 

surface accumulated carbonates increased with increasing amount of Cu, thereby 

suggesting the possibility of surface coordination between Cu and the intermediate 

species, leading to the blockage of catalyst active sites and partial deactivation.  
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CHAPTER 4  

4 Effects of CeO2 Modification on the CO2 Selectivity of Modified ŭ-

MnO 2 for Formaldehyde Oxidation 

4.1 Introduction  

Due to the health related effects of HCHO and particularly its carcinogenic nature, its 

successful removal from the indoor environment without the generation of secondary 

pollutants is of paramount importance to safeguarding human health and enhancing the 

safety and comfort of indoor environments. Catalytic HCHO oxidation is amongst the 

promising techniques for the abatement of HCHO from the indoor environment into 

harmless products such as CO2 and H2O. 

In the previous chapter, the effect of metallic doping (Co and Cu) on the activity of ŭ-

MnO2 was discussed. It was demonstrated that Co was able to incorporate into the 

lattice framework of ŭ-MnO2 leading to the creation of defects which greatly improved 

the catalytic activity of the modified catalyst. The mechanism of activity improvement 

was based on the catalystôs enhanced capabilities to generate more active oxygen 

species with the defective sites acting as centers for oxygen activation. Based on this 

finding, in this study, we strive to further enhance the catalytic activity of the said 

catalysts by combining the ability of Co to create surface defects with other elements 

with higher atomic radius to investigate the effect of bimetallic co-doping on the 

catalytic performance of ŭ-MnO2 for HCHO oxidation.  

It was proposed that a cation dopant with larger radius (than Mn in this case) is desirable 

to induce structural distortion and create oxygen vacancies [1].  Although we previously 

observed that Cu, despite having a larger atomic radius than Mn, its doping into the 

lattice framework of ŭ-MnO2 did not result into significant oxygen vacancy creation 

rather an inhibition effect on catalytic activity was observed. Nonetheless, Ce, was 
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investigated as a co-dopants alongside Co. Ceria is a material of interest due to its 

proven oxygen storage capacity and ability to transfer its lattice oxygen by undergoing 

a redox reaction (CeO2 ź Ce2O3), thus allowing uptake and easy release of oxygen [2, 

3]. It was suggested that co-doping ceria with other elements (transition and/or rare 

earth) promotes low temperature oxidation reaction by enhancing the availability of 

surface active oxygen through the transfer of its oxygen species [3]. Besides, ceria has 

been demonstrated to enhance the catalytic oxidation reaction of HCHO by effectively 

lowering the reaction temperature for HCHO oxidation [2, 4, 5]. 

Bimetallic co-doping is a technique that is widely used to improve the activity of 

various catalysts for different applications by utilizing the unique properties of each 

dopants, synergistic interaction between the co-dopants and their interaction with the 

host/support material. Its application is widely found in electrocatalysis for oxygen 

reduction reaction [6-8], photocatalysis [9, 10], VOCs oxidation [11, 12], dry 

reformation of methane [13-15], selective catalytic reduction of NOx by NH3 [16, 17] 

and CO oxidation [18-20].  

In this study, bimetallic (Co/Ce) co-doped ŭ-MnO2 catalysts were synthesized and 

evaluated for HCHO oxidation. As previously observed (see Chapter 3), increasing the 

amount of dopants beyond 0.05 (mole ratio) does not translate into enhanced catalytic 

activity, rather a decrease in the activity of both Co and Cu doped ŭ-MnO2 catalysts 

was observed. As such the optimum mole ratio of 0.05 was maintained for Co. The 

amount of co-doped Ce was varied and the effect of Ce doping ratio was investigated 

on the activity of the co-doped catalysts and their selectivity towards CO2. Experimental 

oxidation results and DRIFTS analysis revealed that in addition to CO2, methanol (a 

secondary pollutant) was also generated as a co-product in the presence of CeO2 in the 
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bimetallic doped ŭ-MnO2. A reaction mechanism for the co-production of CO2 and 

methanol from HCHO oxidation over CeO2 modified catalysts is proposed.   

4.2 Experimental 

4.2.1 Catalysts synthesis 

Bimetallic (Co and Ce) doped ŭ-MnO2 catalysts containing 0.05 (Co/Mn) molar ratio 

(MR) of Co and varying amount of Ce were synthesized using the microwave-assisted 

hydrothermal synthesis procedure previously reported (Chapter 3). Briefly, appropriate 

amount of Ce(NO3).6H2O corresponding to 0.05, 0.1, 0.2 and 0.5 MR (Ce/Mn) was 

added to a 50 ml solution containing 1 g KMnO4 and ~ 93 mg of  Co(NO3)2.6H2O 

(corresponding to 0.05 MR of Co/Mn). The as synthesized catalysts were thereafter 

named 0.05Co-xCe, where x corresponds to the MR of Ce in the catalysts matrices.  

4.2.2 Characterization 

X-ray powder diffraction (XRD) technique (D8 Advanced Bruker, Germany) was used 

to acquire details about the phase structure of the catalysts. The microstructure of the 

catalysts was evaluated using Raman spectroscopy using Renishaw inVia Raman 

Microscope with an excitation source at 532 nm from 60-1800 cm-1. Information on 

catalystsô morphological structure was obtained using Field Emission Scanning 

Electron Microscopy (FESEM) (Hitachi S-4800). The lattice structure of the catalysts 

was examined using High Resolution TEM and Transmission Electron Microscopy 

(TEM) (JEM-2100, JOEL, Japan). Prior to FESEM analysis, samples were sputtered 

with Pt. Elemental mapping was carried out on Auriga FIB-SEM, Zeiss.   

Micrometrics ASAP 2020 equipment was used to characterize the catalysts using N2 

adsorption-desorption to gain information on the surface areas and porosity of the 

catalysts. Samples were degassed at 200°C for 3 hrs, prior to the experiments to remove 
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surface adsorbed gases. The elemental composition of the catalysts was investigated 

using Inductively Coupled Plasma Mass Spectrometry (NexION 300, PerkinElmer). H2 

Temperature Programmed Reduction (H2-TPR) technique was deployed to understand 

the reduction behavior of the catalysts. Chemstar TPx chemisorption analyzer 

(Quantachrome). About 50 mg of the catalysts was weighed into a quartz U-tube and 

heated at 150°C under a flow of 150 ml min-1 Ar for 1 hr. The H2-TPR profiles were 

collected from 45 to 600°C at 5°C min-1 temperature ramp in a flow of 50 ml min-1 5% 

H2/Ar gas. X-ray Photoelectron Spectrometer (XPS) analysis was carried out on 

Escalab 250Xi (Thermo Scientific) equipped with Al KŬ X-ray excitation source and a 

pass energy of 30eV. In situ diffuse reflectance infrared Fourier transform spectroscopy 

(DRIFTS) was conducted to obtain information on the catalysts surface. ~ 75 ppm 

HCHO in air (21%O2/N2)
 was introduced into the reaction cell (Praying Mantis) of 

Thermo fisher, Nicolet 6700 at a flow rate of 30 ml min-1. Samples were pre-treated at 

200°C for 30 mins in a flow of Ar to remove surface adsorbents prior to the DRIFTS 

analysis. 

4.2.3 HCHO catalytic oxidation 

The activity of catalysts for HCHO oxidation was evaluated in a continuous flow mode 

in a fixed bed reactor. About 0.5 mg of catalyst (40-60 mesh) was weighed and loaded 

into a horizontal quartz tube reactor (400 mm, 6mm ID), the temperature of the catalyst 

bed was controlled with an automated furnace within the temperature range of 30 - 

120°C. HCHO ~170ppm was generated by passing air in paraformaldehyde maintained 

at 30°C in a water bath. The total flow of feed gas over the catalyst was maintained at 

100 ml min-1 (GHSV: 120,000 ml·g-1·min-1) containing ~45% relative humidity. The 

composition and concentration of the effluent gas was monitored using an Agilent 

7890B GC equipped with an FID and Polyarc microreactor (Activated Research 
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Company, US). With the help of the microreactor, all carbon containing compounds 

were converted into methane in a 2 step process (oxidation and methanization) prior to 

FID detection. In addition to CO2 and unconverted HCHO, methanol was also detected 

in the product streams of CeO2 containing catalysts (0.1, 0.2 and 0.5). The GC was 

calibrated with respective standard gases of known concentration prior to analysis.  

The HCHO conversion (%) and selectivity (%) of the catalysts were determined using 

the following equations.  

Conversion % = 
[CO

2
]+[CH

3
OH]

[HCHO]
*100 

(4.1) 

Selectivity % = 
[x]

[CO
2
]+[CH

3
OH]
*100  

(4.2) 

where [HCHO] represents the concentration of formaldehyde (ppm) in the feed gas, 

while [CO2] and [CH3OH] represent the concentrations of carbon dioxide and methanol 

in ppm in the product stream respectively. [Ø stands for the concentration of methanol 

or carbon dioxide in ppm.    

4.3 Results and Discussion 

4.3.1 Phase structure: XRD and Raman results 

The XRD patterns of the co-doped catalysts (Figure 4.1) showed very weak features, 

which could be attributed to their amorphous nature. The weak and broad peaks at 

around 36.5° and 65.5Á observed on the pristine ŭ-MnO2 are attributed to the (001) and 

(110) planes of layered ŭ-MnO2 (JCPDS No.80-1098). No distinct peaks peculiar to 

CeO2 were observed, indicating that CeO2 is well dispersed into the ŭ-MnO2. Since 

Raman spectroscopy gives valuable information on the structure of amorphous 

materials supplementary to XRD [21], it was used to further understand the structure of 

the catalysts. The Raman spectra of the catalysts are presented in Figure 4.2.  
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Figure 4.1. XRD patterns of pristine and modified catalysts 

As depicted in the spectra, all the catalysts possess Raman shifts characteristics of 

layered birnessite-type MnO2. The Raman peaks at 644 (ɜ1), 574 (ɜ2) and 502 cm-1 (ɜ3) 

are assigned to the vibrational modes of layered ŭ-MnO2. These peaks arise from the 

flexural vibration of Mn-O-Mn in the octahedra of MnO6, the stretching vibration of 

Mn-O in the basal plane of MnO6 and the Mn-O stretching vibration, respectively [22]. 

A broad weak shoulder peak at around 465 cm-1 belonging to CeO2 [23] was also 

observed in 0.05Co-0.2Ce and 0.05Co-0.5Ce catalysts. The absence of characteristic 

Ce and Co peaks could be interpreted as their incorporation or dispersion into the lattice 

of ŭ-MnO2. The observed increase in the intensity ratio of peaks at 644 cm-1 to 574 cm-

1 (ɜ1/ ɜ2) in 0.05Co-0.05Ce and 0.05Co-0.1Ce compared to the pristine ŭ-MnO2 could 

be attributed to the creation of structural defects in the form of oxygen vacancies [24]. 

The complete lost in the intensity of the peak at 574 cm-1 with increasing CeO2 loading 

could be ascribed to the collapse to the layered birnessite structure due to the loss of 

interlayer K+ which helps in stabilizing the layered structure of birnessite MnO2. 

Similar observations were reported elsewhere for decreasing interlayer K+ with 

increasing Ce content [5]. 
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Figure 4.2. Raman spectra of pristine and bimetallic co-doped catalysts 

4.3.2 Morphological structure: FE-SEM, TEM and HR-TEM  

As previously reported (Chapter 3), the doping of Co into the lattice framework of ŭ-

MnO2 led to the growth inhibition of MnO2 crystals and the creation of surface defects 

leading to smaller nanospherical particles, a similar phenomenon is also observed in 

0.05Co-0.05Ce. It is interesting to observe that as the amount of ceria doping increased, 

particle agglomeration accompanied by morphological structure collapse was observed, 

as seen in Figure 4.3 (b) for 0.05Co-0.5Ce.  

The growth inhibition and smaller particle size of the nanospheres in the presence of 

0.05Ce was further confirmed by the TEM images (Figure 4.3(c)). Figure 4.3(d) further 

demonstrated the enlarged and agglomerated nanospheres combined with ultra-thin 

flake-like and somewhat irregular structures, possibly belonging to surface 

accumulated CeO2, confirming the FESEM observation and the loss of morphological 

structure at high ceria doping ratio of 0.5. The HR-TEM images also confirm the 

existence of birnessite-type MnO2 alongside CeO2. The lattice spacing of 0.24 nm and 

0.7 nm observed in the HR-TEM images of 0.05Co-0.05Ce correspond to the (1 0 0) 

and (0 0 1) planes of ŭ-MnO2, respectively. Interestingly, even at low Ce doping ratio 
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of 0.05 mole ratio, interplanar spacing corresponding to (2 0 0) plane of CeO2 (0.27 nm) 

were observed in Figure 4.3(e). The lattice spacing of ~ 0.23 nm could be attributed to 

the (2 2 2) plane of Co3O4.  

The presence of different crystal orientations belonging to the (1 0 0) and (2 0 0) planes 

of ŭ-MnO2 and CeO2 respectively, reveal the presence of grain boundaries on the 

catalysts and the participation of CeO2 in the formation of interface structure [5]. The 

distorted regions at the grain boundaries were shown to contain oxygen vacancies and 

coordinative unsaturated surface ions, which serve as centers for oxygen activation and 

quick diffusion/mobility of activated oxygen species [25-27]. At higher Ce doping ratio 

(0.5), larger surface crystals were observed and additional lattice spacing of 0.31 nm 

corresponding to the (1 1 1) plane of CeO2 was observed in Figure 4.3(f), indicating 

surface accumulation of CeO2 as depicted in the EDS elemental mapping (Figure 

4.3(h)).   
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Figure 4.3. FESEM, TEM, HRTEM and elemental mapping for 0.05Co-0.05Ce 

(a,c,e,g) and  for 0.05Co-0.5Ce (b,d,f,h) 
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4.3.3 BET surface area 

The BET surface areas of the catalysts are listed in Table 4.1. The N2 adsorption-

desorption isotherms of the catalysts (Appendix B1) are typical of Type IV adsorption 

isotherms which are characteristics of mesoporous materials. The pore sizes of all the 

catalysts are within the range of 9.4 ï 16.9 nm. It was previously shown that (Chapter 

3) the incorporation of Co3+ ions into the lattice structure of ŭ-MnO2 led to the inhibition 

of crystal growth and increase in surface area. Compared to the previously reported Co-

doped ŭ-MnO2, the co-doped catalysts with low ratio of Ce (0.05Co-0.05Ce) possessed 

higher surface area. This indicates the participation of Ce in addition to Co, in inhibiting 

crystal growth and enhancing surface area, in conformity with the observed CeO2 grain 

boundaries in the HR-TEM image. As shown in Table 4.1, the surface area first 

decreased with increasing Ce content and subsequently increased with increasing Ce 

content. The highest surface of 0.05Co-0.5Ce could be attributed to the surface 

accumulation and contribution of CeO2.  

4.3.4 ICP-MS elemental composition  

The actual elemental composition of the catalysts is presented in Table 4.1. It can be 

seen that the theoretical amount of doped metals (Co and Ce) is very close to the 

experimental results obtained via ICP-MS. The amount of Co present in the catalystôs 

matrices seems not to be affected by the amount of doped Ce. On the other hand, while 

no variation in K content was observed between 0.05Co-0.05Ce and 0.05Co-0.1Ce, 

significant reduction in K was noted with increasing amount of Ce.  

While Co preferentially adsorbs and/or replace Mn4+ in ŭ-MnO2 lattice creating 

structural/lattice disruption and oxygen vacancies [28, 29], the ICP-MS and EDS results 

suggest that Ce displaces K ions from the interlayer spaces of birnessite MnO2. As seen 



114 

 

in Table 4.1, it can be observed that the ratio of K to Mn (K/Mn) decreases 

concomitantly with increasing Ce content (Ce/Mn). Coupling the ICP-MS and Raman 

results, it can be deduced that Ce substituted K+ in the interlayer spaces of birnessite 

MnO2 leading to the observed structural collapse at higher doping ratio. Besides the 

structural collapse, surface accumulation of CeO2 as depicted in both the elemental 

mapping and HR-TEM images could possibly lead to restricted access to Mn active and 

defective sites.  

Table 4.1. ICP-MS elemental analysis and BET surface area 

Catalyst BET (m2/g) 

 Elemental Analysis 

ICP (molar)   

 K/Mn  Co/Mn Ce/Mn 

0.05Co-0.05Ce 287.0  0.164 0.042 0.051 

0.05Co-0.1Ce 151.7  0.160 0.041 0.098 

0.05Co-0.2Ce 169.4  0.110 0.043 0.198 

0.05Co-0.5Ce 318.0  0.067 0.042 0.501 

4.3.5 XPS analysis 

The results of the XPS analysis are presented in Figure 4.4. The Mn 2p spectra is 

composed of two spin-orbital splitting components at around 654 and 642.4 eV which 

correspond to Mn 2p1/2 and Mn 2p3/2 splits. The relative amount of Mn3+ and Mn4+ was 

determined from their corresponding peak areas after the deconvolution of the Mn 2p3/2 

peak as shown in Figure 4.4(a) and Table 4.2. As shown in Table 4.2, the relative 

surface concentration of Mn3+ in 0.05Co-0.05Ce is similar to that of 0.05Co-0.1Ce 

which subsequently decreased with increasing amount of Ce. Similar trends were 

previously observed for CeO2 modified ŭ-MnO2 [5, 23]. The relative amount of Mn3+ 

is attributed to the creation of oxygen vacancies due to the substitution and/or 

replacement of Mn4+ in the lattice structure of ŭ-MnO2 to maintain electrostatic balance 

[5, 30]. Figure 4.4 (b) and (c) depict the XPS spectra of Ce 3d and K 2p. As the 
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intensities of CeO2 peaks increase with increasing amount of doped Ce, a corresponding 

decrease was observed in the intensity of K 2p peaks, which further supports the ICP-

MS observations of K+ leaching and the resultant structural collapse at high Ce doping 

ratio as observed in the Raman results. The peak intensities of the Co 2p spectra of the 

catalysts (Appendix B2) were in agreement with the ICP-MS results. 

Table 4.2. XPS results Mn 2p2/3 and O1s 

Sample 
Mn 2p3/2 

Mn 4+/Mn 3+ 
O1s center (eV) 

Mn 3+ Mn 4+ OI OII  OII /OTotal 

0.05Co-0.05Ce 642.4 644.8 0.36 529.9 531.0 0.30 

0.05Co-0.1Ce 642.4 644.8 0.35 529.9 531.0 0.36 

0.05Co-0.2Ce 642.4 644.7 0.48 529.9 531.6 0.21 

0.05Co-0.5Ce 642.5 644.8 0.42 530.0 531.6 0.22 

 

The O 1s spectra of the catalysts were deconvoluted and presented in Figure 4.4(d). 

Three peaks can be clearly distinguished at ~ 529.9 eV, ~ 531 eV, and ~ 533.8 eV, 

which could be respectively ascribed to lattice oxygen (OI), low coordination oxygen 

(OII: surface active defective oxides - O2
2-, O- and hydroxyl OH-), and adsorbed water 

molecules (OIII) [31, 32]. The relative surface concentration of the surface adsorbed 

oxygen species (O2
2-, O-, OH-) of 0.05Co-0.1Ce is slightly higher than that of 0.05Co-

0.05Ce as shown in Table 4.2. This is in agreement with their similar content of 

Mn3+/Mn4+, which is attributed to the formation of structural deformation (oxygen 

vacancies and grain boundaries) due to the presence of Co and Ce dopants within the 

lattice of ŭ-MnO2, in agreement with the Raman results and HRTEM results. Grain 

boundaries and oxygen vacancies were shown to act as active centers for the activation 

of oxygen and facilitate the mobility of oxygen [25, 27]. The relative concentration of 

surface active oxygen species dropped drastically at higher Ce doping ratio, which 
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could be attributed to the surface accumulation of CeO2 and the resultant structural 

collapse as shown in the Raman and HRTEM results.  

  

    

Figure 4.4. XPS spectra (a) Mn 2p (b) Ce 3d (c) K 2p (d) O 1s 
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4.3.6 H2 TPR results  

The results of the H2-TPR analysis are depicted in Figure 4.5. The reduction behaviours 

of the catalysts vary significantly depending on the amount of doped CeO2. In all the 

reduction profiles, four reduction peaks were observed which respectively correspond 

to the reduction of surface adsorbed active oxygen (Ŭ), and the succeeding reduction of 

MnO2 Ÿ Mn2O3 Ÿ Mn3O4 Ÿ MnO. It can be seen from Figure 4.5 that the reduction 

temperatures increase with increasing amount of Ce. The amount of consumed 

hydrogen (Table 4.3) decreases with increasing Ce content. The lower reduction 

temperature of the Ŭ peaks and the high H2 consumption of 0.05Co-0.05Ce and 0.05Co-

0.1Ce (174 and 182°C, respectively) indicate higher reducibility of the surface adsorbed 

oxygen and higher oxygen mobility [5]. This could be a result of the presence of higher 

oxygen vacancies and grain boundaries. A different reduction pattern and an additional 

reduction peak at 506°C was observed on 0.05Co-0.5Ce which is attributable to the 

reduction of surface CeO2 to Ce2O3 [33], further demonstrating the surface 

accumulation of CeO2 at higher doping ratio and the observed structural collapse.  

 

Figure 4.5. H2-TPR of CeO2 modified catalysts 
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4.4 Catalytic Oxidation of HCHO  

The Ceria modified catalysts were evaluated under a high GHSV of 120,000 ml·g-1·h 

of feed containing ~ 170 ppm HCHO and ~45% relative humidity. The catalytic 

activities of the catalysts in terms of total conversion of HCHO are presented in Figure 

4.6. For effective comparison, the temperatures for 50% and 90% conversion (T50 and 

T90) are presented in Table 4.3.  It is obvious that as the Ce content of the bimetallic 

doped catalysts increased, catalytic activity decreases accordingly. As observed in 

Figure 4.6, comparable activity was observed between 0.05Co-0.05Ce and 0.05Co-

0.1Ce, thereafter, a sharp decline in activity was observed with increasing Ce content. 

Higher doping of CeO2 led to a significant loss of activity, with 0.05Co-0.2Ce and 

0.05Co-0.5Ce attaining complete conversion of HCHO at 90°C and 100°C respectively, 

compared to 90ÁC for the pristine ŭ-MnO2 catalyst.  

On the other hand, both 0.05Co-0.05Ce and 0.05Co-0.1Ce catalysts attained complete 

conversion at 80°C. The observed trend in activity loss with increasing Ce content 

corroborates the findings of Zhu et al. [5] for CeO2 modified birnessite MnO2. The 

higher activity of 0.05Co-0.05Ce and 0.05Co-0.1Ce is attributable to their higher 

density of oxygen vacancies as well as the presence of grain boundaries at low doping 

ratio. In addition, H2 TPR results showed higher activity of the surface adsorbed oxygen 

species and lower temperature redox properties for both 0.05Co-0.05Ce and 0.05Co-

0.1Ce. Surface active oxygen species have been reported to actively participate in the 

catalytic oxidation reactions. Wang et al. [31] demonstrated the role of structural 

deformation of birnessite-type MnO2 in the generation of active oxygen species and 

their role in enhancing the HCHO oxidation.  
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Figure 4.6. HCHO catalytic conversion of  (a) bimetallic-doped catalysts (b) 

monometallic-doped catalysts 

Table 4.3. Catalytic activities (T50% and T90%) and H2 consumption 

 

 

 

 

To further investigate the influence of bimetallic co-doping, 0.05Co-0.05Ce was 

compared with 0.05Ce and 0.05Co doped ŭ-MnO2 catalysts (Figure 4.6(b)). 

Interestingly, relative to the 0.05Co, slightly lower activity was observed on 0.05Co-

Sample 
 Catalytic activity   

H2 consumption 

( mmol·g-1) T50% (°C) T90% (°C) 
 

0.05Co-0.05Ce 63 76 7.37 

0.05Co-0.1C 65 77  6.84 

0.05Co-0.2Ce 72 87  6.23 

0.05Co-0.5Ce  82 96  6.02 
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0.05Ce within the reaction temperature range of 30-60°C. However, at 70°C an 

improvement of about 15% in relative conversion was observed, nonetheless, both 

catalysts attained total HCHO conversion at 80°C. On the other hand, similar 

conversion trend was observed between 0.05Ce and 0.05Co-0.05Ce, with the activity 

of 0.05Ce being slightly higher. Overall, the 0.05Co catalyst was slightly more active 

at lower reaction temperatures (30-60°C) while 0.05Ce and 0.05Co-0.05Ce were more 

active at 70°C. This could be ascribed to the ability of 0.05Co to activate oxygen at 

lower temperatures, while CeO2 becomes more active at higher reaction temperature. It 

is worth mentioning that all the modified catalysts (monometallic and bimetallic doped) 

are far more active than the pristine ŭ-MnO2. Based on the above observations, it is 

pertinent to state that the bimetallic co-doping of ŭ-MnO2 with Co and Ce produced 

little effect, with the only observed activity enhancement being at 70°C, which is 

nonetheless similar to the activity of 0.05Ce.   

4.5 Effect of CeO2 on CO2 and CH3OH selectivity 

It is observed that while the pristine ŭ-MnO2, 0.05Co and 0.05Co-0.05Ce catalysts 

showed 100% selectivity towards CO2 (these three trend lines overlapped in Figure 

4.7(a)), the presence of methanol (CH3OH) was detected as a co-product in the presence 

of CeO2 over 0.05Ce catalyst. This is depicted in Figure 4.7 for the temperature 

dependence of CO2 and CH3OH selectivity of the CeO2 containing catalysts. It can be 

noticed that the selectivity of the CO2 achieved by 0.05 Ce catalyst slightly dropped to 

~ 96 and 95% at 60 and 70°C respectively. To further buttress this observation, a 

catalyst with higher Ce concentration of 0.2 mole ratio (0.2Ce) was synthesized and 

evaluated under the same conditions (Appendix B3). Besides reduction in activity, its 

selectivity for CO2 drastically reduced going through a minimum at 60°C, which 

corresponds to maximum methanol production, before it increased with increasing 
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temperature. It therefore could be inferred that at low Ce content (0.05) the presence of 

Co shifted the selectivity towards CO2, as no methanol was detected in the product 

stream and no methoxy species were observed in the DRIFTS analysis (section 4.6).  

However, as the amount of Ce content of the bimetallic doped catalysts increases, 

selectivity towards methanol increased concomitantly as observed in the Ce only 

modified catalysts (0.05Ce and 0.2Ce). In all the CeO2 containing catalysts (except 

0.05Co-0.05Ce), methanol selectivity first increased to a maximum at around 60°C, 

beyond which a reduction in methanol selectivity was observed. On the basis of the 

above observations, it is therefore rational to conclude that the presence of CeO2 shifts 

selectivity towards methanol, within the observed temperature ranges. The decrease in 

the selectivity with increasing reaction temperature suggests that the nature of the 

adsorbate-surface interaction changes with reaction temperature.  
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Figure 4.7. Catalysts selectivity variation with reaction temperature for CO2 (a) and 

CH3OH (b) 

Yu et al.[34] observed the generation of methyl formate and CH3OH over Ag/CeO2 

catalysts within the temperatures ranges of 80-160°C beyond which their selectivity 

reduced. Liu et al.[35] previously observed the formation of formic acid (HCOOH) over 

Au/CeO2 catalyst which initially increased and subsequently decreased with increasing 

temperature, which is similar to the observed trend for CH3OH generation in this work. 

Furthermore, in addition to high selectivity towards methyl formate, Popova et al.[36] 

also observed the presence of CH3OH as a product of the oxidation of HCHO over TiO2 

based catalyst. These further support our observation that CeO2 led to the generation of 

methanol. It is important to state that in this experiment paraformaldehyde was used as 



123 

 

the source of HCHO thereby eliminating the presence of CH3OH in the feed stream as 

is the case of formalin solution. Moreover, pre-catalytic tests showed no presence of 

CH3OH, with HCHO being the only detected gas in the feed stream. 

While the essence of HCHO oxidation particularly in the indoor environment is to 

remove HCHO, which is a proven carcinogen, extra caution has to be exercised in the 

design of catalytic systems for practical application. This is to avoid the generation of 

secondary pollutants which are equally harmful to human health, as is the case of CeO2 

modified ŭ-MnO2 catalysts in this work and the above mentioned works. Methanol is a 

well-known toxic substance which causes central nervous system depression, its 

ingestion could cause the formation of formic acid with effects of metabolic acidosis 

which is associated with acute to severe vision impairment, organs failure and death in 

extreme situations [37-39]. These are some of the associated effects of high exposure 

to methanol in humans.  As such, HCHO oxidation catalysts should be designed to 

prevent the generation of secondary pollutants that can harm human health.  

Several published reports have underscored the role of CeO2 in enhancing HCHO 

catalytic oxidation. Tang et al.[2] demonstrated the synergistic effect of CeO2 

composites for low temperature HCHO oxidation. They demonstrated the roles of 

synthesis method, surface density of lattice oxygen and the synergistic role of CeO2 

through effective activation and transfer of oxygen to catalystôs active sites on the 

activity of MnO2-CeO2 solid solution composites. Similarly, Quiroz et al.[40] 

underscored the synergistic effect of MnO2-CeO2 composite catalyst in the oxidation 

of HCHO compared to MnO2 and CeO2. Zhu et al.[5] presented that the doping of low 

amount of CeO2 into birnessite-type MnO2 was associated with the creation of oxygen 

vacancies and increase in the surface density of active oxygen species which greatly 
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enhanced HCHO catalytic oxidation. Similar observations were reported by Guan et 

al.[33] with the synergistic effect of CeO2 being through the transfer of its lattice 

oxygen into the generated oxygen vacancies in MnO2. Besides, CeO2 has been used as 

support for noble metal based catalysts with remarkable low temperature catalytic 

activities [41-43].   

It is noteworthy to mention that in the aforementioned works related to CeO2 based 

catalysts for HCHO oxidation, no other carbon containing products except CO2 were 

reported. In contrast, here, we observed the generation of CH3OH as a co-product in the 

effluent of all the CeO2 containing catalysts (both the mono- and bimetallic catalysts) 

except 0.05Co-0.05Ce, while our previously reported non-CeO2 catalysts (0.05Co, 

0.05Cu and ŭ-MnO2) showed 100% selectivity towards CO2 (Chapter 3). Thusly, this 

work has opened up questions to the safety of deploying CeO2 as a catalyst material for 

the complete oxidation of indoor air HCHO into harmless CO2 and H2O.  

4.6 Reaction Mechanism of HCHO over CeO2 Modified Co- ŭ-MnO 2 

Catalysts 

To understand the role of CeO2 in the HCHO catalytic oxidation, in-situ DRIFTS 

analysis was conducted to obtain information on the surface intermediate species 

produced in the presence of CeO2 and compared to non-CeO2 containing catalysts as 

reported in our previous work (Chapter 3). DRIFTS scans were collected over 60 mins 

at room temperature for both 0.05Co-0.05Ce and 0.05Co-0.5Ce, and presented in 

Figure 4.8. In the case of 0.05Co-0.5Ce, elevated temperature (25-100°C) DRIFTS 

analysis was carried out to understand the behaviour of the intermediate species at 

elevated reaction temperature in the presence of CeO2.  
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The absence of absorption bands related to adsorbed HCHO molecules indicates the 

instantaneous surface conversion of adsorbed HCHO into intermediate species. The 

absorption bands in the region of 3500-3000 cm-1 are characteristic of surface hydroxyl 

groups. The absorption features at 2840 ï 2844 and 1373 ï 1376 cm-1 arise from the 

stretching and the bending vibration of the C-H bond respectively, while the bands at 

1568 ï 1582, and 1338 ï 1356 cm-1 are assigned to the symmetric and asymmetric OCO 

stretch of the formates (HCOO) [44-46]. Information on the surface coordination of the 

formates could be obtained from the band splitting between the symmetric and the 

asymmetric C-O modes. The band splitting of 195 and 206 cm-1 on 0.05Co-0.5Ce and 

0.05Co-0.05Ce respectively, is suggestive of bridging mode coordination [44]. The 

doublet features at 2840 and 2870 cm-1, two asymmetric features at 1568 and 1578 cm-

1, and a broad shoulder band at 1356 cm-1, are indicative of the presence of two types 

of formates with similar coordination [46] on 0.05Co-0.05Ce.  

The bands located at 2730 ï 2733 cm-1 (C-H stretching vibration), 1450 ï 1456 (ŭ (CH) 

bending vibration), and 1161 and 1025 ï 1065 (ɜ(CO) stretch), are ascribed to surface 

adsorbed dioxymethylene (H2CO2) species. The band around 1613 ï 1626 cm-1 is 

attributed to surface adsorbed water molecules, while the bands at around 1650 and 

1280 cm-1, and the bands at 1522 and 1350 cm-1 are respectively allocated to the 

bridging and monodentate carbonates (#/ ) [36, 47]. Besides the common 

intermediate species observed on both catalysts, additional absorption features were 

observed on 0.05Co-0.5Ce. The bands at 2955, 1123 and 970 cm-1, which 

monotonically increased with reaction time, could be attributed to the formation of 

methoxy (CH3O) species [46, 48, 49] in the presence of high CeO2 loading.  
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Figure 4.8. DRIFTS analysis (a) 0.05Co-0.05Ce (b) 0.05Co-0.5Ce 

The appearance of the formate and carbonates intermediates immediately after HCHO 

exposure (Figure 4.8 (a), 0 mins), before the dioxymethylene peaks started developing, 

suggests that besides the oxidative dehydrogenation of dioxymethylene species into 

formate [5, 50, 51], formate species could also be formed by the direct oxidation of 

HCHO by surface active oxygen as previously reported [46]. The higher activity of 

0.05Co-0.05Ce could be accounted for by the faster rate at which it converts HCHO 

into formate and carbonates as shown in Figure 4.8 (a) (see spectra for 0 and 10 mins). 

This could be related to its higher surface density of oxygen vacancies and grain 

boundaries, which facilitates the formation and mobility of surface defective oxides 
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[25-27], as shown by the XPS and HRTEM results. Surface adsorbed carbonates were 

observed on both catalysts, indicating that the formates were further oxidized to 

carbonates, which after further oxidized and desorbed in the form of gaseous CO2. In 

addition to CO2, methanol was detected in the product stream at higher CeO2 doping 

ratio (0.1 to 0.5). 

The formation of methanol in the presence of CeO2 could be accounted for by the 

presence of methoxy species, which were observed on 0.05C0-0.5Ce, as depicted in 

Figure 4.8 (b). It should be noted that no methoxy species were observed on 0.05-

0.05Ce (Figure 4.8 (a)), indicating that in the presence of low Ce content (0.05), the 

presence of Co shifted selectivity towards CO2 as observed in the catalytic oxidation 

results (Figure 4.7(a)). Similarly, no traces of adsorbed methoxy species were observed 

on the pristine ŭ-MnO2 and 0.05Co (Chapter 3). Correspondingly, no methanol was 

detected in the effluent gases of HCHO oxidation over these catalysts. As such, 

adsorbed dioxymethylene species on CeO2 sites possibly undergo disproportionation 

via the Cannizaaro-type reaction mechanism, to generate adsorbed  methoxy and 

formate species [52], as no methoxy peaks were detected until around 20 mins of 

HCHO exposure, while  dioxymethylene peak was detected immediately after exposure 

(Figure 4.8 (b)). Previously, Li et al.[46] reported the generation of methoxy species 

over CeO2 catalyst via the Cannizzaro reaction. Similarly, Busca et al.[52] reported the 

formation of methoxy and formate species on the surface of magnesia, zirconia, thoria, 

titania and alumina, with the likelihood of Carnnizzaro-type reaction and direct 

oxidation of dioxymethylene into formate parallelism.  

The formation of methanol could be directly related to the protonation of methoxy 

species [50, 53]. We believe that based on the reduced intensity ratio of the hydroxyl 
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group peaks with increase in reaction time (Figure 4.8(b)) and its sharp decline with 

increasing reaction temperature (Figure 4.9), surface OH- groups are consumed in the 

reaction. They might serve as the source of H+ for the protonation of methoxy species 

(Eq. (4.9)) and the reaction of hydrocarbonates to CO2 and H2O (Eq. (4.7)). This is 

supported by the fact that at high temperature (Figure 4.9), the intensity of the methoxy 

and carbonates peaks attenuated concomitantly with that of surface OH- groups. Since 

no external source of moisture was provided and the samples were treated at 200°C to 

remove surface adsorbents prior to the DRIFTS analysis, we believe that the sharp 

increase in the intensity of the OH- (3500-3000 cm-1), during the room temperature 

DRIFTS (Figure 4.8(a) and (b)), is from the decomposition of the surface adsorbed 

moisture (1625 cm-1) formed during the HCHO oxidation reaction.  

Moisture was reported to react with oxygen vacancies and surface defects to replenish 

the supply of defective oxides (OH-, O-, O2
-), which participates in the oxidation 

reaction of HCHO [47].  The selectivity shift towards CO2 by the 0.05Co-0.5Ce 

catalysts with increasing reaction temperature could be accounted for by the increase 

in the intensity of formate peaks and the attenuation of both the methoxy and the 

dioxymethylene species (Figure 4.9). This indicates that at higher reaction temperature, 

the oxidation of dioxymethylene is faster and more selective towards formate species, 

thus the observed intensity increase in formate, and perhaps coupled with the 

contribution of direct oxidation of HCHO into formate [46], could be because of the 

availability of more active surface oxygen species via the oxygen activation and transfer 

mechanism of CeO2 [41].  
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Figure 4.9. High temperature (25 - 100°C) DRIFTS analysis over 0.05Co-0.5Ce 

Based on the above observations in the DRIFTS results and oxidation reaction products, 

a reaction mechanism with two routes (Scheme 1) is proposed. Route 1 leads to the 

formation of CO2 and H2O, while route 2 favours the formation of CH3OH in the 

presence of CeO2. Both routes 1 and 2 simultaneously take place in the presence of 

CeO2, while only route 1 is observed in the absence of and very low content of CeO2 

(0.05 MR) in the catalysts matrix. Summarily, upon adsorption on active MnO2 site, 

HCHO undergoes a nucleophilic attack by active oxygen to generate surface adsorbed 

dioxymethylene species (Eq. 4.3). Additionally, the direct oxidation of HCHO to 

formate species by surface oxygen [46] (Eq. 4.4), as observed in Figure 4.8(a), cannot 

be ruled out. 

HCHOg + O
-
a ŕ HCHOOa (4.3) 

HCHOg + O
-
a ŕ HCOO

-
a+ H

+
(a) (4.4) 

The formation of formate from dioxymethylene may then proceed by the oxidative 

dehydrogenation of dioxymethylene (Eq. (4.5)). The formate species undergo a further 
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nucleophilic attack by surface oxygen to generate surface adsorbed hydrocarbonates, 

which subsequently desorb in the form of CO2 (Eq. (4.6 ï 4.7)).   

HCHOOa Ÿ HCOO
-
a+ H

+
a (4.5) 

HCOO
-
a+O

-
aŸ HCO3(a)

-

 
 (4.6) 

HCO3(a)
-
+ H+a Ÿ CO2 + H2O (4.7) 

For the formation of methanol, adsorbed dioxymethylene (Eq. (4.3)), may have 

undergone disproportionation reaction via the Carnnizzarro-type reaction mechanism 

to generate adsorbed methoxy and formate species (Eq. (4.8)) [46]. 

2HCHOOa Ÿ HCOO
-
a+ CH3O(a)

-
+ O(a)

2-
 (4.8) 

The generated formate species proceed into its successive reactions to generate CO2 

and H2O (Eq. (4.6 ï 4.7)), while the methoxy species undergo a further protonation 

reaction and desorb as gaseous methanol (Eq. (4.9)). The source of proton is believed 

to be from the dissociation of surface adsorbed water molecules. 

CH3O(a)
- + H(a)

+Ÿ CH3OHa (4.9) 

 

Scheme 1. Proposed reaction pathway for the co-production of CO2 and CH3OH in 

the presence of CeO2 



131 

 

4.7 Conclusion 

Ce-modified Co-doped ŭ-MnO2 catalysts (MR: 0.05) with varying CeO2 loading have 

been synthesized. The catalysts with low doping ratio (0.05 and 0.1) of CeO2 showed 

higher catalytic activity for HCHO oxidation. The observed grain boundaries and 

oxygen vacancies at lower doping ratio favoured the activation and mobility of oxygen 

species. The catalytic activity of the catalysts is correlated to their surface density of 

active oxygen species. At high CeO2 loading, surface accumulation of CeO2 occurred 

which was accompanied by loss of interlayer K+ ions and structural collapse. Against 

our hypothesis, bimetallic co-doping (Co and Ce) of ŭ-MnO2 did not yield any 

appreciable improvement in catalytic activity, rather, both the monometallic-doped 

(0.05Co-MnO2 and 0.05Ce-MnO2) and bimetallic co-doped (0.05Co-0.05Ce) catalysts 

showed similar reactivity. However, the presence of Co in small amount of Ce (0.05Co-

0.05Ce) shifts the catalystôs selectivity towards CO2 (100%). The presence of CeO2 led 

to the formation of methanol as a by-product of HCHO oxidation. The methanol 

selectivity increases with increasing amount of CeO2 loading. The maximum amount 

of methanol was formed at around 60°C, thereafter, a selectivity shift towards CO2 was 

observed with increasing reaction temperature. DRIFTS analysis revealed the 

formation of methoxy species on the CeO2-rich catalyst, which is the major 

intermediate for methanol. Given the recent interest on CeO2 as a catalytic material for 

the abatement of indoor HCHO, this work has raised questions as to the safety of 

deploying CeO2 as a catalytic material, either as a support, dopant or a bulk catalysts, 

for the complete mineralization of HCHO into harmless products such as CO2 and H2O.  
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CHAPTER 5  

5 Potassium Mediated Lattice Oxygen Mobility of Manganese Oxide 

Catalysts 

5.1 Introduction  

 

Note. This chapter is a slightly modified version of an earlier publication. Yusuf, A., 

Sun, Y., Snape, C., He, J., Wang, C., Ren, Y. and Jia, H., 2020. Low-temperature 

formaldehyde oxidation over manganese oxide catalysts: Potassium mediated lattice 

oxygen mobility. Molecular Catalysis, 497, p.111204. 

 

The removal of formaldehyde (HCHO) ï a known and confirmed carcinogenic 

substance, from the indoor environment is pertinent to improving indoor air quality and 

comfort. Satisfactory pieces of evidence have revealed that exposure to HCHO over a 

long period, can lead to nasopharyngeal cancer, sinonasal cancer, and leukaemia [1].  

Some of its major indoor sources include wooden works, furniture and construction 

materials; others may include indoor combustion processes, such as cooking, smoking, 

and heating [2, 3]. Amongst the HCHO removal techniques, catalytic oxidation seems 

more promising, as the complete conversion of HCHO into CO2 and H2O can be 

achieved [4]. Catalysts containing noble metals are promising in this respect, and 

various techniques devised have enhanced their low to room temperature activity for 

HCHO oxidation. Alkali metals doping, mainly Na+ and K+, has been demonstrated to 

be a very effective strategy [5-8].  

Bai et al.[5] observed a promotional effect of K+ addition on the activity of Ag/Co3O4 

catalyst for HCHO by promoting the generation of surface OH-. Zhang et al.[8] 

observed a phenomenal improvement in the catalytic activity of Pt/TiO2, after its 

treatment with Na. Total oxidation of HCHO was achieved at room temperature over 
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the Na modified Pt/TiO2, in contrast to 150°C for the untreated catalyst. In another 

study, Na+ was observed to promote the stabilization and dispersion of Pd on TiO2 

support, and enhanced its activity by facilitating the activation of chemisorbed oxygen 

and OH groups to achieve room temperature oxidation of HCHO (compare to 120°C 

for unmodified Pd/TiO2) [7]. Similar promotional effects of Na+ were observed by Nie 

at al.[6] for HCHO oxidation on Pt supported TiO2 catalysts. However, there is a 

growing interest and focus on transition metals for catalysis due to their relative 

abundance and cost-effectiveness [9, 10]. 

Manganese oxide based catalysts are amongst the most promising transition metal 

alternatives for low-temperature HCHO oxidation [4]. The effectiveness of metal 

oxides for catalytic oxidation and other applications is affected by their propensity to 

cycle between two valence states and the mobility of their lattice oxygen [11]. The 

efficiency of VOCs oxidation over MnOx catalysts is strongly influenced by the redox 

properties of Mn, and the reactivity and mobility of the lattice oxygen [12], with Mn 

higher oxidation state (Mn4+) shown to be more active for the oxidation of o-xylene 

[13], toluene [14], HCHO [10, 15], CO [16], and methane [17].  Enhancing the redox 

cycle of Mn (Mn4+ź Mn3+) by facilitating the activation of molecular oxygen and 

enhancing the mobility of lattice oxygen was shown to be an effective strategy for 

improving catalytic oxidation of HCHO [10, 18]. Most of the investigated manganese 

oxide based catalysts, such as layered birnessite-type MnO2 and octahedral molecular 

sieves (OMS-2), contain K+. It has been reported that K+ facilitates the dissociation of 

molecular oxygen and desorption of water molecules, through an electron transfer 

mechanism from potassium to oxygen [19], and also enhances the generation surface 

active oxygen species such through the creation of oxygen and/or manganese vacancies 

[20-22]. It was previously demonstrated that K+ facilitates the migration of the lattice 
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oxygen of 3D CO3O4 for enhanced catalytic oxidation of HCHO over Ag/CO3O4 [5], it 

is therefore interesting to understand the effect of K+ on the mobility and activity of the 

lattice oxygen of manganese oxide for HCHO oxidation, since K+ is structurally present 

in most of the manganese oxide based catalyst.  

Besides, in Chapter, a decrease in catalytic activity and structural collapse of ŭ-MnO2 

was observed with decreasing content of K+. To investigate the role of K+ in the 

catalytic oxidation of HCHO over manganese oxide catalysts, a two way strategy was 

deployed by synthesizing manganese oxide catalysts with self-modulating and varying 

K+ concentration and subjecting the synthesized catalysts to acid-treatment to remove 

the K+ from the catalystôs framework. By varying the molar ratio of KMnO4 to 

Mn(NO3)2 in the reaction mixture, not only is the K+ concentration modulated but also 

the morphology, lattice oxygen and Mn4+ content. Increasing the KMnO4 content in the 

reaction mixture led to an increase in the K+ content, lattice oxygen and surface 

concertation of Mn4+. On the other hand, the acid-treatment of the pristine catalysts led 

to a drastic reduction in the K+ content of the catalysts and the creation of oxygen 

vacancies. Characterization and activity evaluation results (in the presence and absence 

of molecular oxygen) showed that the presence of K+ enhances the activity and mobility 

of the lattice oxygen by weakening the interaction between Mn and O, and also 

facilitates the replenishment of consumed oxygen, thereby enhancing catalytic activity 

and stability for HCHO oxidation. The surface reaction mechanisms of both the pristine 

and acid-treated catalysts were investigated via in-situ diffuse reflectance infrared 

Fourier transform spectroscopy (DRIFTS) measurements.  
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5.2 Experimental 

5.2.1 Catalyst synthesis 

In a given preparation of MnOx based catalysts, calculated amounts of KMnO4 

(Sinopharm) and Mn(NO3)2 (Sigma Aldrich) equivalent to 0.2, 0.3 and 0.5 molar ratio 

were dissolved in 100 ml deionized water in a beaker. KMnO4 solution was gradually 

added to the Mn(NO3)2 at 50 °C while the pH was gradually adjusted using 2M KOH 

until a pH of 10 was under continuous stirring. The obtained brown precipitates were 

aged in the supernatant solution at the same temperature for 2 hrs. The precipitates were 

then filtered, rinsed with deionized water and ethanol until neutral. The samples were 

then dried in an oven at 105 °C for 12 hrs. The dried samples were further calcined at 

300 °C in air for 3 hrs. The obtained samples were denoted Mx, where x is the molar 

ratio of KMnO4 to Mn(NO3)2 in the precursor solution. For comparison, M0 was 

synthesized using the same method and conditions in the absence of KMnO4. 

Subsequently, the obtained samples (x = 0.2, 0.3 and 0.5) were treated in 100 ml 0.1M 

HNO3 solution for 6 hrs under continuous stirring. The acid-treated samples were then 

rinsed severally with deionized water until neutral and then dried at 105°C and denoted 

A0.1Mx. For comparison, some acid-treated samples were subjected to further 

calcination at 300°C for 3 hrs and denoted as A0.1MxH. 

5.2.2 Characterization 

X-ray diffraction patterns of the synthesized catalysts were analysed on D8 Advanced 

(Bruker, Germany) instrument operating at 40 mA, 40mV. Raman spectra of the 

catalysts were collected on Renishaw inVia Raman Microscope equipped with an 

excitation source operating at 532 nm. The spectra were collected between 60 and 1500 

cm-1. Hitachi S-4800 Field Emission Scanning Electron Microscope (FESEM) was 

used to observe the morphological structures of the catalysts while elemental 
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composition and mapping was conducted using energy-dispersive X-ray spectroscopy 

(EDS). Prior to the FESEM analysis, the samples were sputtered with platinum on 

Hitachi E-1045. Transmission Electron Microscopy (TEM) and High-Resolution TEM 

(HRTEM) images were acquired on JEM-2100 200Kv electron microscope (JEOL Ltd., 

Japan). 

Micrometrics ASAP 2020 analyzer (Surface Area and Porosity Analyser) was used to 

evaluate the textural properties of the catalysts. The BET surface area of the catalysts 

was calculated from the N2 adsorption-desorption isotherms using the multipoint 

method, while the pore size distribution was calculated from the BHJ desorption 

isotherm. Prior to the analysis, the samples were outgassed at 200°C for 3 hrs. The 

chemical states, binding energy and surface elemental composition of the catalysts were 

analyzed using x-ray photoelectron spectroscopy (XPS) technique. XPS measurements 

were conducted on Kratos Axis Ultra DLD, with Al KŬ x-ray source with characteristic 

excitation energy of 1,486.7 eV. The binding energies of all elements were calibrated 

based on the adventitious carbon at 284.8 eV. Inductively Coupled Plasma Mass 

Spectrometry (NexION 300, PerkinElmer) was used to determine the elemental 

composition of the catalysts.  

Hydrogen temperature programmed reduction (H2-TPR) was conducted on 

Micrometrics Autochem II (chemisorption analyzer). About 50 mg samples were 

weighed into a quartz tube and outgassed at 150°C, under a 50 ml min-1 flow of Ar for 

1 hr, prior to the analysis. The pre-treated samples were cooled down to about 30°C. 

The gas flow was then switched to 8% H2/Ar mixture (50 ml min-1). The temperature 

was slowly ramped at a rate of 5°C min-1 to 600°C, and the H2 consumption was 

monitored by a calibrated TCD detector. The surface reaction and intermediate species 
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of HCHO oxidation were examined via in situ diffuse reflectance infrared Fourier 

transform spectroscopy (DRIFTS) analysis on Thermo fisher, Nicolet 6700 fitted with 

a reaction cell (Harrick, Praying Mantis). Purified air was used to inject HCHO (~ 75 

ppm) into the cell at a flow of 30 ml min-1, and the spectra recorded (resolution 4 cm-1 

and accumulation of 32 scans). Prior to the DRIFTS analysis, samples were treated at 

200°C in a 20 ml min-1 flow of Ar for 30 minutes. 

5.2.3 Catalytic activity test 

The catalytic activities of the catalysts were investigated under the same conditions in 

a dynamic mode. In a typical experiment, 100 mg of 40-60 mesh catalysts were loaded 

in a fixed bed quartz reactor with an internal diameter of 6 mm. About 170 ppm of 

HCHO gas was generated by passing air over paraformaldehyde (97% Alfa Aesar) 

maintained at 30°C, in a U-shaped quartz tube. The relative humidity of the inlet stream 

was maintained at 45%, by bubbling air over deionized water. The concentration of 

HCHO and relative humidity of the feed stream was maintained by adjusting the 

flowrate of the make-up gas. The total flowrate of the inlet stream was maintained at 

100 ml min-1 with the aid of mass flow controllers, which corresponds to a gas hourly 

space velocity (GHSV) of 60,000 ml·g-1·h-1. The concentration of CO2 and HCHO from 

the reactor were monitored online using GC (Agilent 7890B) fitted with an Agilent CP-

Sil 5 CB column (0.32 × 50m), Polyarc reactor (Activated Research Company (ARC), 

US) and an FID detector. Both HCHO and CO2 are first converted into CH4 with the 

aid of the Polyarc reactor before being detected by the FID. Polyarc reactor, which is a 

universal carbon detector with the capacity to convert hydrocarbons into methane 

through a 2 step post-column oxidation-methanation process (HCs Ÿ CO2 Ÿ CH4) [24]. 

CO2 was the only detected product of the oxidation reaction. Prior to the reaction, the 

reactor was calibrated by standard gases of HCHO and CO2. The room temperature 
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activity and stability of the catalysts (M0.5 and A0.1M0.5) were evaluated in a continuous 

flow mode for 72 hrs at a GHSV of 60,000 ml·g-1·h-1, and HCHO concentration of 

~10ppm.   

Since CO2 was the only detected product, the conversion of HCHO (%) over the 

catalysts was calculated as thus: 

Conversion % = 
#/ 

HCHO
Ĭ ρππ  

(5.1) 

where CO2 and HCHO  stand for the concentration (ppm) of carbon dioxide in the outlet 

stream and that of HCHO in the inlet stream, respectively. The conversion efficiency 

was monitored between the temperature ranges of 30 ï 120°C.  

The specific rate was calculated as follows [21]:  

Specific rate ɛmol m-2
min

-1
 = 
HCHO Ĭ f Ĭ ɖ 

22.4 Ĭ SBET Ĭ m
Ĭ 10-5 

(5.2) 

where [HCHO] represents the inlet concentration of HCHO (ppm),  f is the total 

flowrate (ml.min-1), m is the mass of catalyst (g), ɖ is the conversion (%) and SBET 

stands for the measured BET surface area of the catalysts.  

Lattice oxygen test was conducted on M0.5 and A0.1M0.5 samples according to the 

modified procedure reported elsewhere [16]. Prior to the test, the catalysts were treated 

in a flow of pure air (50 ml min-1) for 30 mins at 150 °C, the treated catalysts were then 

purged with pure N2 (50 ml min-1) for 30 mins at the same temperature, to remove 

molecular oxygen and weakly adsorbed species. A flow of N2 (99.99%) containing ~ 

170 ppm of HCHO (GHSV 60,000 ml·g-1·h-1) was passed over the catalysts at 60 °C 

and the reaction was monitored online for 600 mins. The conversion of HCHO was 
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computed according to Eq. 1, while the evolution of CO2 and HCHO were monitored 

using GC-Polyarc reactor.   

5.3 Results and Discussion 

5.3.1 Phase structure: XRD and Raman results 

The XRD patterns of the investigated catalysts are depicted in Figure 5.1. The weak 

peaks of the catalysts showed that they are poorly crystalline to amorphous in nature. 

The peaks at 17.9, 28.6, 31.2, 36.4, 37.9, 64.6, and 67.4° are indexed to tetragonal 

hausmanite structured Mn3O4 (PDF #24-0734), while the peaks at 36.7, 39.0, 47.5, and 

66.2° are assigned to MnO2 [13]. The weak and broad peaks at 36.7, 42.5, and 65.8° 

are indexed to hexagonal birnessite type MnO2 (JCPDS #18-0802) [21]. M0 is 

predominantly Mn3O4. Weak features of Mn3O4, in addition to those of birnessite MnO2, 

are observed in M0.2. Only the weak peaks attributable to layered birnessite MnO2 are 

present in M0.3 and M0.5. In the presence of permanganate ions, Mn2+ is favourably 

oxidized to Mn3+ and Mn4+ leading to the formation of birnessite MnO2 [24]. The 

observed peak broadening in the acid-treated samples could be attributed to partial 

crystal and layer distortion as a result of K+ extraction [25, 26]. Due to the amorphous 

nature of the catalysts, Raman spectroscopy was conducted to further understand their 

crystal structures and the effects of K+.  
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Figure 5.1. XRD patterns of as pristine and acid-treated catalysts 

The Raman spectra of the catalysts are presented in Figure 5.2. As seen in Figure 5.2a, 

the peaks at 650, 480, 393, 304 and 266 cm-1 are attributed to Mn3O4 [27, 28].  The 

Raman peaks located at 500-510 cm-1 (ɜ1), 569-582 cm1 (ɜ2) and 626-634 cm-1 (ɜ3) are 

characteristics of layered birnessite MnO2 [29]. They are respectively assigned to Mn-

O-Mn stretching (ɜ1), Mn-O stretching (ɜ2) of the basal plane of MnO6 and the 

symmetric stretching of MnO6 (ɜ3) [21, 29]. A significant weakening in the Mn3O4 

features (650 cm-1) was observed while the peaks corresponding to birnessite MnO2 

(582 and 626 cm-1) became more prominent in M0.2, in agreement with the XRD results. 

Birnessite MnO2 is mainly composed of layers of edge-sharing [MnO6] octahedra with 

K+ and water molecules at the interlayer spaces to compensate for the electric charge 

of the layers [30, 31]. Only the three peaks characteristics of birnessite-type layered 

MnO2 were observed in M0.3 and M0.5 (Figure 5.2a) and in M0.6 and M0.8 (Figure 5.3), 

in agreement with the XRD results. The relative increase in the intensity of ratio of ɜ2 

to ɜ3 (Figure 5.2a) could be ascribed to the increase in K+ content in the interlayer 

structure of the birnessite MnO2 [32], in agreement with the elemental analysis (Table 

5.1). On the other hand, a weakening in the intensity ratio of ɜ2 to ɜ3 was observed after 



145 

 

the acid treatment (Figure 5.2b). This is due to the polarizability variations between the 

two vibrational modes attributable to the removal of K+ ions from the interlayer 

structure of birnessite [25, 26, 32]. 

 

Figure 5.2. Raman spectra of (a) pristine synthesized catalysts (b) acid-treated 

catalysts 
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Figure 5.3. Raman spectra of M0.5, M0.6, and M0.8 

5.3.2 Morphological structure 

Morphological evolution due to variation in the KMnO4 concentration in the reaction 

mixture were observed, as shown in Figure 5.4. In the absence of KMnO4, M0 is 

composed of somewhat circular nanostructures with diameter ranging from 83 to149 

nm and thickness from 25 to 40 nm. After the introduction of KMnO4 (M0.2), the 

morphology completely transformed into an open flower-like structure composed of 

long interweaved and packed nanorods, with an average thickness of 29 nm, which 

further compacted into loose and irregular spheres, composed of nanosheets with an 

average size of 25 nm (M0.3). Interestingly, at a molar ratio of 0.5 (M0.5), there was a 

complete morphological transformation into dense and aggregated nanospheres, which 

did not change after the acid treatment (A0.1M0.5). No further changes in morphology 

was observed when the molar ratio was increased to 0.6 (M0.6) and 0.8 (M0.8), as shown 

in Figure 5.5.  However, a slight reduction in the size of the nanospheres was observed 

after the acid treatment, as shown in the TEM images (Figure 5.6a and 5.6c). This could 

be attributed to the abstraction of K+ from the interlayers of the birnessite [26], and the 

possible distortion of the layered structure during the acid treatment. The HRTEM 

images of  M0.5 (Figure 5.6b) and A0.1M0.5 (Figure 5.6d) showed both the pristine and 
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acid-treated catalysts have exposed (001) and (100) lattice planes, which correspond to 

~ 0.7 and 0.24 nm interplanar spacing of birnessite MnO2, respectively.  

 

 

 

Figure 5.4. SEM images of (a) M0; (b) M0.2; (c) M0.3; (d) M0.5 and (e) A0.1M0.5 
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Figure 5.5. SEM images of (a) M0.6 (b) M0.8 

Figure 

5.6. TEM and HR-TEM images of (a and b) M0.5, (b and d) A0.1M0.5 



149 

 

5.3.3 Textural properties 

The BET surface area, pore volume, and pore diameters of the catalysts are presented 

in Table 5.1. The adsorption-desorption isotherms of all the catalysts correspond to 

Type IV adsorption isotherm (Appendix C1a), which is typical of mesoporous materials. 

This is further confirmed by the pore size distribution (Appendix C1b), while the 

average pore size of all the catalysts (both pristine and acid-treated) falls within the 

range of 7-21 nm. As seen from Table 5.1, the surface area initially increases with the 

addition of KMnO4, but subsequently reduces as the amount of KMnO4 increases. The 

observed surface area trend conforms to the morphological transformation and particle 

size of the catalysts. As the particle size decreases, an increase in surface area was 

observed until the formation of compact and dense nanospheres. It is understood that 

the aggregation of the particles into compacted nanospheres led to a loss in surface area. 

However, an increase in surface area was observed in all the acid treated catalysts. This 

might be related to decrease in particle size, K+ leaching and the disruption of the 

layered structure during acid treatment [25, 26], as observed in the Raman and TEM 

results. 

5.3.4 Elemental analysis  

The elemental composition of the catalysts is presented in Table 5.1. As shown by the 

ICP-MS results, the concentration of K increases with increasing amount of KMnO4 in 

the precursor solutions. Increasing the molar ratio beyond 0.5 (0.6 and 0.8), does not 

result in any increase in the K+ content of M0.6  and M0.8, as shown in Table C1 

(Appendix C), likely due to the presence of excess amount of KMnO4 in the reaction 

mixtures (Appendix C2 and Supplementary Note C2).  As such the optimum K+ was 

achieved in M0.5. The acid treatment succeeded in drastically reducing the content of 

K+ in the treated samples (A0.1Mx), in agreement with the Raman results. As for the 
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elemental mapping of M0.5 and A0.1M0.5 (Appendix C3 and C4), both Mn and O are 

well dispersed on both samples, while the intensity and dispersion of K significantly 

reduced after the acid treatment, further confirming the leaching of K+ from the acid-

treated samples. The trend in the K+ content of the catalysts is consistent with the EDS 

and XPS results as presented in Table 5.1 and Appendix C5 (XPS K 2p spectrum). 

Table 5.1. Textural properties and K contents of pristine and acid-treated catalysts 

Catalyst 
BET 

(m2/g) 

Pore 

size 

(nm) 

Pore 

volume 

(cm3/g) 

Particle 

size 

(nm) 

Potassium Content 

ICP 

(wt %)  

EDS 

(wt. %) 

XPS 

(%)  

M0 44.6 20.8 0.23 134.0 0 0 - 

M0.2 115.6 11.9 0.30 51.9 2.28 4.57 2.79 

A0.1M0.2 160.2 10.8 0.40 37.4 0.35 - - 

M0.3 51.8 12.2 0.15 115.9 9.98 8.92 6.68 

A0.1M0.3 223.4 7.1 0.37 26.8 0.86 - - 

M0.5 22.4 12.5 0.05 267.8 13.72 12.71 14.89 

A0.1M0.5 43.7 8.4 0.09 137.4 1.63 2.46 1.5 

 

5.3.5 XPS analysis 

The XPS spectra of Mn 2p, O 1s and Mn 3s of the analyzed catalysts are presented in 

Figure 5.7a, 5.7b, and 5.7c, respectively. The Mn 2p and 3s high resolution spectra may 

provide insights about the chemical environment of Mn. The deconvolution of the Mn 

2p3/2 peak indicated the presence of two overlapped peaks with binding energies within 

the range of 642 ï 642.3 eV and 642.9 ï 643.6 eV corresponding to Mn4+and Mn3+ 

respectively [33]. No peaks related to Mn2+ were observed. The surface content of Mn3+ 

and Mn4+ were estimated based on their respective peak areas in the deconvoluted Mn 

2p3/2 peak and presented in Table 5.2. Higher content of Mn4+ may suggest higher 

oxidation, which increases with increasing K+ concentration. The Mn 3s doublet 

splitting (ȹE, Figure 5.7c) can be used to calculate the average oxidation state (AOS) 

of the catalysts based on the equation AOS = 8.956 ï (1.126*ȹE) [34]. The AOS values 
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of the catalysts are presented in Table 2 and ranges from 3.4 to 3.83, suggesting the 

presence of mixed states (Mn4+ and Mn3+), as observed in the Mn 2p3/2 deconvolution 

results (Table 5.2 and Figure 5.7a). The increase in the Mn4+ and AOS with K+ 

concentration, indicates that the synthesis route and K+ concentration may have an has 

impact on the oxidation of Mn in the catalyst. It was suggested that higher ratio of 

Mn4+/Mn3+ facilitates the redox cycle of Mn and enhances catalytic oxidation of HCHO 

and other VOCs [10, 14, 17], by enhancing the cyclic redox reaction of Mn (Mn4+ ź 

Mn3+) during the catalytic oxidation process [13, 35]. Interestingly, a significant 

reduction in both the AOS and Mn4+ content of the acid-treated M0.5 (A0.1M0.5) was 

observed, as shown in Table 2, in agreement with previous reports [20, 26]. The 

presence of Mn3+ is associated with the creation of oxygen vacancies in MnO2 to 

maintain electrostatic balance due to Mn4+ vacancies [36]. The surface concentration of 

Mn3+ can be used as a relative measure for determining oxygen vacancies. Therefore, 

the acid treatment does not only facilitate the removal of K+ but also lead to the creation 

of vacancies, as reported elsewhere [26]. 
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Figure 5.7. XPS Spectra of catalysts (a) Mn 2p, (b) O 1s, and (c) Mn 3s 

 

Table 5.2. XPS surface content and average oxidation state 

Sample 
Mn 4+ content 

(%)  

O content (%) 

Olat             Osuf 

 

AOS 

M0.2 39.23 55.89 40.24 3.42 

M0.3 44.72 65.98 30.51 3.55 

M0.5 86.52 70.00 25.14 3.83 

A0.1M0.5 36.86 62.30 33.23 3.40 

 




























































