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ABSTRACT

Formaldehyde (HCHO) is one of the sst@ommon indoor air pollutantghich causse
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 cometely mineralizing HCHO into C£and HO. 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 promisingftestive
alternative However, improving their catalytic performance is critical to enhancing
their competitiveness for practical and industrial application in indoor HCHO

abatement.

Birnessitet y p e ma n g a iMe@y)ds a@nomiging trafistiion 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 t o e n h anc e-MnO:hterough asurfack ydefactc act
engineering usg doping technique; the use of oxygen carrier; andtfineng 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 oxidatio 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 f eMnOdonHCHO.ci ng t
Mo di f i ¢ aMnD-ousing €46 andi Cu via metallic doping revealed that doping
technique i s promising I n evm@raHowaver,g t he



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 C(The incorporationof Cdi nt o t he | atMnOerdansett r uct u
the substitution of M, generation of oxygen vacancies and lattice defects, which
promded the formation of surface active oxygen species, and enhanced catalytic
activity for low temperature oxidation of HCHO. Catalytic results showed that Co

d o p eMhOzicompletely mineralize HCHO (~170ppm, 120,080gih?) at 80°C

compared to 90°C fohte p r iMeaQ@..iCaceo pleMhO:iproved very active even

under a very high space velocity of 400,00@rfih™. Its activity was further displayed

in its ability to achieve room temperature oxidation of HCHO, averaging up to 93.5%
conversion of ~10 pprilICHO (60,000 nityYih™t) over 72 hrs of operation. However,
dopantintermediates 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 relativencrease in the surface oxygen vacancies and concentration of
surface active o0xygenMnOxclotheppeeseace oftCo, the he p
catal yt i c-MaQ was wnhilitgd, aodf the Unhibitory effect increases with
increasing Cu dopindRIFTS analysis revealed that in the presence of Cu, carbonate
intermediate species accumulate on the surface of the catalysts leadingttritted

accesste at al y st 6and radaced catayticsactivitg s

CeQ was used to further enhance the adialactivity of Cod o p eMhO.liAs an

oxygen carrier, the oxygen storage capacity of £ its ability to transfer its lattice
oxygen, was utilized to achieve a bimetalicdc@ pi ng of CoMn®&nd Ce
Bimetallic doping of Co and Ce (0.05 = x/lvixt Co, Ce) did not show any significant

enhancement i 4MnQy,lteenpased to they mohoynetallit dopied catalysts



i Co--MnO2 and Cel-MnO», with similar doping ratio. Both the bimetallic doped
(0.05C60.05Ce) and monometallic doped catalyt®3CeMnO; and 0.05CeMnOy)
showed similar activity trend and achieved complete oxidation of HCHO at 80°C
(~170ppm, , 120,000 mtigh!). Complete oxidation shifts to higher reaction
temperature of 90 and 100°C for 0.05@aCe and 0.05CG6.5Ce, respeately. As the
amount of Ce®@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 Ce@a nd st r uct urMonO.. Ircadditibnecenparatively U
lower content of active oxygen species was observed at high IGading. Besides,
methanol was detected over all the GeOntaining catalysts except 0.050®5Ce.
However, in the absence of Co, even at low doping ratio of 0.05 of(C€BCeMnOy)
methanol was detected. Methanol selectivity increases with increasingcGetent.
DRIFTS analysis shows that methoxy specie, which is a methanol intermediate, is
generated in the presence of Ge@s such, the presence of Ceid the catalyst
matrices leads to the generation of secondary pollutant. This work raises questions on
the healthsafety of using Cefas a catalytic material for the abatement of indoor air

pollutant.

The interl a-Wmpis opmed ions,fmosty‘kor Na', and water

mol ecul es which help i n sMm@bIinChagtermithe t h e
role of K in lattice oxygen mobility of manganese oxide catalysts for enhanced
catalytic oxidation of formaldehyde (HCHO) was investigatBthnganese oxide
catalysts withvarying K content anduneableconcentration of lattice oxygen and #n

were synthesized and investigated for HCHO oxidation. Acid treatment of the pristine
catalysts led to the creation of oxygen vacancies, reduction in the surface aimmrentr

of lattice oxygen, Mfi" and K', and a resultant increase in surface area. Characterization
iii



results showed that high content Menhances the redox properties of the catalyst and
K* improves the mobility and activity of the lattice oxygen tebxédize the reduced

Mn active sites and provide more surface oxygen for HCHO oxidation. Catalytic
activity increases with increasing’ i€ontent, and the surface concentration of lattice
oxygen and Mf{. The catalyst with the highest amount df Ktticeoxygen and Mrf*
displayed the best catalytic activity, achieving complete HCHO conversion (170 ppm,
45% relative humidity (RH), 60,00@I1-g*-h) at 70°C, and an average of 68% HCHO
conversion (10 ppm, 60,0000-g*-h%, 45% RH) at room temperature for 72 hrattice
oxygen test, in the absence of molecular oxygen, revealed that the lattice oxygen is
involved in HCHO oxidation and Kenhances its mobility. Acid treatment increases
the concentration of surface adsorbed oxygen leading to an initial improvement i
catalytic activity, but the absence of ikpacted 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 fréasuf, A., Snape, CHe, 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 Review$9(3), pp.189233.(see Appendix A for permissioa teuse)

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) esii$sio

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 hsifgd 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 gnel@ind 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/ffor the avoidance of sensory irritationdaa long term

exposure limit of 0.2 mg/ffor protection against long term health effects [7]. Hence



the effective removal of HCHO from indoor air is imperative to improving indoor air

quality and safeguarding human health.

Various techniques for HCHCGemoval have been investigated and reported in the
literature, including adsorption {82], photocatalytic degradation [137] and
catalytic oxidation (thermal and nd@hermal). The effectiveness of physical adsorption

of HCHO on adsorbents suchasacevdt car bon (AC) is constra
maximum adsorption capacity, relative humidity (RH) or moisture deactivation and
also by the environmental risk when desorption occurs during regeneration [18, 19].
Photocatalytic degradation using ultraverit light on the other hand may lead to the
generation of toxic byproducts [20]. Catalytic oxidation is able to achieve complete
degradation of HCHO to #0 and CQ without the formation of harmful bgroducts

or secondary pollutants [21]. This could ey achieved at room temperature (RT)
especially with noble metal catalysts {28], 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 Ti@Q SiO, Al203 and zeolites [2-85]; some single transition metals {38];

and transition metdbased composites [4Bl] exhibit excellent HCHO oxidation
activities at temperatures lower than 100°C and even at room temperature. However,
the industrial applications ofoble metal catalystare restricted by high costs, limited
resources and poor thermal stabilities [32¢nce recent research efforts have been
focused on the development of relatively cheap materials for low temperature HCHO

catalytic oxidation [5385].

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 compareoidben
metals catalysts has motivated effort for further improvement. Therefore, the
development of highly active and cost effective catalysts foitéomperature oxidation

of HCHO is still a major challenge for practical application. The adoption of fi@msit
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 medakel catalysts have been developed
and investigated for HCHO oxidation. Some conventional transition -iasald
catalysts have been reported to show good catalytic activities for HCHO oxidation.
Sekine [2] demonstrated the catalytic oxidation of HCHOr onetal oxide catalysts.

Of the investigated catalysts including CoO, MnTO,, CeQ and MiOs, MNO, was
described to exhibit the highest catalytic activity. Generally, metal oxides in the
conventional bulk form possess low catalytic activity for HCHQ@ation 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 highatyaor HCHO

oxidation [21, 57].

As such, current investigations on transition mbteded catalysts are focused on
improving and developing new materials with enhanced morphologies and structures.
The structure of these catalysts and their morphadagirove their activity through

the improvement of parameters such as specific surface area, high surface reducibility,
porosity, active surface species, active lattice and adsorbed ezggeaining species,

and tunnel size and structure [53, 54]. Traosi metalbased catalysts for HCHO



oxidation found in the literature could basically be classified as single/meta and

composite or bimetallic oxides.

Composite or bimetallic catalysts were shown to exhibit superior catalytic activities
compared tadhe 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 enhancingcharge 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 weakebdnds, have larger radius

and possess lower elembegativity [60]. Various composites such as M1t [48,

58], Ca0s-Ce [51], MNOx-FeOs [61], CuOMnO; [51, 61], MNQ-SnG [62],

Cx:0s-ZrO2 [63] and CeMn oxide [64] have been studied for HCHO oxidation.

Reviews of the transition methhsed catalystinvestigated 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 birnessttey p e ma n a g meMn©qk is thex modt eactive U
crystalline phase of Mngor HCHO oxidation. Other reports have also demonstrated

t he cat al y tMn®O: foathetokidation of HGHD [6% 7 ] . HMNOL e , u
would constitute a good lowost and environmentally benign trarmitimetal based
catalyst for further improvement for HCHO oxidation, especially considering the
natural abundance of-MnGsyghesiselts layeradrstductird) e e a
which contains water molecules and interlayer cations such” @and N4, and the
presence of edggharing MnQ octahedra containing varying amounts of ¥t and

octahedral vacancies [68], presents a good opportunity for fine tuning its properties and



enhancing its catalytic activity. Moreover, despite the good catalytic acti yMn@%£ U
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
costeffective transitiormetal based catalysts, this thesis explores thefivattbn of
U-MnO: through surface defect engineering using doping technique; the use of oxygen

carrier; and finguning the concentration of the cations present in its interlayer spaces.

1.1 Aims and Objectives

The primary aim of this research was to:

1 Develop coskffective manganese oxide based transitiatal catalysts and
investigate the properties that are responsible for enhancing their afdivity

low-temperature HCHO oxidation.
The specific objectives of this research are to:
1 Effectively sy h e sMin@; catalysts via hydrothermal redox synthesis.

T I mprove t he c aWn®ithyough defeatengineeringvia dopihg. U
Investigate the effects of dopants in the generation of surface defects and
oxygen vacancies, and study the resultfifgcts of the modification on the

catalysts physicochemical properties and activity for HCHO oxidation.

1 Investigate the effectofthe t a |l | i ¢ -Mh@; pyicouplingan efféctive
dopants from (ii above) and an oxygen carrier such as,@d@ch arecapable

of transferring their | attMn©Oe oxygen,

{ Evaluate the role of interlayer cationsf[K on t he c¢ a-M@Obfgrt i ¢ ac

HCHO oxidation by modulating its concentration.



1 Evaluate the catalytic activities of theweloped catalysts for HCHO oxidation,
and appraise their physiamemical properties using characterization
techniques such as -bay Diffraction (XRD), Xray Photoelectron
Spectroscopy (XPS), Scanning Electron Microscopy (SEM), Transmission
Electron Micrscopy (TEM), EnergaDispersive Xray Spectroscopy (EDX),
Fourier Transform Infrared (FTIR), ,o-MdsorptionDesorption IsothermsH
Temperature Programmed Reductiore (HFPR), Raman Spectroscopy, and

Inductively Coupled Plasma Mass Spectrometry {(NIP).

1 Understand the surface reaction mechanism of the catalysts ussiy in
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 theqi€hapter 1) presents a background to this research,
highlights the motivation for the developmefit costeffective catalysts, the existing
challenges of transitiemetal based catalysts, the rationale, along with the aims and
objectives of this resedicChapter 2 presents a comprehensive literature review on the
recent progress in transitionetal based catalysts for HCHO oxidation. The respective
catalytic activities and factors (both catalytic and reaction system) that affect catalytic
performance we reviewed. The existing knowledge gaps in the literature with regards
transitionmetal based catalysts for HCHO oxidation were identified. Chapter 3
investigates the effects of moneetallic dopants: Co and Cu, on the physibemical
properties and loww e mper at ur e oxi dat i o-MnOa ORIFTSi t vy
analysis was conducted to understand the inhibition effect of Cu on the catalytic activity

o f -MnD». In Chapter 4, the effect of bimetallic doping and the role of GeGhe
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selectivity of CQ, production of secondary pollutant (methanol) and surface reaction
me ¢ h ani -8n®, wab invastigated. The role of interlayef K the catalytic

act i viMh@ and the niobility of lattice oxygen was investigated and presented
in Chapter 5. Lastlyin Chapter 6, the findings and conclusions from this project as well

as the recommendations for future work are presented.



CHAPTER 2

2 Advances on Transition Metal Oxides Catalysts for Formaldehyde
Oxidation: A Review

Note. This chapter is alightly 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 Jub®;(3):189233 (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 fard that enhance catalytic activity of transition
metalsbased catalysts are discussed, including preparation methods, morphology and
structure, specific surface area, concentration of surface active oxygen containing
species, oxygen mobility and metaligetsites. 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 substrateaterials 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 an
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
tempeatureq21, 64, 69]. Transition metdlased catalysts for HCHO oxidation found

in the literature could basically be classified as single/muoatal and composite or-bi



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
2.1.1Manganese oxide based catalysts

Manganese oxide is the most widely explored transition metal catalyst for HCHO
oxidation owing to its high catalytic activitghermal stability, existence in various
crystal mo r p h,04 magr aMa0y[3Q) andh seversi tubinel assemblies
(1D tunnels, layered structures such as birnessite and buserite and 3D spinel tunnel
structures) [71]. Chen et al.[54] studideb tinfluence 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 ilot 18,000 mL/gh, 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 factach as specific surface area,
degree of crystallinity, surface reducibility and average oxidation states of the catalysts.
Similarly, Zhang et al .[19] atMnQOtbitst ed t h
interlayer and tunnel structures whichiphe expediting adsorption and diffusion to
and from the catalystds active sites. The

to morphological and structural properties of the catalyst.

Tian et al.[53] investigated the impact of synthesis tnajpire 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©@0% at 100°C. This



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 wateeecntds 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. Interestingltheadrying
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 functioneointerlayer 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 catalystds surface.

Furthermore, the effect of manganese vacdNGy) on the activity of birnessitgpe

MnO. was studied [73]. It was found out that the presencevefiMproves the content

of the surface adsorbed oxygen containing species facilitated by the presence of
interlayer K, which helps in charge imbalancengpensation caused by the created
vacancy. The effect of surface pores created by the modification of birAdssite

with nitric acid and tetra ammonium hydroxide on HCHO oxidation was also
investigated [66]. The created defects, as proposed by the gutbored 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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Figure2.1. Effect ofbirnessite 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 catalystsThe K-OMS-2 nanopatrticle catalyst prepared at room temperature
exhibited a higher catalytic activity compared t€2#1S-2 nanorod structured catalyst
prepared at 100°C. The former attained 64% HCHO conversion at the reaction
temperature of 10C was due tohe 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 mangaseeoxide 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 dimensionalinO. (3D Mn(Q,) 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 n@amnbf surface active M#iions enhanced its high

11



activity compared -Mm: andb-&nOg ramoroé sammlgsisd i n g
Complete HCHO oxidation tod® and CQwas accomplished at 130°C with 3D MnO

while same conversion rate was achieved at 140°Cla8dD AC r espe-ct i vel
MnOz andb- MnO. under similar reaction conditions. This indicates that activity is
closely related to morphol ogi cal structur
b, 2 and U0 phaseeresinvestigatedy Zhargy etalf[19]Mmd@he
following order of activity for -xoekhpl et e
2> - MnO.. Compl ete HCHO oxi dat i-Mn®.. ltB8&igh att ai
activity was a result of its abundant amount of active lattiggen 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 structukéalOK
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 structuredMnO> 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 ds¢ablis

at reaction temperature below 120°C: cryptomelaneVir birnessite MO >
ramsdellite MpO >monoclinic MNOOH. However, birnessite turns out to exhibit better
activity for complete HCHO oxidation at higher temperature, achieving 100%
conversion at 14@ 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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2.1.2Cobalt oxide based catalysts
Cobalt oxide is another important transition ndiased oxide that has recently been
attracting attention for low temperature VOC catalytic applications. Similar toxMnO
Cmx04 also exhibit various morphologies which include nanofibers [76], nanosheets,
nanocubes, nanorods [77] and the morphologieséntie its catalytic activity through
the exposure of catalytically active surface sites [57]. The activity of {\as and
3D-C:0;4 structures for complete HCHO oxidation was compared and the following
order of reactivity was established: &304 > 2D-C030s > naneCo04 [57]. The
superior performance of 3D and ZI0swas ascribed to their mesoporous channel
structure which enables easy diffusion of reactants to undergo reaction on the active
surface compared to the nporous nandCo3Oq; in addition, he best performance of
3D-Co:04 was closely related to its abundant surface oxygen species, large specific
surface area and exposed activé'Gpecies on the (2 2 0) crystal face. Similarly, Ma
et al.[51] indicated that 2DC0:0,composed mainly of activ@a®" 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 gDQmtalysts.

The catalysts produced from carbonates and bicarbonates displatedtéeural
properties and superior catalytic activities. The catalyst produced from KH@thed

100% HCHO conversion at 90°C, compared to 120°C and 130°C for those prepared
from KOH and NH-H20, respectively. Recently, Wu et al.[76] described theatibn

of porous CeOs 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.
13



Despite the reported influence of morphological structure on the activitys6hGased
catalysts, very few structures have been exploited for HCHO oxidation. There is
therefore the need for further work to investigate other structures such ashests,
nanecubes, nanoods and the extent to which they can influence propertiesasich
specific surface area, porosity and exposure of active metal sites and oxygen species

for improved low temperature HCHO oxidation.

2.1.30ther metal oxides
Beside manganese and cobalt based catalysts, other metal oxides have been investigated
in the literatue. Xia et al.[56] synthesized 3D ordered rhombohedrD{using
assisted ultrasound nanocasting in the presence of 3D mesoporous sili€®) @dT
template. They were shown to also exhibit good catalytic activity, achieving up to 90%
HCHO conversion at I’FC. 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 Eudoped CeQ with both thermal and photecatalytic oxidation
capabilities for HCHO oxidation. Doping Eu onto Ce@amatically enhanced its
HCHO oxidation activity and complete oxidation temperature was reduced from 310°C
on pure Ce®@to 120°C on 4% Eu dopedCy. Catalytic activity was promoted through
more oxygen vacancy created on the surface of>Cgfeater redox ability, more
abundant surface active ¥eand enhanced surface reaction. The created defects
provide more sites for oxygen activation hence faliog 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 efahid G

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 temperatine in t
absence of light illumination, while the treated catalysts including®$ and HC-

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

conditions.

In general, manganese and cobalt based catalysts were demonstra&ecdive
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 utilizatdr 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 surfaceroxyg

content to improve low temperature reaction.

Table2.1. Single transition metal catalysts

Catalyst Preparation Reaction conditions IHCHO conversion | Reference
method T 100
Birnessite Hydrothermal 100 mg, 460 ppm| 100% at 100°C [53]

synthesis using | purified air, 30,000
surfactant (SDS) mil/g.h

Birnessite Redox Reaction o] 100 mg, 40 ppm, air| 90% at 96°C [73]
KMnOa and | 120,000 ml/g.h, 80% RH
Ammonium oxalate

Birnessite Surface modification 100 mg, 200 ppm, airf HCHO [66]

of birnesite with| 120,000 ml/g.h, 45% RH conversion/removal
nitric  acid and
Tetraammonium

hydroxide
Todorokite Na-Birnesite 200 mg, 400 ppm, 10.09 1100% at 100°C [54]
followed by MgCk | Oz, 18,000ml/g.h
hydrothermal
treatment
Pyrolusite Redox hydrothermal 200 mg, 400 ppm, 10.09 90% at 96°C [54]
synthesis Oz, 18,000 ml/g.h
K-OMS-2 Soft chemistry| 100mg, 460 ppm| 100% at 100°C | [55]
nanoparticle (KMnOg4 and benzyl| purified air, 20,000
alcohol) using| ml/g.h,
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surfactant (CTAB) at
25°C

K-OMS-2 nanorod | Soft chemistry| 100mg, 460 ppm|{ 100% at 160°C [55]
(KMnO4 and benzyl| purified air, 20,000
alcohol) using| ml/g.h,
surfactant (CTAB) at
100°C
K-OMS-2 nanorods | Sokgel synthesis a] 100 mg, 460 ppm 21% | 1100% at 180°C [36]
70°C Oz, 30,000 ml/g.h
K-OMS-2 Solgel synthesis a] 100 mg, 460 ppm , 219 64% at 100°C. [36]
nanoparticles 15°C 02, 30,000 ml/g.h
OMS-2 Redox reaction 200 mg, 500 ppm, 109 110% at 100°C [45]
Oz, 30,000 ml/g.h
3D-MnO2 Nanocasting: KI¥6 | 200 mg, 400 ppm, 20% 1100% at 200°C [74]
mesoporous hard template Oz, 30,000 ml/g.h
U-MnOz nanorods Redoxhydrothermal | 200 mg, 400 ppm, 209 154% at 200°C [74]
synthesis 02, 30,000 ml/g.h
b-MnO2nanorods Redoxhydrothermal | 200 mg, 400 pm, 20% | 1100% at 120°C [74]
synthesis O, 30,000 ml/g.h
8.86% KMnOg4 60 mg, 100 ppm, 20%0| 1100% at 130°C [80]
MnOz/celloluse impregnation 50, 000/h
(nanosheet followed by oleic
birnessite) acid reduction
Birnessite KMnOz-oleic  acid| 50 mg, 100 ppm, 20%| 1100% at 140°C [75]
nanospheres hydrothermal 50,000/h
reduction
Cryptomelane KMnOs-oleic  acid| 50 mg, 100 ppm, 20%:0| 1100% at 180°C [75]
nanorods hydrothermal 50,000/h
reduction
Ramsdellite KMnOs oleic acid| 50 mg, 10Qopm, 20% G, | 2100% at 140°C [75]
nanorods hydrothermal 50,000/h
reduction
Monoclinic MNOOH | KMnOas oleic acid| 50 mg, 100 ppm, 20%:0| 2100% at 140°C [75]
hydrothermal 50,000/h
reduction
KxMnO2 Low concentration 50 mg, 100 ppm, 26 Oz, | 295.1% at 140°C [21]
mesoporous hollow KMnOs-oleic  acid| 50,000/h
nanospheres reduction
KxMnO:2 High concentration 70 mg, 100 ppm, 20%| 287.2% at 140°C [21]
mesoporous KMnOs-oleic  acid| 50,000/h (GHSV)
honeycomb reduction
nanospheres
Birnessite Facile redoxeaction| 50 mg, 200 ppm, 290.1% at 140°C [72]
synthetic  air, static
reactor
UMnO; Hydrothermal 60 mg, 170 ppm, 20%:0 | 2100% at 80°C [19]
synthesis 25% RH, 100,000 mL/g.h
b-MnO2 Hydrothermal 60 mg, 170 ppm, 20%:0 | 2100% at 85°C [19]
synthesis 25% RH, 100,000 mL/g.h
2-MnO2 Hydrothermal 60 mg, 170 ppm, 20%:0| 2100%%25°C,12h) | [19]
synthesis 25% RH, 100,000 mL/g.h
-MnO2 Hydrothermal 60 mg, 170 ppm, 20%£| 1100% at 125°C [19]
synthesis 25% RH, 100,000 mL/g.h
Spinel CaO4 Precipitation ~ with| 100 mg, 100 ppm, 219 1100%at 200°C [69]
KHCO3 Oz, 69,000/h
Spinel CaO4 Precipitation ~ with| 100 mg, 100 ppm, 219 1100% at 150°C [69]
NH4HCOs and 2%| Oz, 69,000/h
K2COs treatment
Spinel CaOs Precipitation ~ with| 100 mg, 100 ppm, 219 1100% at 80°C [69]
KOH Oz, 69,000/h
Spinel CaO4 Precipitation  with | 100 mg, 100 ppm, 21% 100% at 90°C [69]
NH3.H20 Oz, 69,000/h
3D- C0z04 Nanocasting: KI¥6 | 200 mg, 400 ppm, 209 1100% at 90°C [57]

hard template

Oz, 30,000 ml/g.h
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2D- C0304 Nanocasting: SBA| 200 mg, 400 ppm, 209 1100% at 120°C [57]
15 hard template O, 30,000 ml/g.h

Nanc CosO4 Precipitation ~ with| 200 mg, 400 ppm, 209 1100% at 130°C [57]
Na2CO3 02, 30,000 ml/g.h

3D- C0304 Nanocasting: KI¥6 | 200 mg, 100 ppm, 209 1100% at 130°C [46]
hard template 02, 30,000/h

3D-Cr203 (400°C) Nanocasting: KI¥6 | 100 mg, 500 ppm, 30,00| 1100% at 150°C [56]
hard template mg/g.h,

2D- C0304 Nanocasting: SBA| 100 mg, 200 ppm, 229 1100% at 230°C [51]
15 hard template Oz, 55,000/h

Co04 nanofibers spiral 100 mg, 400 ppm20% | 1100% at 110°C [76]
electrospinning Oz, 30,000 mL/g.h
synthesis, calcined &
500°C

4% Eu dopedCeQ | Anodic 200 mg, 50 ppm, 25%| 190% at 117°C [78]

nanosheets electrodeposition o{ 30,000mL/g.h,
Eu onto CeO2

H-TiO2 Hydrothermal 100 mg, 100 ppm, airl 120.3% at 25°C [79]
synthesis static reactor

1Conversion = [CE out/ [HCHO]in

2Removal = ([HCHO} - [HCHO] ouy/ [HCHO]in

3 RH - relative humidity

“4Indicates the reaction temperature and time taken to reach such conversion in a static reactor.

2.2 Transition Metal-based Composites/Mixedxides
Transition metabased 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 atedener
by co-synthesis of two transition metals oxides or the addition of other metal oxides
either by ceprecipitation [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, 58br 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 wed#kdroklds, have
larger radius and possefower electronegativity [60].

Various composites such as

MnO-CeQ [48, 58], CaOsCeQ [51], MnOx-Fe&0Os [61], CuOMNO; [51, 61],
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MnOx-SNG:[62], Cas04-ZrO2 [63] and CeMn oxide [64] have been studied for HCHO

oxidation.

2.2.1MnOx-CeOz composites
The compsites of Mn and Ce oxides were shown to be active for HCHO oxidation
owing to the synergistic effect of Mn high activity angsorage 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 throughr@nsfer mechanism [48, 58].
The optimum MrCe molar ratio (Mn/(Mn + Ce)) for achieving solid solution was
shown to be inthe 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 MG solid solution
composite, compared to pure Mpghd CeQ, enables the composite to attain complete
HCHO conversion at lower temperature (100°C). The synergy was attained through a
series of redox cycles (Mil Mn®*" and Cé&*/ Cée*) involving the activation of feed
streammolecular 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 unarscored that above M@e molar ratio of 0.5, Mngcrystallized 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 tempature of 270°C was reported by Li et al.[85] for )MBe.sO..

Nonetheless, the catalysts were able to totally degrade HCHO at room temperature in
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the presence of 506 ppm ozone)( the feed stream. The ozone molecules enhance
the reaction by dissociatig on t he <catalystdés surface

oxygen species to drive the reaction [85].

Quiroz et al.[52] studied the impact of acid treatment over MBE% composite for
HCHO oxidation. Their results indicated that the treatment had no proedeffect

on the textural and redox properties of the composites within the solubility limit of Mn
(Mn mol ar r a t.iHowew@r, & higher Mn molarGaid®(0.7 and 1) when
MnO- began to crystallize out of the solid solution, significant impnoset 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 oxyrgasfer ability of Ce@was
significantly hampered by the formation of Ce¢@esulting into a drastic reduction

in activity. Therefore, acid treatment has positive effects on pure Mm@ an

inhibitive effect on the synergy of the solid solution pasites.

The modification of birnessistructured MnQ@ with ceria for HCHO oxidation was

also reported in the literature [86]. The incorporation of cerium ions inhibited the
growth of MnQ crystals leading to particle size reduction and increase infgpeci
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,(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 (Em0O, 5:10), the birnesitte structure collapsed

leading to decrease in catalytic activity.
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Tang et al.[48] furthedemonstrated that impregnating Pt on M@ composite
significantly improved its activity by attaining 100% HCHO degradation at room
temperature. It is noteworthy to mention that the formed composite (Pi##daQ)

was prone to deactivation with incrgag 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-CeQ composite was stable for complete HCHOdation 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 wasluobed at room
temperature. Supposedly Pt might be prone to deactivation by HCHO at higher

concentration, which needs to be investigated in future.
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Figure2.2. Effect of HCHO concentration on Pt/Mn@XxeO2activity at 25°C [48]

2.2.2C0304-CeO2 composites
Ma et al.[51] investigated the oxidation of HCHO at room temperature e@®0s-

CeQ composites. They revealed that no synergy or activity improvement was realized
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by the formed 2BC30s-CeQ composites and thaD-CozO4 was more active than the
compositeswith 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 2DC0304-Ce composites, which is a phenomenon repoytedhjuired for
achieving synergy through ceria @ansfer mechanism [48, 58]. The incorporation of
Au in the composite (2EAu/C0304-CeQy) 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) Ce0o304 catalysts with low loading of GO.a.
However, the 3BCeQ-Cm04 catalysts with various GEo molar ratios were shown

to posess 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 inte &@ HO below 65°C. The
composites (B Au/CeQ-Coz04), with lower Co content in CeGC0304 in the region

solid solution, presented better activity in this study. When higher Co molar ratios was
employed, segregation between Ge&hd CaOs occurred, which led to weaker

interaction and thus reded the activity of the Au/Ce&C0304 catalysts.

2.2.3Co-Mn oxides Composites
The compositesf 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 duto the abundant surface adsorbed oxygen species generated by the
oxygen vacancies created in the-Kao oxides solid solution. Textural and redox
properties were also shown to be affected by the synthesis method employed. Co
precipitation synthesis producadanore active catalyst with higher specific surface area,

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

using solgel method.

Wangetal . [ 64] further studied -0kiedafifonoeprg
for HCHO degradation using 3D ordered mesoporousM@ooxides composite
synthesized using KFb template and that of @dn oxides composite synthesized
using ceprecipitation During the storage process, the catalysts were first exposed to a
feed stream of @and HCHO; subsequently, the stored HCHO was oxidized in a flow
of O at elevated temperature to evaluate its activity. Th&8Mn oxides composite

was shown to have sepor storage capacity of up to 0.8 mmetatalyst 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 cgrecipitated Cavin oxides composite. The excellent activity of -&o-

Mn oxides composite was attributed to its larger specific surface area and ordered
mesoporous structure. Lu et al.[88] studied HCHO oxidation overM®@0Os-CeQ
composites and found out that the incorporatof MnQ: into Ca0s-CeQ: greatly
improved its textural properties and the amount of available surface active oxygen

species, resulting in an improvement in catalytic activity.

2.2.40ther composite catalysts
Other composites such as Ma®nQ [62] and zirconia supported cobalt oxide
catalysts [63] have been reported in the literature. Wen et al.[62] showed that the redox
properties of MN@SnQ, which were in turn influenced by the preparation method,
played a crucial role in determining itst&ity. 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 redgxempitation was
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Mn** while Mn** was the main state indfceprecipitated composite, which accounted

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

Table2.2. Transition metal composite catalysts for HCHO oxidation

Catalyst Preparation method Reacton conditions HCHO Reference
conversion
MnOx-CeQ 2(M.R | Co-precipitation 200mg, 580 ppm, 18% | 1100% at 100°C | [58]
=0.5) 1(500°C) 21,000 mL/g.h
MnOx-CeQ Co-precipitation 200mg, 580 ppm, 20% | 190% at 90°C [48]
’(M.R=0.5) 30,000 mL/g.h
Mno.sCe.s0O2 Co-precipitation 300 mg, 33 ppm, 21% | 2100% at 270°C | [85]
10,000/h
Mno.sCe.s0O2 Co-precipitation 300 mg, 61 ppm, 21%4506 | 2100% at 25°C | [85]
ppm @&, 10,000/h
MnOx-CeQ ?(M.R | Co-precipitation 200mg, 580 ppm, 20% | 100%at 125°C | [84]
=0.5) 30,000 mL/g.h
CeMnOz Redox reaction of 100 mg, 190 ppm, air, 9( 1100% at 100°C | [86]
KMnOa and | L/g.h
Ammonium oxalate]
with Ceriumnitrate
3D-CeQ- C304 Nanocasting: 3EPS | 200 mg, 8 ppm, purified aif 100% at155°C | [50]
(2.5:1, Ce/Co) hard template 15,000 mL/g.h
Co-Mn 4(3:1) Co-precipitation 80 ppm, 21% @ 50%°RH, | 100% at 75°C | [87]
3D-Co-Mn 4(3:1) Nanocasting: KIT 6 250 mg, 80 ppm, 21% | 1100% at 70°C | [64]
Hardtemplate 50%°RH, 36,000/h
MnOx-C0304- Solgel synthesis 50 mg, 200 ppm, 21% Q| 1100% at 100°C | [88]
CeQ 36,000 ml/g.h
MnOx-SnCG Redox ceprecipitation | 200 mg, 400 ppm, 10%2D| 1100% at 180°C | [62]
30,000 ml/g.h
MnOx-SNQ co-precipitation 200 mg, 400 ppm, 10%20| 1100% at 220°C | [62]
30,000 ml/g.h
Gr a p h e nze 1| Graphene treatmer] 100 mg, 100 ppm, purifieq 1100% at 65°C | [59]
hybrid with KMnO4 (redox) air, 30,000 mL/g.h

1Conversion = [CE out/ [HCHO]in

2Removal = ([HCHO} - [HCHO] ouy/ [HCHO] in
3 RH - relative humidity

This is in agreement with other reported literatures foattiee state of Mn for HCHO
oxidation [58, 74]. Lu et al.[59] investigated the catalytic performance of graphene
MnOz (G-Mn) hybrid for complete oxidation of HCHO. The-l@n hybrid catalyst
achieved complete HCHO degradation at 65°C, compared to 140pGreoMnQ and

the completely inactive graphene (G) nanosheets. The hybrid system exposed more
Mn** active sites, enhanced charge transport during Mn redox cycle and offered a larger

amount of surface OH- species which eased HCHO oxidation and improvwetyacti
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2.3 Catalyst Immobilization on Porous Materials forpractical HCHO
Oxidation

For practical applications, deployment of powdered form materials especially
nanosized, gives rise to engineering challenges such as dust contamination and
nanoparticle leachingp 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 (ET) [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
Wang et al.[18] reported the-gni t u ¢ oMnOx nargpsheet on the surface of PET
first through surface reaction followed by-situ deposition. The formed composite
which is light with low air resistance and high specific surface area, provaty hig
active and stable for low concentration HCHO (0.6 ni)y/wxidation 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 peiculate 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 achied continuously for 35 days for both high and low face

velocities close to typical building air ventilation systems.
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Table2.3. Immobilized transition metal catalysts for HCHO oxidation

Catalyst Preparation method Reaction conditions HCHO Reference
conversion

U-MnO2/PET Redoxprecipitation 500 mg, 0.6 mg/f HCHO, | 94% at 25°C | [18]
purified air, 50% RH, 17,000/l
GHSV

8.86 wt% | KMnO4 impregnation| 5 mg, 100 ppm HCHO, 20 vol % 99.1% at| [80]

MnOz/cellulose | of cellulose fiber| O, 140°C

fiber followed by oleic acid| 50 000/h GHSV

treatment

Birnessite/AC | KMnOg reduction of 200 mg, 400 ppm, synthetic ai 100% [90]
(static reactor) 1(25°C,7h)

-MnO2/AC Redoxco-precipitation | 100 mg, 150 ppm, pure air, (staj 100% [70]
reactor) 1(25°C,9h)

lindicates 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 Mmdosheets on
cellulose fiber composite (8.86 wt.% Mp/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 irofad@$iO
conversion per mg of MnOHowever, the observed difference could supposedly be
attributed to the adsorption capacity of cellulose fiber and not necessarily HCHO
conversion as Cfgeneration/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 birnessiteMnO2 a n dMn@. respectively. In both cases, HCHO was

completely converted into GGn a static reaction chamber.

However, the mechanisms inthocases were such that the concentration of HCHO
sharply dropped in the first 60 mins with little corresponding G&heration, possibly
indicating that the molecules were actually adsorbed onto the surface of AC. The
adsorbed molecules were consequently and slowly converted intaf@®6 hrs on
birnessiteMnO.,/ AC [ 90] aMn®D./AT [78] assshoamin Rigurg.3 (a) and

(b). In contrast, simultaneous HCHO conversion and G&heration 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 indicateb¢hdQHO
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is instantaneously converted into ¢@s 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 metdlased 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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Figure2.3. Concentration variation of HCHO and gf@rmation in a static
experiment: (a) over birnessikdnOz/ AC [ 90] aMnDJ/ACHY] over U

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, spacdowgiy, 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, specifsurface 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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2.4.11Influence of synthesis methods andonditions on textural
properties, morphology and activity

Several conventional preparation methods can be used to synthesize catalysts for
HCHO oxidation including segjel method [55], precipitation and-poecipitation [58,

89]. Recent researches haveimhafocused 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] ahhard template nanocasting [57, 74].

Synthesis methods and reaction condition
surface properties, structures and morphologies and hence influence their catalytic
activity [36, 53]. For instance, the utilizatioh ultrasound assisted nanocasting of 3D

Cr.03 using KIT-6 as template helps improve the penetration of precursor materials

into the mesoporous structure of KT which proved efficient in enhancing its specific

surface area, pore volume and mesoporgpustimpared to 3BCr.0O3 synthesized

without the aid of ultrasound [56]. Zhang et al.[19] highlighted that by varying reaction
conditions in a hydrothermal synthesis, various crystal structures ot MuifDding

( th n dMn@,) a nadn dVibd,) 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 fiC lib@reby
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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 6f Mnbenzyl 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
eventudly collapsed into 1D MnOOH nanorods at 180°C. Similarly, a correlation

bet ween reaction temperature andtype at al y
manganese octahedral molecular sievw®MS-2) was reported by Tian et al.[55]. The
morphologies of the KOMS-2 catalysts changed from nanoparticles at room
temperature to nanorods at reaction temperatures -aD8UC and to nanowires at

120°C.

Tian et al.[36] reported that essential properties of cyptomelane catalyst such as
morphology, crystallinity, specitfisurface 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 diméhed 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 inhe synthesis temperature led to a dramatic improvement in textural
properties; specific specific surface area and pore volume increased frofgGch

0.2 cni/g at synthesis temperature of 15°C, to 208grmand 0.3 crilg at 70°C,
respectively. Such an pnovement 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 ottlg a li
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change was observed in the sizes of birnessite nanospheres and that the structure was
prevented from collapsing by interlayer lind 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 x 2 tunnel
structure due to the loss of interlayer water. The calcination temperature of composite
MnOx-CeQ prepared using modified garecipitation was shown to greatly influence

its catalytic activity for HCHO oxidation [58]. As the temperature rises fromS0WC,

the relative amount of surface active Mand Qutice also rises, however at higher
temperature (700°C) both activity and relative amount of surface active species
dramaically decreased due to phase segregation evident by the appearanceof MnO
crystals in the otherwise solid solution composite. Likewise, Wu et al.[76] indicated
that high calcination temperatures (6800°C) led to the decrease in the activity of
CxOsnanofi bers as a resul't o f aggregation

mesoporous structure.

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

is also attracting attention. When templates are deployed in catadysration, the
catalystbés structures and morphology <cou
catalytic activities [55, 74] and replicate the characteristics of the template materials
used. While Shi et al.[87] demonstrated thatNDo oxides composis prepared using
co-precipitation method were far more active than those prepared usigegl soéthod,

and the same group [64] further disclosed that 3D mesoporouginCoxides
synthesized using KFb hard template possessed superior activity owingetio bietter

textural properties. Similarly, the syntheses ofGE203 [56], 3DC0304 [57] and 3b

MnO2 [74] have been demonstrated using 4&lTolecular sieve hard template for

HCHO oxidation. The presence of the template improved the mesoporous strudture an
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specific surface area and exposes more active sites thereby enhancing catalytic activity.
Other mesoporous structures including-BIDO. [91] and 2DCo0s4 [51, 57] have

been prepared using SBKS hard templates, which turned out to be more active than
the corresponding neporous materials but less active than theirc@Dinterparts.
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
cetyltrimethyammonium 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 mangemdased catalysts. Chen et al.[21]
disclosed that mesoporous hollow and honeycorrtO> nanospheres with varying
properties and activities could be produced by varying the ratio of KNNn@ oleic

acid during the synthesis process. Zhou et al.[75] legighat introducing By
(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 criticdketermining the
resultant morphology under similar conditions. While the addition £8Q4led to
cryptomelane structure, addition ofsPy and HNQ produced birnessite and
ramsdelite structured manganese, respectively. This shows that different @aipns
dissimilar roles in channeling the mechanism of crystal formation towards a particular

morphology.

242l nf l uence of catalystds mor phol
Catalystsd morphology and structure play

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 exposuralikavail
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 orttine oithe
catalysts. 3D MnO; catalyst have more exposed #on its crystal lattice plane
thereby improving its activity compared to the @hé me n s -MoO3 andb-MO;

nanorod materials [74].

Chen et al.[54] investigated the effect of MetOnnel stucture on the active oxidation

of HCHO. Three types of Mn tunnel structures have been discussed including pyrolusite
with tunnel structure of ca. 0.23 x 0.23 Hiraryptomelane consisting of double edge
sharing MnQ octahedral with tunnel diameter of ca4® x 0.46 nrhand todorokite
composed of triple chains edgbaring Mn@ with tunnel of ca. 0.69 x 0.69 rfm
Experimental results disclosed that cryptomelane had the highest catalytic activity
achieving 100% HCHO conversion at 140°C. Cryptomelane passess effective
tunnel diameter close to HCHOOG6s dynamic
adsorption and higher catalytic activity [54]. Yu et al.[41] indicated that the micropore
channel structure of nesand urchirlike MnO. improved their catlytic activity by
allowing better adsorption of HCHO compared to that of codik@nMnO, without

mesopores present despite having higher specific surface area.

Tian et al.[53] also highlighted that the presence of smaller catalytic pore sizes could
ex end the residence of HCHO mol ecul es i
catalytic activity. Correspondingly, the work of Tian et al.[55] underscored that the pore
structures of nanoparticle-AMS-2 were readily accessible to HCHO molecules,

enharing higher adsorption and better activity compared4©OMS-2 nanorods with
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similar specific surface areas. Zhang et al.[19] further highlighted that the 2D layered

t unnel s tMn@enhanceeits acfivitydhrough facilitating the adsorption and
desorption of HCHO to active, sbintdéisD)compar
I n another research, Chen et al .[21] stre
porosity and nanoplatelets crystal size than specific surface area. Mesopmlows h

KxMnO. 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 ohéssite is such that it contains Gidd
water molecules at the interlayer surface. The presence o&i@Hwvater molecules
greatly improved its catalytic activity for HCHO degradation even at room temperature.
After the removal of both the OHand watermolecules, the birnessite structure
collapsed and the catalyst lost its high activity. Likewise, Sidheswaran et al.[89]
indicated that the existence ob® molecules in interstitial voids of MnCbased
catalysts with varying composition of nsutite, cryp&ame and pyrolusite contributed

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

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

2.4.3Roles of active surface oxygen in HCHO oxidation
It is repated in the literature that surface oxygen species either in the form of surface
adsorbed oxygen species>(AD or terminal OH group [73]) and lattice oxygen are
critical to the effectiveness of the catalytic oxidation of HCHO and other intermediates
into C& and BHO [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 axidation 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 Mn@at al yst s -NMnQ,) areb , 2 a
closelylinked to their respective amount of surface lattice oxygen (relative to surface
adsorbed oxygen species) and the->f-&l | owi n
b- > - MnO». Similarly, Tang et al.[58] indicated that the catalytic activity trend of
MnOx-CeQ 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 adsarb&ygen species were shown to be directly involved

in the activation of HCHO and its subsequent oxidation inte &@ HO [66, 73]. It

was indicated that the activity of layered birnesiteO, catalysts with surface pits
corresponds to the relative amouwf 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 betthe 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 moleculaxggen. 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 £&0e created oxygen vacancies served

as sites for oxygen actitian to form more active superoxide¥¥Dspecies which could
partake in surface reaction, hence enhancing the concentration of surface adsorbed
oxygen and the catalystodés activi tMpOx Si mi l

catalysts served astgpifor 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 (&, 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 B increasing the ease with which surface active oxygen desorb from
catalystdéds surface through the30i-Ge@orpor a

composite.

In addition, Lu et al.[59] indicated that adsorbed oxygen specie9 (@td not lattice
oxygenare responsible for the high activity of graph&meO. 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 decompsition pathway by direct Orbxidation of formate species to €O
without the formation of CO intermediates. It was also shown that surfacp@ites

were directly involved in the room temperature oxidation of HCHO on the surface of
birnessite, which kg 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
OHspecies were responsi bl e fofMn@/RETathi gh H
room temperature. Simily, Fan et al.[69] underscored that @igecies on the surface

of CmxOs 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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2.4.41nfluence of reducibility and active metal sites on catalysts surface
The surface reducibility of catalysts plays an important role in determining their
catalytic activity. I't indicates the amol
and their onset reaction temperar es [ 53] . |t could al so i
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 reduant temperature and catalytic activity for birnessite
manganese based catalysts. The establishe
reduction temperature (higher surface reducibility), the higher its HCHO oxidative
activity and viceversa. Tangt al.[58] presented that owing to solid solution formation,
MnOx-CeQ catalysts possessed higher surface reducibility and better catalytic activity
compared to pure MnOand CeQ. Further mor e, the catalys
surface reducibilitylecreased (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 tend was also reported for HCHO oxidation oveg@iccatalysts

[69].

The active sites present on catalystodés su
The higher the concentration or availabil
surface, the better its HCHO oxidative activity. Bai et al.[57] presented thitiGts

are the surface active state and sites ofC380D4 for HCHO oxidation. The (220)

crystal plane of the catalyss majorly composed of Gbagainst the Co present on

the (111) crystal plane of narG0s04, thereby making it more active and achieving
complete HCHO oxidation at lower temperature. Similarly, Ma et al.[51] demonstrated

that the (110) facet of 23004 which is mainly composed of Cuis the key active
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facet foreffective HCHO oxidation. High activity for HCHO oxidation by 3@nO>

was attributed to the presence of high content of'Mative sites on the exposed (110)
crystal plane surface [74]. These exposed ions provided sufficient sites upon which the
actual xidation reaction takes place, thereby improving its activity. It was also shown
that Mrf* is the active state and site for HCHO oxidation for Mi@2Q based
composite and the catalyst with the highest amount df pssessed the best activity

[48, 58, ®]. Zhang et al.[19] also highlighted that amongst their investigated catalysts
( U, b -Mn®,), thosawitliithe highest content of fMulisplayed the best HCHO

catalytic activity.

Improving the electrochemical properties of catalysts was provenhanea their
catalytic activities. Lu et al.[59] established that the charge transport ability and
interfacial electron transfer of MnQ@luring Mrf*/Mn®* redox cycle can be enhanced

by incorporating graphene into Ma@s-Mn hybrid), which was revealed tmprove

the electrical conductivity of Mnand 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].

2.4.5Influence of specific surface aremn HCHO catalytic activity
Catalystsd specific surface area is an i
oxidative. High specific surface area could enhance adsorption of HCHO molecules
onto the catalystds sur f ac évesitesdimpnoginigp 1 n
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 catal yshyWeetal[y@]Jforace an

Ca304 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 toesteudtion 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 cryptomelacegalyst, with
specific surface area as high as 208gnand smaller uniform mesopores exhibited
higher catalytic activity than the corresponding nanorod cryptomelane catalyst with a
specific surface area of 68*y. The high specific surface area and $mahoparticle

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; Matalysts

with higher specific surface area (163%g) achieved higher HCHO oxidation
compared to Mn@catalysts with a specific surface area of FlgrSimilarly, 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 afnessitetype MnQ was

shown to be independent on the catalysts:i
relative content of adsorbed surface oxygen species and the manganese oxidation state.
The catalyst with the highest manganese vacancy had tlestigpecific surface area

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

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

specific surface area trend, and in fact the catalwith the smallest specific surface
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area exhibited the best catalytic activity. Complete oxidation of HCHO was achieved
at 75°C on Cavin oxides (molar ratio: 3/1) with specific surface area of 82ynvhile

only 64% conversion was attained on-Ma oxides (molar ratio: 2/1) with specific
surface area of 172%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 sadidition by the incorporation of Mn

into the lattice structure of @04. Fan et al.[69] also showed thatsOa catalysts with

high surface content of 'K CO:* and Cd&* 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
humi di ty, reactantsdéd space velocity and
ensuring the overall effectiveness of thdation reaction. These parameters need to
be optimized especially reaction temperature considering the potential application of
the process (no harmful fproducts generation), in order to realize practically effective

HCHO oxidation.

2.5.1Reaction temperatue 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 tdurper
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 (BR{.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 oher 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 usedr®uld 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 eatroom temperature [48, 93].

; T o B B # & _
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where GicHois the inlet HCHO concentration (ppm), F is the flowrate (ml/mi@

the percentage ®HO conversion (C&generation), &t catalysts specific surface area

and m is the catalyst mass.
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2.5.2Relative humidity
Relative humidity (RH) at moderate levels influenttesefficiency of HCHO oxidation,
however at higher RH competitive adsorption eOHvater molecules tend to block the
catalystbés active surface hence i mpingi ng
supply of surface active hydroxyl Olroups whichare consumed during HCHO
oxidation, via the reaction of water vapor and surface active oxygenX[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 graugpsstain HCHO oxidation
reaction at RT. Water vapor also hel ps i

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

Wang et al.[72] indicated that RH in the range of 339%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

HO mol ecules on the catal ysto6shM®PETace. S
[18]: at 0% RH significant deactivation was observed due to the formation of formate
species on the catalystods surface; howeve
active and stable while activity significantly dropped when the RH waisefuraised

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 eersa. In view of these, it could be insitech

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 significaarvameter 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 reactiparatire.
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 auvitin@,/AC
completely lost its activity when exposed to 5 myHCHO 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/m

2.6 Reaction Mechanism of Catalytic Oxidtion 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 wagyieaction
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-\WarKrevelen

mechanism [18, 19, 89]. In this mechanism, reaction proceeds via-stdg® redox
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reaction with an assumption of constant s
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 catalystodés surface foll
of formate intermediates on the surface, thlea intermediates are subsequently
decomposed to # and CQ as presented ikq. (2.27 2.5) whereg anda indicate

gaseous phase and adsorbed species, respectively.

0606 G © "08 00 0 2.2)
06 "00 6O 08 6 6 'O 2.3)
060000 60 (2.4)
o 0 ©°'00 (2.5)

Tang et al.[58] indicated the oxidation of HCHO over M@ catalyst was attained
through the effective transfer of oxygen species from &e@gen reservoir to Mn®

active state. This synergy is achieved througteffextive activation of feed molecular
oxygen and the transfer of the activated oxygen to replace the released active oxygen
species from Mn@which participated in HCHO oxidation through a series of redox

cycles involving MA*/Mn®* and Cé&*/Ce** [48, 58]as shown in Figure 2.6.
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Figure2.7. Mechanism of HCHO oxidation drirnessite at RT [72]

Wang et al.[72] proposed thrstep mechanism for HCHO oxidation on birnessite
structured manganese catalyst at room temperature as presented in Figure 2.7. The
reaction first proceeds through-bbnd between HCHO molecules and biritess
bonded water molecules. The adsorbed molecules are then oxidized to formate and
carbonates by structural hydroxyl (QKpecies. Subsequently, the consumediGi$

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 hydrocarborstecies 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
suggested by the authors. The hydrocarbonate spgere totally decomposed at 70°C

as reported by Shi et al.[87] for @dn.

Shi et al.[87] indicated that the mechanism of HCHO oxidation oveM@mxides
proceeds via the formation of DOM and formate species as intermediates. During
adsorption process, HHD is immediately converted to DOM as ho 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 hightgmperature (50°C), further oxidation of
formate and degradation of hydrocarbonate species occur. At the complete oxidation
temperature of HCHO (75°C), only adsorbefHnolecules were observed, indicating
complete oxidation of all the intermediate specidence, formate oxidation and
hydrocarbonate decomposition are considered as thdimatiag steps for HCHO
oxidation over CeMn oxides catalyst.

A reaction mechanism for 2D ordered mesoporougOgAu/Ca:04 and Au/CaOs-

CeQ at room temperature haeén 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 GH in HCHO by surface active oxygen on the (110) facet afdz(with Co**

as the active state). The formafeecies 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 Hwhich are subsequently decomposed te.@®contrast, Fan et

al.[69] (indicated that OHgroups were responsible for the immediate oxidation of

HCHO on the surface of G0 and that DOM and formate species were observed as

the intermediates during the adsorption o
reported [87]. However, the behaviof the catalysts at elevated temperature in the
presence of &was influenced by the existenceof Kons on t he catalys
the presence of Kions, DOM species generated during the adsorption process are
converted to formate species and fotenaxidation to bicarbonates becomes the key
reaction step. It was proposed that hydroxyl groups were generated from surface
hydrolysis of KCOsand got consumed during the reaction. The consumed hydroxyl
groups were replenished by thex(H molecules geneted thus KCOz surface

hydrolysis was sustained and the reaction was accelerated. On the other hand, in the
absence of BCOs at elevated temperature (80°@)ly few DOM species could be
converted to formate species due to the lack of hydroxyl groups earfhee of CgOs4,

thus formate decomposition to carbonates and bicarbonates became the key reaction
step at O 80AC. Here it codulbrdthelswfacedfser ve
Co0schanged the reaction path from formate decomposition to folratation and

continued supply of surface OHjroup necessary for the oxidation reaction was
sustained by KCOs surface hydrolysis thus promoting HCHO oxidation. Similar
promotion effects of Kwas observed for Ag/GOs [46], Na' for ceramic honeycombs

[96] and Nd for Pd/TiC [97].
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Figure2.8. Mechanism of HCHO oxidation over mesoporous@goAu/Ca0O4, and
Au/C0304-Ce catalysts at RT [51]

Lu et al.[59] proposed a reaction pathway for HCHO ayepheneMnO. 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
Mn*/Mn3* redox cycle. Graphene being an electrical conductor reducesoele
transfer resistance and enhances the rate of charge transfer betw/&emd/Nri*,

thereby improving the overall efficiency of the process. Thereafter, due to the abundant
amount of surface OHgroups on the hybrid catalyst, formate species weecttjr
converted to C@and HO, while the consumed OMere regenerated by the produced

H2>0 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 actioeygen 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. Howevehet 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 @@ HO moleales are
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generated by hydrocarbonate decomposition. In other mechanisms, no DOM species
are observed and formates are directly oxidized to @@ HO especially in the
presence of high amount of surface @Fbups [59, 69]. The reaction mechanism of
trarsition 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 (N&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 costeffective 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 suckoaptamh,
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 jolatddytic
oxidation produces hazardous-psoducts. Catalytic oxidation offsets these drawbacks
and can achieve complete degradation of HCHO inte &@ HO molecules without

the formation of hazardous fproducts.

Noble metal based catalysts exhibit excellent lo aven 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 temgture 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. Ashs 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 Ut 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 catalystative 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 Watetermining activity and higher
oxidation states seem to be more active*Nmthe case of manganese and'Go the

case of cobalt were identified to be the most active states for HCHO activation. Several
methods have been proposed for improving dkidation 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 teneptahterials 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 I other intermediate species into €@nd HO. The higher the
concentration of these active materials

oxidative activity. The availability of surface active oxygen species and the rate of
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molecular oxygen actation 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 tlagtivation 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 tsiion 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 sourcdsecofdrrier 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 witiese segregation occurs and
synergy is lost. Most of the reported composites in the literature for HCHO oxidation
focus on the use of Ce@s composite material with little or no attention to other

oxygen carriers.

Furthermore, enhancing the electricahductivity 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 M active sites, enhanced charge transport during Mn redox cycle and
offered higher content of surface ©OBpecies, which eases HCHO oxidation and

i mproves the catalystodos activity at |l ow
been r epor t e celectficalrconduectivity énitasmderdent 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 HG 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 humiditymioderate levels helps in enhancing

the availability of surface active hydroxyl Ogroups 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 theftygalysts, 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 mechanmene reported for
transition metal catalysts, as such further investigation is required into the reaction
mechani sm especially as it relates to th
surface active oxygen or hydroxyl species. But generallydte 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 genfetleed

by DOM conversion to formate intermediates, which are subsequently oxidized to
hydrocarbonates and finally G@nd HO molecules are generated by hydrocarbonate
decomposition. In other mechanisms, no DOM species are observed and formates are
directly oxidized to C@and HO molecules without the formation of hydrocarbonates

especially in the presence of high amount of surfacegtiips.
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CHAPTER 3

3 Promotional Effect of Co and Inhibitory Effect of Cu Dopants on the
Activity of Birnessite MnOz Catalyst for Low-temperature Formaldehyde
Oxidation

3.1 Introduction

Note. Reproduced with permission fromhhe Journal of Physical Chemistry C,
submitted for publicationUnpublished work copyrighf020. American Chemical
Society.

Recent attention has focused on the development ofeffestive transition metal
based catalyst 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 COand H>O. 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 ia proven technique for enhancing catalytic activity of
materials [14]. 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, whictvere shown to actively participate in most
oxidation reactions, particularly the oxidation of HCH®G7[5 Structural defects could

be induced through the variation of synthesis conditions and or material treatment [5,
8], ion exchange [9], and the incorption 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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hydrogenabn of CO into CHOH. A study on the effect of oxygen defects on the
oxidative dehydrogenation of methanol over Ceria supportedcd@lysts showed a
direct correlation between oxygen defect density and catalytic activity for methanol
oxidation, which a@d by lowering the activation energy needed for the decomposition

of the methoxyl group [12]. Structural defects in muléll carbon nanotubes have been
demonstrated to act both as active sites and promoters for the oxidation of benzene [3,
4]. Wang et a[5] demonstrated the formation of surface defects (pits) on birnessite
ma n g an e s e-Mn@x viad surfade tchemical modification, which led to the
generation of unsaturated manganese and oxygen atoms for the enhanced activation of
oxygen and HCHO adsoiph. 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®aid on | ay e rMa@), dsa promeseigs i t e (
alternative: cheap and active, transition metal based catalyst fetefoperature

HCHO oxidation [5, 6, 145]. Metal cation doping is an important strategy that has

been deployed to enhance the catalgtivity of MnQO, catalysts through defect
engineering. The partial substitution of Mn by elements within the [jfloG@ahedral

f r a me woMnO, canfleadito the generation of structural lattice distortion and
oxygen vacancies [168]. These defectivetsis facilitates the activation and mobility

of oxygen into surface active species and enhance catalytic oxidation of HCHO [10, 19,
20] . Zhu et al . [ 19 ]-MOhyelded oxygenhvacanci€senighbio pi n g
amount of surface adsorbed oxygen spgeaied enhanced catalytic activity for HCHO
oxidation. Similarly, -Mn®tcilithtedthe fognatmriof t un g s
Mn vacancies and enhanced the activity of surface adsorbed oxygen species [10].

Genuino et al.[21] also showed that substitMn with Nb in the framework of Mn
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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 <catalystsod el ¢
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
asCO preferential oxidation, and their decomposition and desorption from the surface
becomes critical [224]. The type of dopant employed for CO preferential oxidation,
was shown to have a tremendous effect on the decomposition of adsorbed intermediates
andcatalytic 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 presencd,doiN

CO preferential oxidation over ceria [23]. Similar ntermediates poisoning effect was

observed on CO oxidation rate when Zr was used as a dopant in Cu(Q28k0O

In the case of HCHO oxidation over doped catalysts, so far, a study that explore the
impact of dopants on surfacgermediate 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,
particdarly 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 a#nQndi vi d
for low-temperature HCHO oxidation. Co and Cu were selected as model dopants
because: cations with coordination radius similar to thatdmeasily substitute Mn

and incorporate into 4MhQ leadiogtt@atheeckatianlof f r a m
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defects[10 1 7] ; nat u-MaQy Inpnquaicenwironmentyagts as a sorbent
for transition metals including Co, and Cu [17, 25]; and no previous study, to the best
of the authorsd knowledge, expl-MOdod Co

HCHO oxidation.

Herein, we demonstrated that besides the strueittreity 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 twidla
Characterization and catalytic activity results revealed that while Co doping exhibited
a promotional ef fect -MnMD; anhrhibitaryadffect was i c

observed in the presence of Cu, leading to the suppression of the catalyticiadt-y o f

ac

u

MnO2f or HCHO oxidati on. The structur-al and

MnOz and doped catalysts were investigated by various characterization techniques. In
situ Diffuse Reflectance Infrared Fourier Transform (DRIFTS) was usetidy the

surface reaction and the dopamtermediates interaction on the surface of the catalyst.

3.2 Experimental

3.2.1Catalysts synthesis

Microwavea s si st ed hydr ot h-BnOmwads acsoynplishbde wssings of

MARS 5 (CEM Corporation, USA) microwaveovendn t ypi cal -Ma@nt he
1g of potassium permanganate (KMi@Sinopharm) and 0.4g ammonium oxalate
((NH4)2C204), (Aladdin) was dissolved in 50 ml deionized water and stirred for 30
minutes at room temperatur€he resultant solution was transferranto a 100 ml
Teflon vessel secured by an explosmoof Kevlar sleeve assembled into a support
module. The synthesis temperature was controlled at 120 to 180°C for 30 minutes. The

synthesized catal yst sMn@X),avhetelx eepeseats thee r
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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
wer e t her eaf tMnO: (X ehee k eemreseamts thaisynthesis temperature:
120, 140, 160 and 180°Qild drying temperature of 105°C was used for post
synthesis treatment to avoid excessive
MnOz. Prevbus study [6] using similar synthesis protocol, demonstrated that high
drying/calcination temperature (2800°C) causes excessive loss of interlayer water
molecules, which led to loss of catalytic activity. Furthermore, ne W&¥ detected

from the masspectroscopic 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 C@selectivity. Moreover, it was shown elsewhere [27] that the presence
of C residue on C@nO; catalyst has negligible effect on the £&&lectivity of the

catalyst for HCHO oxidation.

Co and Cu eMn@iwascachieved by separately introducing appate
amounts of cobalt nitrate and cupper nitrate (egjeivt to 0.05, 0.1, and 0.2 motatio

of xMn,x: CoandCuy i nt o t he pr eMnOspsootothesnoctowavd o n s
treatment. The obtained catsly were respectively named x@eMnO, andxCu U-

MnOz, where x is the moleatio of Co or Cwaried from 0.05 to 0.2: 0.05, 0.1, and

0.2) The mole ratio was determined by calculating the total number of moles of Mn in
1g of KMnQs and the appropriate amount of Co and Cu precursors equivalewet@

determined
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3.2.2Characterization
The crystal phases of the synthesized catalysts were identified ugiag powder
diffraction technique (XRD) collected on a D8 Advanced (Bruker, Germany)
instrument. Raman spectra were obtained using a Renishaw iaxfiarRMicroscope
with an excitation source at 532 nm from-B800 cm’. The morphological structure
of the catalysts was observed on Hitachi&0 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 Pr 3 hrs, to removed surface adsorbed moisture and gases. Using a Kratos Axis
Ultra DLD instrument equipped with Al KU
analysis was conducted to obtain the surface oxidation states and chemical environment

of the congtuent 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 Micrometfiagochem Il (chemisorption
analyzer) via #TPR. Approximately 50 mg of the catalysts were loaded in a quartz
tube, degassed for 1 hr under a flow of 150 mit#in Reduction profile was collected
from 30 to 500°C at 5°C mihtemperature ramp. Informiah on the surface reaction

and intermedias were obtained using in situ Diffuse Reflectance Infrared Fourier
Transform $ectroscopy (DRIFTS) on Thermo fisher, Nicolet 6700 equipped with
Praying Mantis reaction cell, at a flow rate of 30 ml i~ 75ppm of HCHO in 21%

O2 balanced in W The samples were treated at 200°C for 30 mins to remove surface

adsorbents.
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3.2.3Catalytic activity evaluation
The catalytic activities of the catalysts for HCHO oxidation within the temperature
range of 30 to 120°@ere evaluated. In a typictdst, about 50 mg (4060 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. Thetal feed flowrate over the catalyst bed was maintained at
100 ml min* (120,000 ml ¢.hY) 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 spaoeelocity of 120,000 mlé.h?, thereby excluding the effects of
internal and mass transfer limitation at catalyst mesh size ®4As such, 40 mesh
size was used throughout the thegis.moderate RH, water molecules react with
defective sites toaplenish the supply of consumed surface §pdcies [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]. Bediles, 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 ~868% was maintained throughout the

experiment.

With the ad 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 C® and unreacted HCHO in the outlet stream were simultaneously
monitored online. C®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 ¢.hl. The stability and rooremperature oxidation of HCHO were
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investigated at 25°C in a dynamic deat 60,000 ml'gh™in the presence of ~ 10 ppm

HCHO concentration (21%Q 79%Nb) for 72 hrs.

Since CQwas the reaction product, the conversion of HCHO (%) was calculated using

theequationbelow:

. CQ oy (3.1
Convero/(sztﬁec—:nH—ﬂ]thO

where CQ out and HCHO in represent the outlet concentrations of &@ inlet

concentration of HCHO in ppm respectively.

3.3Results and Discussion

3.3.1Effect of synthesis conditions
The effect of micrewave reaction tempdraur e on t he-M®Oywashesi s
investigated by varying the reaction temperature. No reaction was observed to take
place between the reactants (KMrgdd (NH;)2C204) below 120°C. The crystal phase
of the synthesized Mn{atalysts were investigated ngiXRD measuremen(gigure
31).The diffraction peaks at 2d 12.3A, 24.
(001), (002), (100) and (110) planes of layered birnessite MIHCPDS No. 801098)
with poor crystallinity. No phase change was observedh witreasing 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 agrepared catalysts exhibit three magiysorption peaks at
ar oundsy) 50B)afdse30em( 3 whichare the characteristic bands of layered
birnessite Mn@. The Raman band at 630 ¢ oul d be asgMn®ped t o
symmetric stretching vibration of MrQyroups while the band at 570 ¢nis the

fingerprint band (MsQ)stietthing vibstom im thedasal plame t h e
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of MnOs sheets in birnessite Mr@ramework. The peak at around 500 tarise from

the flexural vibration of the Mi®-Mn of the MnQs group [33].
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Figure3.1. XRD patterns of synthesized catalysts at varying reaction temperatures
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Figure3.2. Raman spectra of synthesizestalysts at varying reaction temperatures

The synt hes iMn@dx) wereiegaluated dor HICHO oxidation under
dynamic conditions (GHSV of 120, 000 nit.g?) in the presence of ~170 ppm and
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50 % relative humidity. The effect of relative humidi§H) 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 effe¢hercatalytic activity of the
catalyst, with the only nMODIi(de®d)IMaOndi fif er
(140), where obvious increase in catalytic activity is observed over the temperature
ranges between 30 to 80 °C. Nonetheless, 100% converamachieved 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.
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Figure33.Cat al yti c converMnOxgxhp of HCHO ov

3.3.2Effect of dopants loading on the catalytic activity ofi-MnO 2
To improve the cMnOAILWYIOI)c detriewif tMa@0 fr el e r
metal doping strategy for defeehgineering was utilized. As seen in Figure 3.3, the
pr i s-+4MnQa 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 evatkthtinder 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-Mmjusidgp pant
the p i s t-Mn@=eas ai 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 #Qir €sapaotpiedelly. As seen in tl
MnO: displayed a remarkable activity and was able to achieve complete conversion of

170 ppm HCHO intoC®at 90AC. |1t is interesMnOng to
with 0.05Cq the complete conversion temperature was lowered by 10°C to 80°C,
thereby indicat ng t he promoting effect -Mn®foCo on

HCHO oxidation.

However, increasing the Co doping ratio to 0.1 slightly decreased the intermediate
catalytic activity of the catalyst, nonetheless, it achieved complete converslon at t

same temperature as the 0.05Co dopathlyst. At doping ratio of 2, complete

mi neralization temperature further-incresce
MnO- catalystlt is worth mentioning that despite the observed decrease in actiity wit
increasing all the Co doped cMnDaAsguwh s ar e
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 detects b

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 increasi aO)Cdativeto @d5@g r at i

-MnO; 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 i ncaen@orati o

and its resultant effect in the creation of surface defect (see se@i8i® &nd 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 Jii&3.
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Figure34.Ef f ect of

Surprisingly,

t he

Co doping rVa®@:i

(0]

on cat e

opposi te eMnDewheretieas obs

temperature for the complete oxidation temperature of HGté@ased to 100°C. As

depicted

i n  Fi g-MnCe exi@hitetd ,impr@ved adtivitp eeldtivelto

pri stMn@evar a

t

he temperature-MmOanges.

showed reduced activity at almost all the temperature ranges. Interestimgly,

di fference

bet ween

t h eeMn©aatnadl ytth act

aceft i @u td

MnO: increases with cumulative estream reaction time in spite of the increase in

reaction temperature (Table 3.1). On this basis, we suspect signs of catalytic

deacivation or perhaps surface accumulation of intermediate species (discussed in

section 3.4) with increasing exposure to HCHO. A slight decrease in activity was

72



observed bet ween OMnO5oveered with higher @nuountiod Que d U
doping (0.2 rab), the lightoff 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 pMnOsThecomplet cobversionand O
temperature furthermwe d up t o 120AC f r-bMmDa@d0ABuand 10
U-MnO: respectively. This further demonstrates the inhibition effect of Cu doping on

the cat al yiMn@ foraHEHO oxidation. of 0

1001 —=—5-MnO,
90 1 —*—0.05Cu- 5-MnO,
g0 4 —*—0.1Cu- -MnO,

—v— 0.2Cu- 3-MnO,
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Figure35.Ef f ect of Cu doping raMnOp on the

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 € mole ratio of Co/Mn was considered as the optimum doping
ratio. This is in agreement withMnOhe r epc
On the other hand, even at 0.05 doping ratio of Cu, a catalytic deactivation effect was
observed which drasticl | y r e d u c e d-MriOhvéth iaceedasingzaimount ofo f U
Cu doping. To effectively understand the respective synergistic and inhibition effects

of Co and Cu i n t HVaO.adnatheasubseguent secians of thist y o
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chapter, the optimumact al yst ( 0-MiCe) @rad itsdGu jplaped caunterpart
(0. 08v@8@®) Utwer e compared and eval uaMn®d si de

as a benchmark for comparison.

Table3.1. Conversion differenceébt w e-RInD2 1 0.05CuMnO; as a function of

reaction temperature and time

Temperature (°C) @ Conversi
( MnO, 7 0.05CuMnOy)
30 1
40 15
50 4.7
60 9.3
70 16.9
80 37.2
90 32.7

3.3.3Characterization results

3.3.3.1Phase structure: Xray Diffraction analysis
The crystal phase of the synthesized Mmatalysts were investigated using XRD

measurements (Figure 3.6). The diffractio
65.5° can be assigned to the (001), (002), (100) and (110) plates®idd birnessite

MnO- (JCPDS No. 801098) with poor crystallinity. Birnessite Mn@ith 2D-layered

is mainly composed of edgaring Mn@ octahedra with varying amounts of
Mn3/Mn**, resulting to electrostatic charge imbalance and octadedra vacancies.
Positively charged alkali cations such asdK 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 patternsnwiisible

peaks corresponding to Co and Cu, indicating that both Co and Cu are well
dispersed/incorporated in the Mp('he 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 MnOFurthermore, Raman spectra were collected to further

understand local structures of the catalysts and the effects of dopants.

0.05C0 5-MnO,

0.05Cu 5-M nO2

Intensity (a.u)

5-M nO2

100 200 ‘30 40 500 60 70 BO
20 (%)

Figure 3.6. XRD pattern of pristine, Co and Cu modified birnessite samples

3.3.3.2Textural properties and morphological structure evaluation: FEEM,
TEM, HR-TEM and BET

Figure 3.7 presents the F=EM, TEM and HRTEM imges of the pristine and doped

cat al yst s .-MnDhssconposedoftentangled Gianostrands 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 2auge 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. ddusd 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], asrsho 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 Mn€&leads to lattice deformation and inhibition of crystal growth,
with the formation of smaller particle size. Iretbase of 0.05CGU-MnO., the larger
particle sizes and particle agglomerations led to significant reduction in surface area as
observed in the FSEM (Figure 3.7g) and BET (Table 3.2) results, respectively.

Similar observations were reported elsewherddiwrratio of Cu doping in MngJ38].

Additionall vy, i n ¢ oMn®Aa smalkrosized thanospghéres arp r i st
evident in the TEM images of 0.05@eMnO- (Figure 3.7¢), while larger nanospheres

were observed in 0.05@#MnO> (Figure 3.7h), furthecorroborating the FESEM

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 MnMlikein t he case -of t he
MnOz, where well resolved lattices fringes were observed along the (001) plane of the
nanostrand (Figure 3.7c), a reduction in lattice periodicity and-dange order was

observed in the doped catalysts (Figure 3.7f and 3[%is could be attributable to

structural defects, due to lattice distortions [1, 39], possibly resulting from
incorporation of the dopM@tAhighendegreetofhe | a'f
lattice distortion was observed on 0.05&Mn0O2 comparedd 0.05Cul-MnO., likely

indicating a higher level of Co incorporation.
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Figure3.7.FEESEM, TEM, and HRVINEMa, b, 0)®.§=CGVMn@2f U
(d, e, f,) 0.05CeMnO2 (g, h,)

3.3.3.3Structural defect analysis: Raman spectroscopy and FTIR analysis

Figure 38 presents the Raman spectra of the investigated cataliidtse asprepared
catalysts exhibit three mgj,or)atbeddampt i on
1 ( & which are the characteristic bands of layered birnessite Mfile Raman band

at630cmcoul d be a s(Mni-@) syemaetric stret¢chingevibration of MO
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groups while the band at570¢mns t he fingerprint Ma-nd usu
O) stretclng vibration in the basal plane of Ma6heets in birnessite Mn@amework.
The peak at around 500 Znarise from the flexural vibration of the MB-Mn of the

MnQOe group [33].

Even after doping with 0.05 Co and Cu, birnessite structure did not collagsewn

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 -@f @ud CuO,

indicates high level of dispersion of the dopants in the catalysts. Nt@ssth& general

decrease in the intensity of the peak at around 579(chwas observe with doping,

with a corresponding increase in the intensity of the peak at around 630 8nT his

might be indicative of the distortion in the Mhibond of the M@g [41, 42], and defects
formati on i n t he -Mrt resulitng from rstiessedue to khe o f a
i ncorporation of dopants i nt o iJt3hsdigherat t i c e
in Co dMo(pedanm i n &mO,dndipaend ahigher level of Co
incorporation into the lattice which leads to the distortion of®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 exsémnictiral defect

formation [3, 4].
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Figure3.8. 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
MnO: IR spectra as reported elsewhere [44]. The broad absorption peak at around 3440
cmit is attributed to the stretching vibration of bound hydrates andg@iips in the
interlayer structure of birnessite, while the peaks at 1050 and 163a8remassigned to

the bending vibrations of-® bonds of structural #¥0 and OH groups. The absorption
bands at 520 and 750 ¢roould respectively be assigned to thetstning vibration of

M-O and MRO-Mn bonds [4547], while the peak at 1385 cheould be attributed to

the vibration due to the interaction of Mn with surrounding species suchGHH"

and K [48]. Partial leaching of Mn atoms and disruption of-8#Mn could lead to

defect in the structure of the Ma@nd the formation of hydroxyl groups andCH

molecules [46].

As observed from the spectra, the absorption band of 0-:Q3Cbas the highest
absorption intensity at both 3440, 1385 and 1633 dmereby inmlicating it has the
largest amount of OHfjroups caused by structural defects compared to unmodified and
0.05Cumodified birnessite [46], which is in agreement with the Raman, TEM and HR

TEM results. This results indicate that the incorporation of dopeads to the partial
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substitution of MA* in MnO. [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 defectivesogidsh as

superoxides [5]. As s uMndcontaibs higheramoumefct e d

defective oxides than 0.056u Msyahd t he-MpQi st i ne U

D_OSCO-S—MHO2

Absorbance (a.u)

3-MnO,

T T i T T T ] T v T T T M T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure3.9. FTIR results for pristine, Co ar@u modified birnessite samples

Table3.2. Surface area and chemical analysis

Sample BET Surface EDS (molar) ICP-MS (molar)
Name Area (m?#/g) KIMn  Mn/O x/Mn2  K/Mn xIMn
-MnO2 141.3 0.17 0.472 - 0.27 -
Co U-MnOz 176.3 0.18 0.396 0.043 0.29 0.047
Cu G-MnQOz 61.8 0.17 0.434 0.042 0.25 0.045

a. x stands for Co and Cu dopants

3.3.3.4Elemental analysis and chemical environment evaluation: [BFS and XPS
analysis

The ICRMS and EDS (Table 3.2esults 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 successfulglo ng of bot h -MJO.. ThenKdMNCu i n't
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ratio of the doped catalysts remain relatively the same as that of the of the pristine
catalyst, in both the ICRIS and EDS results, indicating that the dopants did not replace
K™ in the interlayer structure difirnessite, but are rather dispersed or incorporated in
the MnQ framework. This explains the retained birnessite structure of the doped
catalysts and further supporting the sorption of dopants into the layers of birnessite
MnOz. Similar observation was perted elsewhere for low doping ratio (0.05 atomic

ratio) of transition metals in birnessite Ma[a7].

The XPS results are summarized in Table 3.3 and depicted in Figure 3.}J@akiseat
around 653.8653.9 eV and 641:843.5 eV are respectivessigned to Mn Zp and

Mn 2ps/2 splitting. The Mn 2powas further deconvoluted into 2 peaks with centers at
641.9642.2 eV and 643-843.45 corresponding to Miand Mrf* respectively [1, 47].

The splitting of Co 2p2 (795.12 eV) and Co 2p (780.1 &) (Figure 3.11) was found

to be 15.02 eV, in agreement with the reported values f&7[80). 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 irfCstate [42, 51]. fie observed decrease in the
ratio of Mrf*/Mn®* is due to the substitution of Mhby the dopants in the lattice of
birnessite Mn@and indicates the creation of oxygen vacancies. Onééisremoved

or substituted and M appears, oxygen vacancies extstsnaintain the electrostatic
balance in the Mn&[19]. The oxygen vacancies are created by the removal of lattice
oxygen to generate anievacant sites layers [1, 52]. Thus, the lower the surface ratio
of Mn**/Mn®"* of the catalysts, the higher the exetbxygen vacancies in the catalyst.
Consequently, on the basis of the lowestYMn® o f 0 . -MBOg, @ is éxpected

to possess higher density of oxygen vacancies.
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Figure3.12. Cu 2p XPS

To further determine the effeof dopants on the nature and surface composition of
oxygen species on the catalysts, the Ols spectrum was deconvoluted into three peaks,
corresponding to lattice oxygen {jOsurface active oxygen species;J@nd surface
adsorbed water molecules|({p The peaks located at 529.4%29.53 eV correspond

to structural lattice oxygen (M@®-Mn), those at 531.09 531.34 eV are related to
surface oxygen with low coordination which facilitates the formation of terminal

hydroxyl groups (OH and defectiveoxide surface adsorbed oxygen species (D),
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while the peaks at 533.1l 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 dftert addi t i on ofMn@:opant s
exhibited a remarkable increase in the content of surface active oxygen species
compar ed 4MoO0n.adgreer@ant with the Mn 2pand HRTEM results. Itis
widely known that structural defects in the form of g&g 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 CG*is incorporated into the lattice 4#MnO, compared to Cii probably due to

the coordination radius of the earlier being closer to that ¢f Bdmpared to the latter

[17], which leads to more structural distortion and the provision of sites for the
generation of active oxygen species. Tikign agreement with the FTIR and Raman

results (section 3.3.3.3).

Table3.3. XPS analysis of Mn 2pand O1ls

Mn 2pss2 O1s center (eV)
Sample Mn*/Mn3*
Mn3*  Mn* O O O /Ototal
MnO; 642.0 643.3 0.65 529.5 531.3 0.31

0.05CeMnO. 642.0 643.4 0.50 5294 5311 0.44

0.05CuMnO, 642.1 6434 0.59 5295 531.1 0.36

3.3.3.5Surface reducibility analysis via HTPR
To understand the reduction behavior and further gain insight into the surface

reducibility ofthe catalysts and the activity of the respective surface adsorbed oxygen
and the effect of oxygen vacancies on oxygen mobility, th@PR profiles of the
catalysts were collected and depicted in Figure 3.13. Only one broad peak with

overlapping contributins corresponding to the reduction of surface active oxygen
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species and the successive reduction of Mw@s observed. The broad peak can be
further divided into four peakst) , b, 2 and 0O, respectively
of adsorbed surface oxygapeciesOH, O, O%) and the successive red uction of

MnO: to Mn203, Mn0Oz3 to Mnz04 and MrO4 to MnO [47].
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Figure3.13. H>-TPR of the investigated catalysts

A low onset reduction temperature of 17@@responding to adsorbed surface oxygen
species was 0bs dan@®,eviichicauld belateibuted to thetpreserece U

of surface adsorbed oxygen species, which is also confirmed by the XPS results. With

Co and Cu doping, the onset reduction terapee of adsorbed surface oxygen species
decreased and centred at around IM® and 1
exhibits t he hi ghest peak intensity for
i ncorporati on o f-MnOgodoes mtonly intréages theecgneentstiom f U
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 ther@pbgmoting catalytic activity [1].
Furthermore, all the temperatures for the successive reduction of MoO Mn O ( b,

and U) shifted to | ower temperatures in t
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3.4. This indicates that the presence of dopantshenoverall improve the surface
reduci b-MhQ: &ang laticé oxygen mobility. The relatively lower reduction
temperatures of Gmo d i f-Mn©gcouldl be attributed to its defective structure and

superior oxygen mobility both at the surface and irbilik phase [14, 47].

Table3.4. Catalytic activities ($o% and Toox) and H reduction Temperatures

Reaction rate Activation
Temperature (°C) Catalytic activity ( & motmin energy
Sample ' (k3.mol ™)
V] b = a Ts0% Too% 40°C 70 °C
t-MnO2 170 225 237 265 74 87 0.091 0.266 40.9
0. 0 5-M0: i 154 208 229 246 63 77 0.163 0.452 315
0. 05-MnOz i 150 216 230 259 85 97 0.080 0.138 49.4

3.3.4Respective gnergistic and inhibition effects ofCo and Cu doping
In light of the above characterization results in the preceding sections, here a detailed
explanation of the effects of GMdnOgford Cu
the oxidation of HCHO is presentefls seen in Figure 3.144, he pr-NMn®1 i ne
displayed a remarkably high activity and was able to achieve complete conversion of
170 ppm HCHO into Cg&at 90°C. It is interesting to observe that after doping, 0.05Co
U-MnO: displayed enhanced catalytic activity while an opposfecefvas observed on

0 . 0 5-MnD,, despite containing slightly more surface active species and displaying

[ (4

better reduci bi FMnO:xcatatydsilam tthhee oa s-8nDg fne 0 .UO !

higher catalytic activity was observed over all temperature saage the temperature
of compl ete conversion shifted -#MoQyn to
thereby indicating the promot i AMnOxdof f e ct
HCHO oxidati on. cuWO\shkowes ecuged aclivityCabadstiall U

the temperature ranges, with complete conversion temperature moving up to 100°C.
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I nterestingly, the differenceMnbeamhdwthate n t
of 0. -MbBGz mcredses with cumulative estream reaction time in spitdé the

increase in reaction temperature.

For effective comparison, the temperatures for 50864T90% (Teo%) conversion and

the reaction rates (40 ant®°C) are presented in Table 3he Tsowf 0 FMnQh,

0. 05-MmO2adind O .-Nn®L2we 740 63 an85°C respectively, while theodos

are 87, 77 and 97°C mesctively. A seen from Table 3.4 0 . GMNnG.zhowed the

hi ghest reaction r at e sMnO.vBesidesftlelvdlueswktlie by
apparent activation energydEletermined from thArrhenius plots (Figure 3.14b) are

31.5, 40.9, and 49.4 kJ mbf o r 0 .-NNBLBEM N D 2 and-M@O, 05 Cu

respectively, suggesting that HCHO is easily converted.
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Figure3.14. (a) Catalytc onver si on of HCHO (170 ppm,

A1 (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 inm@gon 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 r emar kabNne:isattribuiablei td itg abanfdantOsurface C o
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 mitkecular 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, therebyisusjehe 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 @tygpecies. Huang et al.[11] observed
improved activity over Eu doped Ce@ith 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 aitesfor 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 MnQ led to the generation of ggen 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 oxidahew.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 bytibe oéac
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 ineocagigen

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 d o-Medd demnonstrated an excellent low temperature catadgtovity for
HCHO owing to its high oxygen vacancies and rich surface concentration of active
oxygen species.

3.3.5Effect of GHSV, roomtemperature activity and stability of 0.05Co

d o p eMnO¢i

To evaluate the activity of the catalyst under high throughputatipar the effect of
GHSV on t he ac-MnOgwas investigatedounderhighospade velocities
of 120, 2 48k&!dn0dpmiHLCBIO, Bl §0% RH. As depicted in Figure
3.15a, the complete conversion temperature increases with increas&HShefrom
80AC to 90 and 100 ACcCA'espectivel® Bven aPhigh GHSY d 4 0 C
of 40t L Ag OMnOowaslivery active achieving complete conversion of
HCHO at just 100°C. This further demonstrate the good catalytic activity cdtilgst.
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 imeanily system with
a GHSV oNlad@resemed in Figure 3.15b. The results indicated an average
conversion of up to 93.5% was sustained for 72 hrst@am. These results illustrate
the stability of the catalyst, its high catalytic activity everder room temperature
conditions and its suitability for the practical abatement of HCHO from indoor

environment.
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Figure3.15. (a) Effect of GHSV on catalytic activity of 0.05€&eMnO-, (b) Room
temperature and catalytic stability test of 0.089€8&IN0O2 10 ppm, 6000 ml/g.h,
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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 criticat facto
enhanci ng hen®fartHEHO axidaton. &dich dynergistic effect could

be seen in the presence of Co. However, the inhibitory effect of Cu doping so far

remains unclear 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
(Table3.5). This observation is in agreement with previous works that showed that the

oxidation of HCHO is not dependent on the surface area of the cafélys519, 56].
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Next, DRIFTS analysis were conducted to understand if the type of dopant present has
an i mpact on t heMn®uinmtérmsotintarnsediatetgenerationcahd U
desorption and/or accumulation. This will allow a better understanding eof th

promotional or inhibition effects of dopants.

Table3.5. Comparison of surface area and catalytic conversion of HCHO

Catalyst BET Surface  Ts0(%)  Too (%)
area (M/g)

U-MnO2 141.3 74 87
0. O 5-MnO, | 176.3 63 77
0. 1 auwnOzat 179.7 69 78
0. 2 @Ol 239.7 72 85
0. 05-MnO, | 61.8 85 97
0. 1 eMnOad 156.6 87 98
0. 2 eMnOzal 1445 111 118

34Sur f ace Reaction Mechani $MnD2o f HCHO
DRIFTS

To further gain insights into the surfaeEaction, mechanism of the HCHO oxidation
and the influence of surface modificatior
analysis was conducted and the results are presented in Figure 3.16. In all the spectra,
no peaks r el at e dbandofsturface adSorb€d HCHQ® & 17dGtm n g
was observed [57]. The strong absorption bands in the region of 28900 cm' are
assigned to strongly bonded hydroxyl groups [37]. Formates species as well as
dioxymethylene species and carbonates were airebd as intermediates on all the
investigated catalysts. The absorbance bands at288Dand 2862885cm'( 3 ( CH)
stretch), 137a373cmt( U ( CH) b eI58Dicm* (sQCO)), &né 7350352

cmit (3as (OCO)) are characteristics fofmates speaes. The band splitting between the
symmetric and asymmetric modes ofd0of formates is suggestive of the coordination

of mode of formates on the surface. The splitting of 219, 225 and 227espectively
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for 0.05Co, 0.05Cuy,  a-MmD,, i indicativeof bridging mode coordination [37, 56,

58]. The bands observed at 273082, 14401453, and 11271161 cm' are
characteristic features of dioxymethylene (DOM) species [5, 56]. Features attributed to
bidentate carbonates (1653, 1240, and 1T0%3 cm') ard monodentate carbonates
(14701490, 13151331, cm) were also observed [6, 23,-63], while the bands at
around 1620 cmcorrespond to the bending vibration of adsorbed water molecules [62,

63].

The main types of intermediate species observed ovehtbe catalysts are DOM,
formates and carbonates, in addition to surface hydroxyl groups. In the presence of Co,
the DOM species (1161 chpare quickly converted to formates intermediates, and
exhibited the highest production rate of formates (1567)cmFurthermore, the
carbonate feature at around 1498 and 1231 am only present as weak shoulder on
0.05Coi-Mn0O,, and the relative intensity of the carbonate peak at 1650tower
compared to other catalysts. This suggests that in the preseéboenait only is HCHO
quickly converted into its intermediate species but also are the intermeidates quickly
desorbed from the surfacdreeing up active sites, leading to high catalytic activity, in
agreement with its high reaction rates and lower a@inagnergy (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 | att i c-&InGs. tSurface tefectieexdes andihydroxyl groups were
reported to take part in the formation of formates intermediates and further oxidation
of surface carbonates into €[8, 59]. On the other hand, it is interesting to observe
that the carbonates peak (1653%¢m o n O-MrD5n€arly biécame the dominant

peak, thereby indicating the surface accumulation of carbonates with time. Furthermore,
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additional weak feature appeared at around 848 oom 0 . eVB@uwhich is

attributed to carbonate species [37, 61].
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To further ascertain this obsé&iun@akei on,
presented in Figure 3.17. Compared to other catalystsnarkable 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 (10201846 cm') 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 shidaddd at 1580 crhas depicted

in Figure 3.17a. This further supports the observed accumulation of carbonates on
0 . 0 5-MnO; (kFigure 3.16c) and could provide insights into the inhibitory effect of
Cu on t he-Ma@,tandvhe abservedfhigh@pparent activation compared to

t he pr-MnO1 A plausibie 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 steriadhamce for the reaction of HCHO

with active sites, and a slowdown in catalytic activity, as observed in the catalytic
conversion of HCHO-Mo®:;eatalystssl(HigureC5). itwasl beéni e d
demonstrated #t the presence of some doparita [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 g4 hindrance of metal redox cycle

and oxygen activation and mobility [22].

~

L

To further gain insights on t hNMn®:wpré enome:

collected at elevated temperatures-{@0°C) and presented in Figure 3.18b. As
depicted in the ure, the intensity of the carbonates peaks (1020 and 164pH cm

attenuates with increasing temperature, while that of formates (asymmetric stretching
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of COO 1583 cr) progressively developed and became the dominant feature at 120°C.
This suggests that@sar bonat es desorb from the cat al
are exposed and HCHO is converted into formates (evident by the increase in intensity
at 1583 crit Figure 3.18b). The variation of the absorption intensities of both the
formates and the damnates 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 nte that both the oxidation of the carbonates inte @@l 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,C@eeing 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 nolecules 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

pr esenc e-Mad:ledduto sdace 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 M@, 2 4]
exhibited reduced catalytic, evidencedlbwer reaction rates and HCHO conversion,

and higher activation energy, despite possessing improved redox properties and
relatively enriched surface actNMn@eAsoxygen
such, for lowtemperature oxidation of HCHO, slarption of carbonates from the
catalystsd surface is a critical step to

reaction. Therefore, in addition to improving catalyst properties via doping for HCHO
96



oxidation, the influence of the dopants oreimt me di at es desor ption f
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 practicbatement of HCHO from indoor air environment.
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Figure3.17. DRITFS results for 0.2 Gi-MnOz (a) room temperature test (b) high
temperature (6Q20°C) test (c) absorption intensities of the formates and carbonates
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3.5Conclusion
Cobal't and CMmOp eatalysts waree diccedsfully synthesized using
microwaveassistedhydrothermal synthesis. Defect engineering via metal doping was
demonstrated to be an effective st+rategy

MnO.. Co was shown to i ncor pMnOgherebyleadingp t he
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to the generation adurface 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 itorporation) proved to be successful in enhancing the low
temperature catalytic oxi dat-MoOacatalyst HCHO
Complete oxidation of ~ 1M 7A@és apheved at 8PCO, 12
compared to 90°C for the pristine aists under similar conditions. Additionally, Co

d o p eMhO.Wemonstrated active for the room temperature oxidation of HCHO (~

10 ppm), wunder dynamthd)withean averdage comversion & 0, 0 0 C
about 93.5% over 72 hr. Even at higher ©pidg ratio of up to 0.2 molar ratio, all the
Codoped catalysts were mbMmnOe Haveverj doganrtt h a n
intermediates interaction can adversely affect the activity of the modified catalyst. Cu
doping led to a drastic inhibition of cagit activity, despite the slight relative increase

in the surface oxygen vacancies and concentration of surface active oxygen, compared

t o t he -NNOJ Bhe inhibigory effect of Cu increases with increasing doping

rati o. Rel at iMn@,the compledteeconpersiorsiricreaseel to t00°C over

0. 05-@nO:ad&ind higher up t-MnOLPDRIASresultsadicatdd. 2 Cu |
that the surface accumulation of carbonates in the presence of Cu might account for the
observed inhibition effectof Can t he cat al-MnOi Theamoantof i ty o
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 catadydive sites and partial deactivation.
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CHAPTER 4

4 Effects of CeQ M odification on the CO; Selectivity of M odified U-
MnO 2 for Formaldehyde Oxidation

4.1 Introduction
Due to the health related effects of HCHO and patrticularly its carcinogenic nature, its
successful removal from the indoor environment without the generation of secondary
pollutants is of paramount importance to safeguarding human healthlzamteng the
safety and comfort of indoor environments. Catalytic HCHO oxidatiamisngsthe
promising techniques for the abatement of HCHO from the indoor environment into

harmless products such as £&d HO.

In the previous chapter, the effectoftma | | i ¢ doping (Co and Cu)
MnO, was discussed. It was demonstrated that Co was able to incorporate into the

| atti ce f iMaOpleadiogrtcthe aréation of defects which greatly improved

the catalytic activity of the modified @yst. The mechanism of activity improvement

was based on the catalystds enhanced carg
species with the defective sites acting as centers for oxygen activation. Based on this
finding, in this study, we strive to fueh 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 bimetallidaping on the

catal yti c p-MnOffa HOHD oxaationo f O

It was proposed that a cation dopant with larger radius (than Mn in this case) is desirable
to induce structural distortion andeateoxygen vacancies [1]. Although we previously
observed thaCu, despite having a larger atomic radius than, Ms doping into the

l attice f rMo@aid oot resultantosigdificantoxygen vacancy creation

rather an inhibition effecon catalytic activitywas observed. Nonetheless, Ce, was
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investigated as co-dopants alongside Co. Ceria is a materfalnterestdue to its
proven oxygen storage capacity and ability to transfer its lattice oxygen by undergoing
aredox reaction (Ce@ G@s), thus allowing uptake and easy release of oxygen [2,

3]. It was suggested that-doping ceria with other elemenfansition 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 oxidationaeadtHCHO by effectively

lowering the reaction temperature for HCla&idation[2, 4, 5].

Bimetallic cadoping is a technique that is widely used to improve the activity of
various catalysts for different applications by utilizing the unique propertiesaaf
dopants, synergistic interaction between tha@gpants and their interaction with the
host/support material. Its application is widely found in electrocatalysis for oxygen
reduction reaction 8], photocatalysis [9, 10], VOCs oxidation [11, 12],ydr
reformation of methane [1B5], selective catalytic reduction of N®y NHz [16, 17]

and CO oxidation [1-20].

In this study, bimetallic (Co/Ce) e 0 p eMnOzlcatalysts were synthesized and
evaluated for HCHO oxidation. As previously observed (se@t€h8), increasing the

amount of dopants beyond 0.05 (mole ratio) does not translate into enhanced catalytic
activity, rather a decrease -+4MnO:catalgstsact i v i
was observed. As such the optimum mole ratio of 0.05 wastairsed for Co. The

amount of cedoped Ce was varied and the effect of Ce doping ratio was investigated

on the activity of the caloped catalysts and their selectivity towardsE3Xperimental

oxidation results and DRIFTS analysis revealed that in addid®C,;, methanol (a

secondary pollutant) was also generated as@aduct in the presence of Cei@ the

105



bi met al | -MrmO,. & cepcdod machanism for the pooduction of CQ and

methanol from HCHO oxidation over Ce@odified catalysts is proposed

4.2 Experimental

4.2.1Catalysts synthesis
Bi metallic ( CoMn& cathlysG eontairdng §.@5dCo/tVin) molar ratio
(MR) of Co and varying amount of Ce were synthesized using the micreagaisted
hydrothermal synthesis procedure previously reportbéagr 3). Briefly, appropriate
amount of Ce(N@).6H-O corresponding to 0.05, 0.1, 0.2 and 0.5 MR (Ce/Mn) was
added to a 50 ml solution containing 1 g KMn&d~ 93 mg of Co(NGs)2.6H0
(corresponding to 0.05 MR of Co/Mn). The as synthesized catalysés tivereafter

named 0.05CxCe, where x corresponds to the MR of Ce in the catalysts matrices.

4.2.2Characterization
X-ray powder diffraction (XRD) technique (D8 Advanced Bruker, Germany) was used
to acquire details about the phase structure of the catalyssni€rostructure of the
catalysts wasevaluated using Raman spectroscopy using Renishaw inVia Raman
Microscope with an excitation source at 532 nm frorl800 cmt. Information on
catal ystso mor phol ogi cal structure was
Electron Microscopy (FESEM) (Hitach+&300). The latticestructure 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-SBM, Zeiss.

Micrometrics ASAP 2020 equipment was used to characterize the catalysts wsing N
adsorptiordesorption togain 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 elemartaiposition of the catalysts wasvestigated

using Inductively CoupleBlasma Mass Spectrometry (NexION 300, PerkinElmer). H
Temperature Programmed Reduction-{HPR) technique was deployed to understand
the reduction behavior of the catalysts. Chemstar TPx chemisorption analyzer
(Quantachrome). About 50 mg of the catalysés weighed into a quartz-tube and
heated at 150°C under a flow of 150 ml rhiir for 1 hr. The H-TPR profiles were
collected from 45 to 600°C at 5°C rrlitemperature ramp in a flow of 50 ml miB%

Ho/Ar gas. Xray Photoelectron Spectrometer (XP&)alysis was carried out on
Escal ab 250Xi ( Ther mo S c-ragexditatidnisaurre ardcau i p p e
pass energy of 30eV. In situ diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) was conducted to obtain information on thtalgats surface. ~ 75 ppm
HCHO in air (21%GQ/N2) was introduced into the reaction cell (Praying Mantis) of
Thermo fisher, Nicolet 6700 at a flow rate of 30 ml hiBamples were prigeated at
200°C for 30 mins in a flow of Ar to remove surface adsorbenpr to the DRIFTS

analysis.

4.2.3HCHO 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 catalyst600mesh) was weighed and loaded
into a horizontal quartz tulveactor (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 totedw of feed gas over the catalyst was maintained at
100 ml min' (GHSV: 120,000 ml-g-min?) containing ~45% relative humidity. The
composition and concentration of the effluent gas was monitored using an Agilent

7890B GC equipped with an FID and Polyaricroreactor (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 C{and unconverted HCH@nethanol was also detected

in the product streams of Ce©ontaining 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 catalygtre determined using

the followingequations

Convero/csi[g%Llei]SH*loo (41)
X ] 4.2)

o [
Sel ec %i=vi—+ty *100
[ COFCPH]

where [HCHO]represents the concentration of formaldehyde (ppm) in the feed gas,
while [CO;] and [CHOH] represent the concentrations of carbon dioxide and methanol
in ppm in the product stream respectivel.gtands for the concentration of methanol

or carbon dioxid in ppm.

4.3 Results and Discussion

4.3.1Phase structure: XRD and Raman results
The XRD patterns of the edoped catalysts (Figure 4.1) showed very weak features,
which could be attributed to their amorphous nature. The weak and broad peaks at
around36.5°an 5. 5A ob s er v e-MnOaare attributed fo thé (80t )iamde U
(110) pl aneMnOqJCPDS &Ng.81098)d Noldistinct peaks peculiar to
CeQ were observed, indicating that CeDs we | | di s fMa@2sSce i nt o
Raman spectroscopy gwevaluable 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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Figure4.1. XRD patterns of pristine and modified catalysts

As depicted in the spectra, all the catalysts possess Raman shifts characteristics of
layered birnessittype MNQG. The Raman i)p,e a¥adda@znb(494 ( 3
areassigned to the vi b-Mk These pdaks arsalf®m theo f | a
flexural vibration of MRO-Mn in the octahedra of Mrn§the stretching vibration of

Mn-O in the basal plane of Mrg@nd the MRO stretching vibration, respectively [22].

A broad weak shoulder peak at around 465'dmelonging to Ce®[23] was also

observed iM.05Ce0.2Ce and).05Ca0.5Ce catalysts. The absence of characteristic

Ce and Co peaks could be interpreted as their incorporation or dispersion into the lattice

o f-MnD,. The observed increase in the intensity ratio of peaéé4tm’ to 574cnr

1(# 2)®m0.05Ce0.05Ce and0.05G0 . 1Ce compar edvunO@ouldi he pr i
be attributed to the creation of structural defects in the form of oxygen vacancies [24].

The omplete lost in the intensity of the peak at 574*ewith increasing Ce@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 MnO

Similar observations were reported elsewhere for decreasing interlayewitk

increasing Ce content [5].
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Figure4.2. Raman spectra of pristine and bimetalliedmped catalysts

4.3.2Morphological structure: FE-SEM, TEM and HR-TEM

As previously

reported

(Chapter 3),; t

MnO: led to thegrowthinhibition of MnO: crystals and the creation of surface defects

leading to smadér nanospherical particles,samilar phenomenons also observeth

h e

0.05Ce0.05Ce It is interesting to observe that as the amount of ceria doping increased,

particle agglomeration accompanied by morphological structure collapse was opserved

as seen in Figure 4.3 (b) for 0.05G&Ce.

The growth inhbition 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 withinultra

flake-like and somehat irregular structures,

accumulated Cef)confirming the FESEM observation and the loss of morphological

possibly belonging to surface

structure at high ceria doping ratio of 0.5. The-HEM images also confirnthe

existence of birnessiype MnQ alorgside CeQ@ The lattice spacing of 0.24 nm and

0.7 nm observed in the HREM images of 0.05G0.05Ce correspond to the (1 0 0)

and (0 O
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IMNO, présectiecly. Intefestingly, even at low Ce doping ratio
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of 0.05 mole ratio, interplanar spacingmsponding to (2 0 0) plane of Cg{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 GQs..

The presence of different crystal orientations belonging to the (1 0 0) and (2 0 0) planes
of -MinO. and CeQ respectively, reveal the presence of grain boundaries on the
catalysts and the participation of Gai@® the formation of interface structure [5]. The
distorted regions at the grain boundaries were shown to contain oxygen vacancies and
coadinative unsaturated surface ions, which serve as centers for oxygen activation and
quick diffusion/mobility of activated oxygen species{2H. At higher Ce doping ratio

(0.5), larger surface crystals were observed and additional lattice spacing ah0.31
corresponding to the (1 1 1) plane of Gefas observed in Figure 4.3(f), indicating
surface accumulation of Ce@s depicted in the EDS elemental mapping (Figure

4.3(h)).
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Figure4.3. FESEM, TEM, HRTEM and elemental mapping for 0.08C05Ce
(a,c,e,g) and for 0.05G@.5Ce (b,d,f,h)
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4.3.3BET surface area
The BET surface areas of the catalysts are listed in Table 4.1. JhdsNrption
desorption isotherms of the catalysdppendix BL) aretypical of Type IV adsorption
isotherms which are characteristics of mesoporous materials. The pore sizes of all the
catalysts are within the range of 9.46.9 nm. It was previously shown that (Chapter
3) the incorporation of Gdions into the lattice t r u ¢ +tMn®2ded to the inhibition
of crystal growth and increase in surface area. Compared to the previously reperted Co
d o p eMhO[ithe cedoped catalysts with low ratio of Ce (0.05C@5Ce) possessed
higher surface area. This indicates theipigation of Ce in addition to Co, in inhibiting
crystal growth and enhancing surface area, in conformity with the observedy@eO
boundaries in the HREM image. As shown in Table 4.1, the surface area first
decreased with increasing Ce content amosequently increased with increasing Ce
content. The highest surface of 0.05@8Ce could be attributed to the surface

accumulation and contribution of CeO

4.3.41CP-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 obtainedvialtPS. The amount of Co pres
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 0.0606Ce and 0.05C0.1Ce,

significant reduction in K was noted with increasing amati@e.

While Co preferentially @sorbs and/or replace Khi n-MnD. lattice creating
structural/lattice disruption and oxygen vacancies [28, 29], theMGRnd EDS results

suggest that Ce displaces K ions from the interlayer spaces of birnessiteAdrgeen
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in Table 4.1, it can be gbrved that the ratio of K to Mn (K/Mn) decreases
concomitantly with increasing Ce content (Ce/Mn). Coupling theMEPand Raman
results, it can be deduced that Ce substituteéhKhe interlayer spaces of birnessite
MnO: leading to the observed strualcollapse at higher doping ratio. Besides the
structural collapse, surface accumulation of €a® depicted in both the elemental
mapping and HRFTEM images could possibly lead to restricted access to Mn active and

defective sites.

Table4.1. ICP-MS elemental analysis and BET surface area

Elemental Analysis

Catalyst BET (m?g) ICP (molar)
K/IMn  Co/Mn__ Ce/Mn
0.05Cc0.05Ce 287.0 0.164 0.042 0.051
0.05Ca0.1Ce 151.7 0.160 0.041 0.098
0.05Ce0.2Ce 169.4 0.110 0.043 0.198
0.05Ce0.5Ce 318.0 0.067 0.042 0.501

4.3.5XPS analysis

The resultsof the XPS analysis are presented in Figure 4.4. The Mn 2p spectra is
composed of two spiorbital splitting components at around 654 and 642.4 eV which
correspond to Mn 2p and Mn 2py; splits. The relative amount of Mhand Mrf* was
determined from their corresponding peak areas after the deconvolution of the;Mn 2p
peak as shown in Figure 4.4(a) and Table 4.2. As shown in Table 4.2, the relative
surface concentration of Mhin 0.05Ce0.05Ce is similar to that of 0.05@b1Ce

which subsequently decreased with increasing amount of Ce. Similar trends were
previously observed for Ce@no d i f-Mn©d5, 2ZB]. The relative amount of Mh

is attributed to the creation of oxygen vacancies due to the substitution and/or
replacementdfin**i n t he | at t-MnOgo nwintainuetettrastatic badahce U

[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 Ce@peaks increase with increasing amount of doped Ce, a corresponding
decrease wasbserved in the intensity of K 2p peaks, which further supports the ICP
MS observations of Kleaching 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

catalyss (Appendix B2) were in agreement with the IQWS results.

Table4.2. XPS results Mn 2gzand O1s

Mn 2pss2 O1s center (eV)
Sample Mn4/Mn3*
Mn3* Mn4* O Ou O11/Orotal
0.05Cc0.05Ce 642.4 644.8 0.36 529.9 531.0 0.30
0.05Ce0.1Ce  642.4 644.8 0.35 529.9 531.0 0.36
0.05C00.2Ce  642.4 644.7 0.48 529.9 5316 0.21
0.05Ce0.5Ce  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).
Threepeaks can be clearly distinguished at ~ 529.9 eV, ~ 531 eV, and ~ 533.8 eV,
which could be respectively ascribed to lattice oxygen, (Gw coordination oxygen

(Ou: surface active defective oxide©,?, O and hydroxyl OH), and adsorbed water
molecules (Qu) [31, 32]. The relative surface concentration of the surface adsorbed
oxygen species (&, O, OH) of 0.05Ce0.1Ce 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*/Mn*, 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
I at t i-Mm,, in &gre@ment 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 oxygespecies dropped drastically at higher Ce doping ratio, which
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could be attributed to the surface accumulation of Catd the resultant structural

collapse as shown in the Raman and HRTEM results.
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Figure4.4. XPS spectra (a) Mn 2p (b) Ce 3d (c) K 2p (d) O 1s
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4.3.6H2 TPR results

The results of the HTPR analysis@ depicted in Figure 4.5. The reduction behaviours

of the catalysts vary significantly depending on the amount of doped. Ge@ll the

reduction profiles, four reduction peaks were observed which respectively correspond

to the reduction of surface adsotbe a ct i v e

MNO2Y MY MY MnO. | t

C

oxygen

a

n be

(0),

seen

and t

from Fi

temperatures increase with increasing amount of Ce. The amount of consumed

hydrogen (Table 4.3) decreases with increasingc@aent. The lower reduction

temperature of t heondumptian atk0SCo®.05@e ahdn0BCoh i g h

0.1Ce (174 and 182°C, respectively) indicate higher reducibility of the surface adsorbed

oxygen and higher oxygen mobility [5]. This could besult 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 0.086Ge which is attributable to the

reduction of surface CeOto CeOs [33], further demostrating the surface

accumulation of Cegat higher doping ratio and the observed structural collapse.
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Figure4.5. H>-TPR of Ce@modified catalysts
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4.4 Catalytic Oxidation of HCHO
The Ceria modified catadys were evaluated under a high GHSV of 120,000 ht-g
of feed containing ~ 170 ppm HCHO and ~45% relative humidity. The catalytic
activities of thecatalystdn terms of total conversion of HCHO are presented in Figure
4.6. For effective comparison, the temperatures for 50% and 90% convergiandT
Too) are presented in Table 4.3. It is obvious that as the Ce content of the bimetallic
doped catalysts incased, catalytic activity decreases accordingly. As observed in
Figure 4.6, comparable activity was observed between 0:05&&e and 0.05Co
0.1Ce, thereafter, a sharp decline in activity was observed with increasing Ce content.
Higher doping of Ce®led  a significant loss of activity, with 0.05€&b2Ce and
0.05Ca0.5Ce attaining complete conversion of HCHO at 90°C and 100°C respectively,

compared to 90 AMDOfcatalyst.t he pristine U

On the other hand, both 0.050®5Ce and 0.05C0.1Ce catalystattained complete
conversion at 80°C. The observed trend in activity loss with incre&ngontent
corroborates the findings of Zhu et @8] for CeQ modified birnessite Mn@ The

higher activity of 0.05C®.05Ce and 0.05C0.1Ce is attributable to threhigher
density of oxygen vacancies as well as the presence of grain boundaries at low doping
ratio. In addition, HTPR results showed higher activity of the surface adsorbed oxygen
species and lower temperature redox properties for both 0:026€e ad 0.05Ce

0.1Ce. Surface active oxygen species have been reported to actively participate in the
catalytic oxidation reactions. Wang et §1] demonstrated the role of structural
deformation of birnessitgype MnQ in the generation of active oxygen sjgscand

their role in enhancing the HCHO oxidation.
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Figure4.6. HCHO catalytic conversion ofa) bimetallicdoped catalysté)

monometalliedoped catalysts

Table4.3. Catalytic activities ($o% and Toos) and H consumption

Catalytic activity

Sample H2 consumption
Tso% (°C)  Toeow (°C) ( mmol-g?)
0.05C@e0.05Ce 63 76 7.37
0.05Ce0.1C 65 77 6.84
0.05C@e0.2Ce 72 87 6.23
0.05Ce0.5Ce 82 96 6.02

To further investigate the influence of bimetallic-daping, 0.05C&.05Ce was
compared with 0.05Ce and 0.05Gb o p e-WMnO.l catalysts (Figure 4.6(b)).

Interestingly, relative to the 0.05Co, slightly lower activity wéiserved on 0.05Co
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0.05Ce within the reaction temperature range o6@0C. However, at 70°C an
improvement of about 15% in relative conversiwas observed, nonetheless, both
catalysts attained total HCHO conversion at 80°C. On the other hand, similar
conversion trend was observed between 0.05Ce and 0-085€e, with the activity

of 0.05Ce being slightly higher. Overall, the 0.05Co catalyst was slightly more active
at lower reaction temperatures {80°C) while 0.05Ce and 0.05€b05Ce were more
active & 70°C. This could be ascribed to the ability of 0.05Co to activate oxygen at
lower temperatures, while Ce@ecomes more active at higher reaction temperature. It
is worth mentioning that all the modified catalysts (monometallic and bimetallic doped)
aref ar more act i v-a&nQ.Based on theeaboper observvatioms it isi
pertinent to state that the bimetalliccdoo p i n-¢InOg With @o and Ce produced
little effect, with the only observed activity enhancement being at 70°C, which is

nonethelss similar to the activity of 0.05Ce.

4.5 Effect of CeO: on COz and CH3OH selectivity
|t i's observed t-Malp 0.066d dnc 0.06G0.85Cepaatalysts i ne U
showed 100% selectivity towards €Q@hese three trend lines overlapped in Figure
4.7(a)), the presence of methanol @OH) was detected as a-pooduct in the presence
of CeQ over 0.05Ce catalyst. This is depicted in Figure 4.7 for the temperature
dependence of GGand CHOH selectivity & the CeQ containing catalysts. It can be
noticed that the selectivity of the @&chieved 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 o2 Gnole ratio (0.2Ce) was synthesized and
evaluated under the same conditioApendix B3). Besides reduction in activity, its
selectivity for CQ drastically redued going through a minimum ab®C, which

corresponds to maximum methanol production, leefbrincreased 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 @Cas no methanol was detected in the product

stream and no methoxy species were observed inRMETS analysis (sectioh.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 £ed@htainhg catalysts (except
0.05Ce0.05Ce), 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 thengeesf Ce@shifts
selectivity towards methanol, within the observed temperature ranges. The decrease in
the selectivity with increasing reaction temperature suggests that the nature of the

adsorbatesurface interaction changes with reaction temperature.
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Yu et al.[34] observed the generation of methyl formate angOEHover Ag/CeQ@
catalysts within the temperatures ranges 6fl80°C beyond which their selectivity
reduced. Liu et al.[35] previously observed the formation of formic acid (HCOOH) over
Au/Ce(Q catalyst which initially increased and subsequently decreased with increasing
temperature, which is similar to the observed trend fos@HHgeneration in this work.
Furthermore, in addition to high selectivity towards methyl formate, Popova et al.[36]
also observed the presence ofzOH as a product of the oxidation of HCHO ove®Ti
based catalyst. These further support our observation thatl€e@ the generation of

methanol. It is important to state that in this experiment paraformaldehyde was used as
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the source of HCHO thereby eliminating the presence fdEHn the feed selam as
is the case of formalin solution. Moreover, joagalytic tests showed no presence of

CHsOH, 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, whilk isa 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 CeO
mo d i f-Mn@©<tatalysts 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 associatedith acute to severe vision irmpment, organs failure and death
extreme situations [339]. 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 generaticof secondary pollutants that can harm human health.

Several published reports have underscored the role of @eénhancing HCHO

catalytic oxidation. Tang et al.[2] demonstrated the synergistic effect of: CeO
composites for low temperature HCHO oxidati They demonstrated the roles of
synthesis method, surface density of lattice oxygen and the synergistic role of CeO

t hrough effective activation and transfe
activity of MnG-CeQ solid solution compositesSimilarly, Quiroz et al.[40]
underscored the synergistic effect of MRCeG: composite catalyst in the oxidation

of HCHO compared to Mngand CeQ. Zhu et al.[5] presented that the doping of low

amount of Ce®into birnessitaype MnQ 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 Ceeng through the transfer of its lattice
oxygen into the generated oxygen vacancies in MB@sides, Cefhas been used as
support for noble metal based catalysts with remarkable low temperature catalytic

activities [4143].

It is noteworthy to mentiorhat in the aforementioned works related to €b@sed
catalysts for HCHO oxidation, no other carbon containing products excepiv&®
reported. In contrast, here, we observed the generations0Hs a ceproduct in the
effluent of all the Ce@containng catalysts (both the monand bimetallic catalysts)
except 0.05C®.05Ce, while our previously reported RGeQ catalysts (0.05Co,
0. 05 CuMn®) showed 100% selectivity towards e@hapter 3). Thusly, this
work has opened up questions to thesabf deploying Ce@as a catalyst material for
the complete oxidation of indoor air HCHO into harmless @@l HO.

4.6 Reaction Mechanism of HCHO over Ce@Modified Co- t-MnO2

Catalysts

To understand the role of Ce@ the HCHO catalytic oxidation, isitu DRIFTS
analysis was conducted to obtain information on the surface intermediate species
produced in the presence of Gesihd compared to ne@e( containing catalysts as
reported in our previous work (Chapter 3). DRIFTS scans were collected over 60 mins
at room temperature for both 0.050®5Ce and 0.05GC0.5Ce, and presented in
Figure 4.8. In the case of 0.050&bCe, elevated temperature {P80°C) DRIFTS
analysis was carried out to understand the behaviour of the intermediate species at

elevated reaain temperature in the presence of ceO
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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 358B@00 cm' arecharacteristic of surface hydroxyl
groups. The absorption features at 2848844 and 1373 1376 cm' arise from the
stretching and the bending vibration of thed®ond respectively, while the bands at
1568i 1582, and 1338 1356 cm' are assigned thieé symmetric and asymmetric OCO
stretch of the formates (HCOOQO) [4K6]. Information on the surface coordination of the
formates could be obtained from the band splitting between the symmetric and the
asymmetric @ modes. The band splitting of 195 and 286! on 0.05Ce0.5Ce and
0.05Ce0.05Ce respectively, is suggestive of bridging mode coordination [44]. The
doublet features at 2840 and 2870%ctwo asymmetric features at 1568 and 1578 cm

1 and a broad shoulder band at 1356'care indicative of theresence of two types

of formates with similar coordination [46] on 0.050®5Ce.

The bands located at 278@733 cm' (C-H stretching vibration), 14501 456 (U ( CH)
bending vibration), and 1161 and 102%065 @(CO) stretch), are ascribed to surface
adsorbed dioxymethylene {810,) species. The band around 1613626 cm' is

attributed to surface adsorbed water molecules, while the bands at around 1650 and
1280 cm!, and the bands at 1522 and 1350'cane respectively allocated to the

bridging and moodentate carbonates#(/ ) [36, 47]. Besides the common
intermediate species observed on both catalysts, additional absorption features were
observed on 0.05G0.5Ce. The bands at 2955, 1123 and 970%cmwhich
monotonically increased with reaction tinmuld be attributed to the formation of

methoxy (CHO) species [46, 48, 49] in the presence of high Qe&ling.
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Figure4.8. DRIFTS analysis (a) 0.05G@.05Ce (b) 0.05G0.5Ce

The appearance of therfnate and carbonates intermediates immediately after HCHO
exposure (Figure 4.8 (a), 0 mins), before the dioxymethyleaks started developing,
suggests that besides the oxidative dehydrogenation of dioxymethylene species into
formate [5, 50, 51], formatspecies could also be formed by the direct oxidation of
HCHO by surface active oxygen as previously reported [46]. The higher activity of
0.05Cc0.05Ce could be accounted for by the faster rate at which it converts HCHO
into formate and carbonates aswhan Figure 4.8 (a) (see spectra for 0 and 10 mins).
This could be related to its higher surface densftypxygen 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 HBM results. Surface adsorbed carbonates were
observed on both catalysts, indicating that the formates were further oxidized to
carbonats, which after further oxidized aresorbed in the form of gaseous £
addition to CQ, methanol was detected inet product stream at higher CGedbping

ratio (0.1 to 0.5).

The formation of methanol in the presence of €e@uld be accounted for by the
presence of methoxy species, which were observed on G@5Ce, as depicted in
Figure 4.8 (b). It should be notedat 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 towards2&O observed in the catalytic oxidation
results (Figure 4.7(a)). Similarly, no traces of adsorbed methoxy species were observed
on t he -NMO;and 0.05@0 (Ghapter 3). Correspondingly, no methanol was
detected in the effluent gases of HCHO oxidatawer these catalysts. As such,
adsorbed dioxymethylene species on &sies possibly undergo disproportionation

via the Cannizaartype reaction mechanism, to generate adsorbed methoxy and
formate species [52], as no methoxy peaks were detected untida20 mins of
HCHO exposure, while dioxymethylene peak was detected immediately after exposure
(Figure 4.8 (b)). Previously, Li et al.[46] reported tieneratiorof methoxy species

over CeQ catalyst via the Cannizzaro reaction. Similarly, Busca g2dlreported the
formation of methoxy and formate species on the surface of magnesia, zirconia, thoria,
titania andaluming with the likelihood of Carnnizzastype reaction and direct

oxidation of dioxymethylene into formate parallelism.

The formation & 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 reaan temperature (Figure 4.9), surface @bups are consumed in the
reaction. They might serve as the source bfdd the protonation of methoxy species

(Eq. (4.9)) and the reaction dfydrocarbonates to COand BHO (Eq. (4.7)). This is
supported by th&act that at high temperature (Figure 4.9), the intensity of the methoxy
and carbonates peaks attenuated concomitantly with that of surfaggddis. Since

no external source of moisture was provided and the samples were treated at 200°C to
remove surfag adsorbents prior to the DRIFTS analysis, we believe that the sharp
increase in the intensity of the O@5003000 cm'), during the room temperature
DRIFTS (Figure 4.8(a) and (b)), is from the decomposition of the surface adsorbed

moisture (1625 cn formed during the HCHO oxidation reaction.

Moisture was reported to react with oxygen vacancies and surface defects to replenish
the supply of defective oxides (QHO, O), which participates in the oxidation
reaction of HCHO [47]. The selectivity shifowards CQ by the 0.05Ceé.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 indicatasdhhigher 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 [46ould be because of the
availability of more active surface oxygen species via the oxygen activation and transfer

mechanism of CegJ41].
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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 CQ and HO, while route 2 favours the formation of €bPH in the
presence of CeQBoth routes 1 and 2 simultaneously take place in the presence of
CeQ, while only route 1 is observed in the absence of and very low content ef CeO
(0.05 MR) in the catalysts matrix. Summarily, upon adsorption on active: &)

HCHO undergoes a nucleophilic attack by active oxygen to generate surface adsorbed
dioxymethylene specieEq. 4.3) Additionally, the direct oxidation of HCHO to
formate species by surface oxygen [464(4.4), as observed in Figure 4.8(a), cannot

be ruledout.
HCHR +O,f HCHCD (4.3
HCHQ +0 , f HCO ,+H" ,) (4.9
The formation of formate from dioxymethylene may then proceed by the oxidative

dehydrogenation of dioxymethylengéd. (4.5)). The formate species undergo a further
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nucleophilic attack by surface oxygemgenerate surface adsorbed hydirbonates,

which subsequently desorb in the form of GBq. (4.61 4.7)).

HCHCOHY HCO ,+H", (4.5)
HCO ,+0 ,Y HCO3 ( a) (4.6)
HO3 (4H" 4 ¥ CO,+H,0 4.7)

For the formation of methanohdsorbed dioxymethyleneEq. (4.3)), may have
undergme disproportionation reaction via the Carnnizzaype reaction mechanism

to generate adsorbed methoxy and formate spdetp$4(.8)) [46].

2HCHAR¥ HCO ,+CHO #0Of a) (4.8)
The generated formate species proceed into its successive reactions to gengrate CO
and HO (Eq. (4.671 4.7)), while the methoxy species undergo a further protonation
reaction and desorb as gaseous meth&upl(4.9)). The source of proton is believed

to be from the dissociation of surface adsorbed water molecules.

C HO{ o4 H( &) CH;OH, (4.9
H. H H. O
\C/ J— \C/ 002 + HZO
!) \ / Q) \ / route 1
H\ /H HO\ /O'
c C

/N |
o o ©
Mn  Mn

H\ /H

» H:C — » CH.OH

2 C
O/ \o Cannizzaro-type |
' i reaction © route 2

Ce Ce

Scheme 1. Proposed reaction pathway for thproduction of CQand CHOH in
the presence of CeO
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4.7 Conclusion
Ce-modified Cedopedi-MnO:; catalysts (MR: 0.05) with varying CeMading have
been synthesized. The catalysts with low doping ratio (0.05 and 0.1) efsBe®ed
higher catalytic activity for HCHO oxidation. The obsedvgrain 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 Celdading, surface accumulation of Ce@rcurred
which was accompanied by loss of interlayérighs and structural collapse. Against
our hypothesis, bimetallic edopi ng ( Co -enOgddidGet)yieldodny U
appreciable improvement in catalytic activitgther, both the monometaHaoped
(0.05CeMnO, and 0.05CavIn02) and bimetallic cadoped (0.05C®.05Ce) catalysts
showed similar reactivity. However, the presence of Co in small amount of Ce (6.05Co
0.05Ce) shifts the c afledby Bhe gresenzeeflCelddt i vi ty
to the formation of methanol as a-pyoduct of HCHO oxidation. The methanol
selectivity increases with increasing amount of €B@ding. The maximum amount
of methanol was formed at aroun@°€, thereafter, a selectivighift towards CQwas
observed with increasing reaction temperature. DRIFTS analysis revealed the
formation of methoxy species on the Cat@h catalyst, which is the major
intermediate for methanol. Given the recent interest ono@s@ catalytic mategi for
the abatement of indoor HCHO, this work has raised questions as to the safety of
deploying CeQ@as a catalytic material, either as a support, dopant or a bulk catalysts,

for the complete mineralization of HCHO into harmless products such aa@d@.0.
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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 publicatfarsuf, A.,
Sun,Y., Snape, C., He, J., Wang, C., Ren, Y. and Jia, H., 2020-t&xmperature
formaldehyde oxidation over manganese oxide catalysts: Potassium mediated lattice

oxygen mobility.Molecular Catalysis497, p.111204.

The removal of formaldehyde (HCHQ) 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 cancevnasal 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 techréguoatalytic oxidation seems
more promising, as the complete conversion of HCHO inte @@ HO can be
achieved [4]. Catalysts containing noble metals are promising in this respect, and
various techniques devised have enhanced their low to room tempeaatity for

HCHO oxidation. Alkali metals doping, mainly Nand K’, has been demonstrated to

be a very effective strategy-g.

Bai et al.[5] observed a promotional effect of &ddition on the activity of Ag/GDs
catalyst for HCHO by promoting thgeneration of surface OHZhang et al.[8]
observed a phenomenal improvement in the catalytic activity of Bt/ HEffer its

treatment with Na. Total oxidation of HCHO was achieved at room temperature over
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the Na modified Pt/Ti@ in contrast to 150°C fathe untreated catalyst. In another
study, Na was observed to promote the stabilization and dispersion of Pd en TiO
support, and enhanced its activity by facilitating the activation of chemisorbed oxygen
and OH groups to achieve room temperature oxidatfdhCHO (compare to 120°C

for unmodified Pd/TiQ) [7]. Similar promotional effects of Navere observed by Nie

at al.[6] for HCHO oxidation on Pt supported bBiCatalysts. However, there is a
growing interest and focus on transition metals for catalyses td their relative

abundance and cesffectiveness [9, 10].

Manganese oxide based catalysts are amongst the most promising transition metal
alternatives for lowtemperature HCHO oxidation [4]. The effectiveness of metal
oxides for catalytic oxidation @nother 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 MnCatalysts is strongly influenced by the redox
properties of Mn, and the readty and mobility of the lattice oxygen [12], with Mn
higher oxidation state (M#) shown to be more active for the oxidation efybene

[13], toluene [14], HCHO [10, 15], CO [16], and methane [17]. Enhancing the redox
cycle of Mn (Mrf*z ~ MPH 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 bgitetype MnQ and octahedral molecular
sieves (OMS2), contain K. It has been reported that Kacilitates the dissociation of
molecular oxygen and desorption of water molecules, through an electron transfer
mechanism from potassium to oxygen [19], afgb enhances the generation surface
active oxygen species such through the creation of oxygen and/or manganese vacancies

[20-22]. It was previously demonstrated that fidcilitates the migration of the lattice
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oxygen of 3D C@0O4 for enhanced catalytic akation of HCHO over Ag/Ce&D4 [5], it
is therefore interesting to understand the effect’adriKthe mobility and activity of the
lattice oxygen of manganese oxide for HCHO oxidation, siride &tructurally present

in most of the manganese oxide basedlgst.

Besides, ilChaptey a decrease in catalytidMnGcecti vit
was observed with decreasing content o6f Ko investigate the role of *Kin the

catalytic oxidation of HCHO over manganese oxide catalysts, a two way strategy was
deployed by synthesizing manganese oxide catalysts witmselfilating and varying

K™ concentration and subjecting the synthesized catalysts tdraatthent to neove

the Kfrom the catalystodéds framewor kstoBy val
Mn(NOz3)2 in the reaction mixture, not only is the Koncentration modulated but also

the morphology, lattice oxygen and Miontent. Increasing the KMn®@ontent in the

reaction mixture led to an increase in the Kontent, lattice oxygen and surface
concertation of Mfi. On the other hand, the adigatment of the pristine catalysts led

to a drastic reduction in the*kcontent 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 @rkances 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 acidtreated catalysts were investigated viasitu diffuse reflectance infrared

Fourier transform spectroscopy (DRIFTS) measurements.
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5.2 Experimental

5.2.1Catalyst synthesis
In a given preparation of MnObased catalysts, calculated amounts of KMnO
(Sinopharm) and Mn(Ng). (Sigma Aldrich) equivalent to 0.2, 0.3 and 0.5 molar ratio
were disslved in 100 ml deionized water in a beaker. KMrsOlution was gradually
added to the Mn(Ng). 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 supeatant 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 inair for 3 hrs. The obtained samples were denotgdaere x is the molar
ratio of KMnQs to Mn(NGs)2 in the precursor solution. For comparisong Was
synthesized using the same method and conditions in the absence ofs+KMnO
Subsequently, the obtainedmples (x = 0.2, 0.3 and 0.5) were treated in 100 ml 0.1M
HNO:s solution for 6 hrs under continuous stirring. The dogted samples were then
rinsed severally with deionized water until neutral and then dried at 105°C and denoted
AO0.1Mx. For comparison,some acidreated samples were subjected to further

calcination at 300°C for 3 hrs and denoted as AQHM

5.2.2Characterization
X-ray diffraction patterns of the synthesized catalysts were analysed on D8 Advanced
(Bruker, Germany) instrument operating at 4@&,n0mV. 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
cml. Hitachi S4800 Field Emission Scanning Electron MicrosedFESEM) was

used to observe the morphological structures of the catalysts while elemental
139



composition and mapping was conducted using ergigpersive Xray spectroscopy
(EDS). Prior to the FESEM analysis, the samples were sputtered with platinum on
Hitachi E1045. Transmission Electron Microscopy (TEM) and HRgsolution TEM
(HRTEM) images were acquired on JENMOO 200KV electron microscope (JEOL Ltd.,

Japan).

Micrometrics ASAP 2020 analyzer (Surface Area and Porosity Analyser) was used to
evaluate theextural properties of the catalysts. The BET surface area of the catalysts
was calculated from the ;Nadsorptiordesorption isotherms using the multipoint
method, while the pore size distribution was calculated from the BHJ desorption
isotherm. Prior tadhe 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-xay photoelectron spectroscopy (XPS) technique. XPS measurements
were conducted on Kias Axis Ultra DLD, with Al Kyx-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, RenElmer) was used to determine the elemental

composition of the catalysts.

Hydrogen temperature programmed reduction>-TAHR) was conducted on
Micrometrics Autochem 1l (chemisorption analyzer). About 50 mg samples were
weighed into a quartz tube and gassed at 150°C, under a 50 ml tilow of Ar for

1 hr, prior to the analysis. The pireated samples were cooled down to about 30°C.
The gas flow was then switched to 8%/At mixture (50 ml min'). The temperature
was slowly ramped at a rate of 5°Cmhito 600°C, and the Hconsumption 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 Wfisher, 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 minand the spectra recorded (resolution 4'cm
and accumulation of 32 scans). Prior to tHRIPTS analysis, samples were treated at

200C in a 20 ml mirt flow of Ar for 30 minutes.

5.2.3Catalytic activity test
The catalytic activities of the catalysts were investigated under the same conditions in
a dynamic mode. In a typical experiment, 100 mg eé@0nesh 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-haped quartz tube. The relative hunyidif 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 makeaip gas. The total flowrate of the inlet stream wasntained at
100 ml mint with the aid of mass flow controllers, which corresponds to a gas hourly
space velocity (GHSV) of 60,000 mitdr?. The concentration of G@nd HCHO from
the reactor were monitored online using GC (Agilent 7890B) fitted withgglent CP
Sil 5 CB column (0.32 x 50m), Polyarc reactor (Activated Research Company (ARC),
US) and an FID detector. Both HCHO and Cxe first converted into CHwith the
aid of the Polyarc reactor before being detected by the FID. Polyarc reactorjsanich
universal carbon detector with the capacity to convert hydrocarbons into methane
through a 2 step pesblumn oxidatiorme t hanati on prYc@dx]. ( HCs
COz was the only detected product of the oxidation reaction. Prior to the reacéon, th

reactor was calibrated by standard gases of HCHO and @ room temperature
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activity and stability of the catalysts ¢land A0.1M s) were evaluated in a continuous
flow mode for 72 hrs at a GHSV of 60,000 mt-gt, and HCHO concentration of

~10ppm.

Since CQ was the only detected product, the conversion of HCHO (%) over the

catalysts was calculated as thus:

C# L (5.1
Conver%s:mlopnn

where CQand HCHOstand 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 bfl20°C.
The specific rate was calculated as follq&@$]:

HCHQ fI .
22 . %ed 'mlé

5.2
Specifa’mcol'?n‘a’ntlnez (62)

where [HCHO]represents the inlet concentration of HCHO (ppnfi)is the total
flowrate (ml.mint), m is the mass of catalyst (g),is the conversion (%) andsSr

stands for the measured BET surface area of the catalysts.

Lattice oxygen test was conducted ondvnd AO0.1M.s samples according to the
modified procedure reported elsewhet8][ Priorto the test, the catalysts were treated
in a flow of pure air (50 ml mify for 30 mins at 150 °C, the treated catalysts were then
purged with pure N(50 ml mint) for 30 mins at the same temperature, to remove
molecular oxygen and weakly adsorbed specdleflow of Nb (99.99%) containing ~
170 ppm of HCHO (GHSV 60,000 mi*gh!) 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 o,@@dHCHO were monitored

using GCGPolyarc reactor.

5.3 Results and Discussion

5.3.1Phase 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 crystadimmorphous 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 M4 (PDF #240734), while the peaks at 36.7, 39.0, 47.5, and
66.2° are assigned to MaQL3]. The weak and broad peaks3&t7, 42.5, and 65.8°
are indexed to hexagonal birnessite type MA@CPDS #18802) [21]. M is
predominantly MaO4. Weak features of Mi®4, in addition to those of birnessite MpO
are observed in bb. Only the weak peaks attributable to layebatessite MnQ@are
present in M3 and Ms. In the presence of permanganate ions?Ms favourably
oxidized to Mi* and Mrf* leading to the formation of birnessite Ma(24]. The
observed peak broadening in the att@hted samples could be attributedpartial
crystal and layer distortion as a result dféktraction [25, 26]. Due to the amorphous
nature of the catalysts, Raman spectroscopy was conducted to further understand their

crystal structures and the effects df K
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The Raman spectra of the catalysts are presented in Figure 5.2. As seen in Figure 5.2a,
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Figure5.1. XRD patterns of as pristine and atidated catalysts
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the peaks at 650, 480, 393, 304 and 266 ane attributed to MO, [27, 28] The

Raman peaks located at 5600 cm! ( 3, 569582 cnt ( 8 and 626634 cm! ( ) are

characteristics of layered birnessite Mr{@9]. They are respectively assigned to-Mn

O-Mn

stref,dMm-On gt (e t)oohthenlmsal (pene of MnOand the

symmetric stretching of Mn§( # [21, 29]. A significant weakening in the My

features (650 c) was observed while the peaks corresponding to birnessite MnO

(582 and 626 cr) became more prominent ingly] in agreement with the XRD results.

Birnessite MnQis mainly composed of layers of edglearing [MnQ)] 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 birnggsitdayere

MnO- were observed in bk and My s (Figure 5.2a) and in bsand Mg (Figure 5.3),

n

agreement

with the XRD

resul ts.
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the acid treatment (Figure 5.2b). This is due to the polarizabilitgti@ns between the

two vibrational modes attributable to the removal df iKkns from the interlayer

structure of birnessite [25, 26, 32].
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Figure5.2. Raman spectra of (a) pristine synthesized cata{p¥scidtreated
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Figure5.3. Raman spectra of ¢4, Mos, and Mg

5.3.2Morphological structure
Morphological evolution due to variation in the KMn€obncentration in the reaction
mixture were observed, as shown in Figure 5.4. In the absence of KNihQs
composed of somewhat circular nanostructures with diameter ranging from 83 t0149
nm and thickness from 25 to 40 nm. After the introduction of KM{@o.), the
morphology completely transformed into an open fleler 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 @. Interestingly, at a molar ratio of 0.5 ¢N), there was a
complete morphological transformation into dense and aggregated nanospheres, which
did not change after the acid treatment (AGEMNo further changes in morpholpg
was observed when the molar ratio was increased to @.§ évid 0.8 (M.g), 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 5i§cpult
be attributed to the abstraction of ffom the interlayers of the birnessite [26], and the
possible distortion of the layered structure during the acid treatment. The HRTEM

images of Ms (Figure 5.6b) and AO.1d% (Figure 5.6d) showed both tipeistine and
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acidtreated catalysts have exposed (001) and (100) lattice planes, which correspond to

~ 0.7 and 0.24 nm interplanar spacing of birnessite Mré&3pectively.

Figure5.4. SEM images ofa) Mo; (b) Mo.2; (€) Mo3; (d) Mosand (e) A0.1Ms
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IFigure

5.6. TEM and HRTEM images of (a and b) 4, (b and d) A0.1M5s
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5.3.3Textural properties
The BET surface area, pore volume, and pore diameters of the catalysts are presented
in Table 5.1. The adsorptiedesorption isotherms of all the catalysts correspond to
Type IV adsorption isotherm (Appendix Cla),iahis typical of mesoporous materials.
This is further confirmed by the pore size distributi@ppendix C1b), while the
average pore size of all the catalysts (both pristine andtraeited) falls within the
range of 721 nm. As seen from Table 5.1, th&rface area initially increases with the
addition of KMnQ, but subsequently reduces as the amount of KMn€eases. The
observed surface area trend conforms to the morphological transformation and particle
size of the catalysts. As the particle sizzmases, 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 areswbserved in all the acid treated catalysts. This
might be related to decrease in particle sizeldaching and the disruption of the
layered structure during acid treatment [25, 26], as observed in the Raman and TEM

results.

5.3.4Elemental analysis
The elenental 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 KiMnO
the precursor solutions. Increasing the molar ratio beyond 0.5 (0.6 and 0.8), does not
resultin any increase in the Kcontent of Ms and My, as shown in Table C1
(Appendix C), likely due to the presence of excess amount of KNm@e reaction
mixtures (Appendix C2 and Supplementary Note C2). As such the optiniumag
achieved in Ms. The acid treatment succeeded in drastically reducing the content of

K™ in the treated samples (A0.1Min agreement with the Raman results. As for the
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elemental mapping of b4 and A0.1Ms(Appendix C3 and C4), both Mn and O are
well dispersed on bothamples, while the intensity and dispersion of K significantly
reduced after the acid treatment, further confirming the leaching &bk the acid
treated samples. The trend in thedéntent of the catalysts is consistent with the EDS

and XPS results ggesented in Table 5.1 and Appendix C5 (XPS K 2p spectrum).

Table5.1. Textural properties and K contents of pristine and-treidted catalysts

BET Pore Pore Particle Potassium Content
Catalyst (M?lg) size volume size ICP EDS XPS
9 (nm) (cm®lg) (nm) (wt %) (wt. %) (%)

Mo 44.6 20.8 0.23 134.0 0 0 -

Mo.2 115.6 11.9 0.30 51.9 2.28 4.57 2.79
A0.1Mg 2 160.2 10.8 0.40 37.4 0.35

Mo.3 51.8 12.2 0.15 115.9 9.98 8.92 6.68
AO0.1Mo 3 223.4 7.1 0.37 26.8 0.86

Mos 22.4 12.5 0.05 267.8 13.72 12.71 14.89
A0.1Mg s 43.7 8.4 0.09 137.4 1.63 2.46 1.5

5.3.5XPS 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 Marip3s high resolution spectra may
provide insights about the chemical environment of Mn. The deconvolution of the Mn
2pz12 peak indicated the presence of two overlapped peaks with binding energies within
the range of 642 642.3 eV and 642.9 643.6 eV coresponding to Mffand Mr#*
respectively [33]. No peaks related to ¥Mwere observed. The surface content ofMn
and Mrf* were estimated based on their respective peak areas in the deconvoluted Mn
2ps/2 peak and presented in Table 5.2. Higher content off Mray suggest higher
oxidation, which increases with increasing Koncentration. The Mn 3s doublet
splitting ( E, Figure 5.7c¢c) can be used t
of the catalyts based on the equation AOS=8.9%61 . 126 * pE) [ 34] . The
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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 (Mrand Mrt), as observed in the Mn @2pdeconvolution

results (Table5.2 and Figure 5.7a). The increase in the*Mand AOS with K
concentration, indicates that the synthesis route drmbKcentration may have an has
impact on the oxidation of Mn in the catalyst. It was suggested that higher ratio of
Mn*/Mn3* facilitatesthe redox cycle of Mn and enhances catalytic oxidation of HCHO
and other VOCs [10, 14, 17], by enhancing the cyclic redox reaction of Mf{ @in

Mn®") during the catalytic oxidation process [13, 35]. Interestingly, a significant
reduction in both the AOSnd Mrf* content of the acitreated M. (A0.1Mos) was
observed, as shown in Table 2, in agreement with previous reports [20, 26]. The
presence of Mt is associated with the creation of oxygen vacancies in MnoO
maintain electrostatic balance due ta’fvacancies [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 removaldfuf also lead to the creation

of vacancies, as reported elsmxe [26].
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Figure5.7. XPS Spectra of catalysts (a) Mn 2p, (b) O 1s, and (c) Mn 3s

Table5.2. XPS surface content and average oxidation state

Mn“* content O content (%)
Sample Y
( 0) Oat Osuf AOS
Mo.2 39.23 55.89 40.24 3.42
Moz 44.72 65.98 30.51 3.55
Mo.s 86.52 70.00 25.14 3.83
AO0.1Mos 36.86 62.30 33.23 3.40
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