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Streszczenie Pracy 

Głównym celem pracy doktorskiej było opracowanie katalizatora  

do niskotemperaturowego spalania sadzy oraz lotnych związków organicznych  

o efektywności działania konkurującej z obecnie stosowanymi układami 
komercyjnymi. Hipoteza badawcza sprawdzana w ramach projektu doktorskiego, 

opierała się na koncepcji, iż poprzez zaproponowane modyfikacje strukturalne 

(nanostrukturyzacja jonami metali alkalicznych) i powierzchniowe (dekoracja 

nanocząstkami metali szlachetnych) tlenków manganu można w znaczący sposób 

zoptymalizowad najistotniejsze parametry użytkowe katalizatora. W szczególności 
koncentrowano się na zmianach: właściwości elektrodonorowych (aktywacja tlenu 

na drodze transferu elektronu), mobilności tlenu sieciowego (ułatwienie działania 
mechanizmu Marsa-van Krevelena) oraz stabilności termicznej (zapewnienie 

wysokiej aktywności w czasie). Opracowanie docelowego układu katalitycznego 
realizowano w następujących etapach: 

I. Określenie zmian strukturalnych pod wpływem wprowadzenia jonów potasu 

do struktury tlenku manganu (nanostrukturyzacja), 

II. Określenie wpływu poszczególnych kationów grupy I (A = H+, Li+, Na+, K+, Rb+ 

oraz Cs+) na właściwości katalityczne birnesytu (AMn4O8) oraz kryptomelanu 

(AMn8O16) w reakcjach utleniania sadzy oraz lotnych związków organicznych 

(metan, propan), 

III. Funkcjonalizacja nanocząstkami metali szlachetnych (Ag, Au, Pt, Pd) 
nanostrukturalnych faz tlenków mieszanych (K-Mn-O) w celu rozszerzenia 

ich aktywności katalitycznej na utlenianie lotnych związków organicznych. 

Do charakterystyki przygotowanych układów katalitycznych wykorzystano szeroki 

wachlarz metod eksperymentalnych: do określenia składu pierwiastkowego (XRF, 
XPS), fazowego (XRD, RS), morfologii (SEM, TEM), powierzchni (N2-BET, XPS),  

oraz stabilności termicznej i aktywności w spalaniu sadzy i lotnych związków 
organicznych (TPR, TGA/DTA, TPO). Istotnym dla określenia mechanizmów reakcji 
utleniania były badania właściwości elektrodonorowych powierzchni (pomiary 
pracy wyjścia metodą Kelvina) oraz termicznej desorpcji potasu (SR-TAD). 

Początkowe badania dotyczące modyfikacji struktury tlenku manganu alkaliami 

wykazały, że tworzenie nanostrukturyzowanych faz zwiększa aktywnośd 
katalityczną w procesie dopalania sadzy. Otrzymane fazy o strukturze warstwowej 

(birnesyt) oraz tunelowej (kryptomelan) zawdzięczają swoją wysoką aktywnośd 
ukierunkowanej mobilności potasu (desorpcja kierunkowana warstwami  



lub tunelami, możliwośd desorpcji w wysokoenergetycznych formach atomów 

Rydberga), korzystnej morfologii (nanopręty kryptomelanu) oraz zwiększonej 

aktywności manganowych centrów redoksowych (wykorzystanie tlenu sieciowego  

w mechanizmie Marsa-van Krevelena). Korzystny efekt promocji potasem 

wykazano zarówno dla promocji powierzchniowej, jak i strukturalnej  

[Publikacje I, II, III]. Publikację IV poświęcono zbadaniu efektu desorpcji potasu z 

powierzchni kryptomelanu, wykazująd desorpcję zarówno w formie atomowej, 

jonowej jak również wysokoenergetycznych stanów Rydberga.  

Publikacja V dotyczyła termicznej transformacji birnesytu do kryptomelanu, 

powodując powstanie fazy o większej aktywności w luźnym kontakcie z sadzą.  

Jak wykazano w publikacjach VI oraz VII wprowadzenie różnych kationów I grupy  
ma znaczący wpływ na strukturę birnesytu oraz kryptomelanu. Wprowadzenie 

poszczególnych kationów grupy I do tunelowej struktury kryptomelanu 

powodowało obniżenie zarówno pracy wyjścia, jak i temperatury spalania sadzy. 

Pozwoliło to na określenie mechanizmu inicjacji reakcji spalania, jako aktywacji 

tlenu na drodze transferu elektronu z powierzchni katalizatora [Publikacja VI].  

Dla birnesytu, wprowadzenie kationów grupy I również powodowało obniżenie 
pracy wyjścia zgodnie z szeregiem energii jonizacji, jednak korelacja pracy wyjścia  
z aktywnością katalityczną była w tym przypadku odwrócona. Dla serii birnesytowej 

aktywnośd katalityczną powiązano bezpośrednio z ilością tlenu sieciowego 

desorbującego z materiału w oknie temperaturowym reakcji (mechanizm Marsa-

van Krevelena) [Publikacja VII]. Stwierdzono, że promocja powierzchniowa 
nanocząstkami platyny znacząco poprawia aktywnośd w reakcjach dopalania 
lotnych związków organicznych *Publikacja VII], podczas gdy wprowadzenie 

nanocząstek srebra oraz palladu poprawia aktywnośd w dopalaniu sadzy [Publikacje 

VI - VIII]. 

Kompleksowe badania wykonane podczas pracy doktorskiej pozwoliły na ustalenie 
różnych mechanizmów utleniania sadzy oraz lotnych związków organicznych  
dla birnesytu oraz kryptomelanu. Otrzymane wyniki wskazały możliwości 
funkcjonalizacji tlenków manganu w kierunku wysokiej aktywności katalitycznej 
poprzez nanostrukturyzacje alkaliami (wzrost aktywności w dopalaniu sadzy) oraz 
dekoracje nanocząstkami metali szlachetnych (wzrost aktywności w dopalaniu 
lotnych związków organicznych). Najaktywniejsze układy pozwoliły na obniżenie 
temperatury spalania sadzy o 300°C (Ag/KMn8O16, Pd/KMn4O8) oraz lotnych 

związków organicznych (CH4 i C3H8) w 350 - 400°C (Pt/KMn8O16). 

  



Summary 

The main aim of the doctoral thesis was to design a catalyst for the low-

temperature combustion of soot and volatile organic compounds with efficiency 

competing with the currently used commercial systems. The research hypothesis 

tested in this work was based on the idea, that through the proposed structural 

(nanostructuration with alkali metal ions) and surface (decoration with noble metal 

nanoparticles) modifications of manganese oxides, the most important parameters 

for catalyst performance can be significantly optimized. In particular, the main 

focus was on the changes in electrodonor properties (activation of oxygen through 

electron transfer), lattice oxygen mobility (facilitation of the Mars-van Krevelen 

mechanism) as well as thermal stability (ensuring high activity over time).  

The development of the target catalytic system was carried out in the following 

stages: 

I. Determination of structural changes caused by the introduction of 

potassium ions into the manganese oxide structure (nanostructuration), 

II. Determination of the discrete influence of group I cations (A = H+, Li+, Na+, 

K+, Rb+ and Cs+) on the catalytic properties of birnessite (AMn4O8)  

and cryptomelane (AMn8O16) in the reactions of soot and volatile organic 

compound (methane, propane) oxidation, 

III. Functionalization with precious metal nanoparticles (Ag, Au, Pt, Pd)  

of mixed-oxide nanostructured phases (K-Mn-O) to extend their catalytic 

activity in volatile organic compound oxidation.  

A wide range of experimental methods were used to characterize the prepared 

catalytic systems: to determine the elemental composition (XRF, XPS), phase  

(XRD, RS), morphology (SEM, TEM), surface (N2-BET, XPS), thermal stability  

and activity in soot and volatile organic compound oxidation (TPR, TGA/DTA and 

TPO). An important factor in determining the mechanisms of the oxidation 

reactions were the investigations of electrodonor properties of the catalyst surface 

(work function through the Kelvin method) as well as the thermal desorption of 

potassium (SR-TAD). 

Initial studies on the modification of the structure of manganese oxides with alkali 

showed that the formation of nanostructured phases increases catalytic activity  

in soot combustion. The prepared layered (birnessite) and tunnelled 

(cryptomelane) structures owe their high activity to the directed potassium 

mobility (desorption directed by layers or tunnels, the possibility of high energy 



Rydberg atom desorption), favourable morphology (cryptomelane nanorods)  

and the increased activity of manganese redox centers (use of lattice oxygen  

in the Mars-van Krevelen mechanism). The beneficial effect of potassium 

promotion was demonstrated for both surface and structural promotion  

[Papers I, II, III]. The fourth Paper is devoted to investigating the effect  

of potassium desorption from the surface of cryptomelane, showing desorption  

in both atomic and ionic potassium forms as well as the high energy Rydberg 

species. 

The topic of Paper V was the thermal transformation of birnessite to cryptomelane, 

resulting in a phase with greater activity in loose contact with soot. As shown  

in Papers VI and VII, the introduction of different group I cations has a significant 

effect on the structure of birnessite and cryptomelane. The introduction  

of individual group I cations into the tunnel structure of cryptomelane cause  

a decrease in both the work function and the temperature of soot combustion.  

The results established the electron transfer from catalyst surface to oxygen as the 

first step in the oxidation mechanism over cryptomelane-based catalysts [Paper VI]. 

For birnessite, the introduction of group I cations also resulted in a decrease  

of work function in accordance with the lowering ionization energies of the group, 

however, the correlation of the work function with catalytic activity was in this case 

reversed. For the birnessite series, the catalytic activity was directly related  

to the amount of lattice oxygen desorbing from the material in the temperature 

window of the reaction (Mars-van Krevelen mechanism) [Paper VII] It was found, 

that surface promotion with platinum nanoparticles significantly improves  

the catalytic activity during volatile organic compound oxidation [Paper VII],  

while the introduction of silver and palladium nanoparticles improve the activity  

in soot combustion [Papers VI-VIII].  

The comprehensive research carried out during the doctoral thesis allowed  

for the establishment of the various mechanisms for the oxidation of soot and 

volatile organic compounds over birnessite and cryptomelane. The obtained results 

indicated the possibility to functionalize manganese oxides towards high catalytic 

activity through alkaline nanostructuration (increased activity in soot combustion) 

and decoration with noble metal nanoparticles (increase of activity in volatile 

organic compound combustion). The most active systems allowed the lowering  

of the temperature of soot combustion by 300°C (Ag/KMn8O16, Pd/KMn4O8)  

and volatile organic compounds (CH4 and C3H8) by 350 – 400°C (Pt/KMn8O16). 
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1. Introduction 

1.1. Combustion of fuels 

All life on Earth exists in a perpetual struggle to gather and sustain the necessary 

energy to continue living and to produce offspring. For humans, civilization  

has progressed enough to not only provide the necessary energy to sustain us and 

provide for our families, but also to allow us to live on a higher level of comfort.  

With this, our energy requirements increase substantially and must be produced 

from many different sources. These can range from harnessing renewable or long-

lasting sources of energy (nuclear wind, water, geothermal) to the more finite such 

as fossil fuels. Energy is extracted from fossil fuels through their combustion, where 

the energy from the oxidation reaction is transformed into mechanical energy.  

On a small scale, this process occurs in combustion engines, which play a crucial 

role in the transportation sector. The imperfect design and ever-changing 

conditions found in engines means that typically pyrolysis or incomplete 

combustion of the carbon-containing fuels ubiquitously take place, leading  

to the formation and emission of cancerogenic and mutagenic products  

of these reactions. Among these products soot and volatile organic compounds 

(VOC’s) are among the most dangerous. 

1.2. Volatile organic compounds 

Volatile organic compounds (VOCs), which can be described as “any compound  
of carbon, excluding carbon monoxide, carbon dioxide, carbonic acid, metal 

carbides and ammonium carbonates which participates in atmospheric 

photochemical reactions” 1. Under this definition many different organic molecules 

can be treated as VOC’s, typically displaying high vapour pressure and low water 

solubility. VOCs are the precursors of ozone, photochemical smog and can also  

be highly harmful to human beings due to their toxic, malodorous, cancerogenic  

and mutagenic nature.  

VOCs can escape into the environment due to a number of human activities  

such as transportation, industrial processes including power plants, gas stations, 

printing, shoemaking, chemical and pharmaceutical plants, petroleum refineries, 

automobile manufacturers, food processors, furniture/textile manufacturers, 

electronic component plants and vehicle exhaust 2. In the transportation sector, 

combustion engines are the source of VOC emissions produced during  

the combustion of fuels such as diesel or gasoline (Fig. 1) 3. The reduction of these 
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emissions can be through the application of biofuels or through the application  

of exhaust gas aftertreatment.  

 

Fig. 1 Diagram of pollutant emissions originating from the combustion of carbon fuels in 

vehicle engines  

Due to their harmful nature and multiple sources, the emissions of VOC  

are controlled by legislation, with many countries agreeing to reduce  

the concentrations released into the environment. Catalytic systems are typically 

used in order to limit the escape of VOCs into the environment. Noble metal based 

catalysts are the main choice, due to their high activity, resistance to deactivation 

and ability to regenerate 4. Transition metal oxides are also being considered  

for these reactions, with cobalt and manganese oxides showing good activity  

but lower reaction rates than their noble metal based counterparts 1,5. Among  

the most common and toxic non-halogenated compounds a number are worth 

mentioning: formaldehyde, benzene, benzopyrene, toluene, propylene, phenol, 

acetone, styrene 6,7. A number of single and multiple aromatic compounds 

(polyaromatic hydrocarbons PAH) are also known to be highly toxic 6–8.  

When VOC’s are present during oxidation reactions of fossil fuels, or are the fuels 
themselves, they may either escape into the environment or take part  

in the reaction. The optimum result is that of complete combustion to inert 

products such as CO2 and H2O. An alternative is the VOC is partially oxidized to an 

undesired by-product, which can also be a VOC. The VOC’s may also recombine  
with the surrounding fuel or other VOC’s to create new long chained hydrocarbons 

or aromatic structures. The latter typically form polycyclic particles,  

which can be thought of as graphene plates, which are known to orientate 

themselves randomly amongst themselves, becoming nucleation centers  

for further growth and further agglomeration of particles. The final result of this 

process are large particles of soot, which are equally dangerous. 
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1.3. Soot 

Soot is formed in conditions characterized by high temperatures and low 

concentrations of oxygen, which favour the decomposition of carbon fuels instead  

of total oxidation. The formation process begins when remnants of the unburned 

fuel bond together to produce larger molecules, such as aromatic or polycyclic 

hydrocarbons (Fig. 2). These continue to polymerize, grow and coalesce into large, 

nanometric soot particles 9. In the inhomogeneous conditions present in reactors  

or engines the decomposition of fuels may occur through many different reaction 

pathways, forming many different half-products, which in the following stages 

of the reaction can lead to the condensation of soot. Therefore, soot composition 

can vary greatly, with the main components being typically amorphic carbon, 

graphite, fullerenes and many aliphatic and aromatic hydrocarbons. Upon emission 

into the environment, the nanometric size of soot particles allow them to become 

permanently suspended in the air, contributing to the formation of smog.  

The suspended particles can also enter into living organisms, easily passing into  

our bodies through the respiratory system or even through skin, leading  

to a number of illnesses and cancero- or mutagenic changes. Long term exposure 

to soot particles can cause or potentiate many conditions, typically of the heart and 

lungs. The smallest soot particles also have the ability to modify DNA, causing 

mutations and cancerous changes.  
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Fig. 2 Soot formation reaction pathway 

Numerous scientific studies have confirmed the threat soot poses to living 

organisms and the environment 10–15. It is estimated, that in Europe in 2018 nearly 

422 000 premature deaths occurred due to exposure to particulate matter (which  

is substantially comprised of soot) with a size of 2.5 nm or less (PM2.5), with 44 500 

of these deaths occurring in Poland 16. The suspended particles reduce air clarity, 

influence rainfall, accelerate the deterioration of monuments and disrupt 

ecosystems, lowering the speed with which plants and animals grow. Furthermore, 

when soot particles settle on ice or snow, the increased absorbance of sunlight 

increases the rate of melting, influencing global climate change 17. For Poland  

air pollution is a serious issues, as it regularly exceeds the norms of permitted 

concentrations of PM10 and PM2.5 
18. 
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The main anthropogenic sources of soot can be divided into stationary and mobile 

sources (Fig. 3). The most common stationary sources include coal power plants, 

waste incineration and households 19. Due to intense scrutiny and the tightening  

of regulations the first two sources can be easily controlled and monitored to keep 

the emission of soot to a minimum. The control of emission from household  

is more complicated. Here soot originates from heating furnaces, which  

can be fuelled by low-quality coal or, in the worst case, plastics and waste. 

Monitoring is highly impeded in households, where the emission of soot particles is 

mainly mitigated through the exchange of old and inefficient furnaces for newer 

installations using gas or electricity, or by connecting the installation to the urban 

heating and power network.  

 

Fig. 3 Depiction of the anthropogenic sources of soot together with their contribution  

to environmental pollution 

The mobile sources consist mainly of vehicles, planes and ships powered by carbon 

fuels, which in their vast numbers leads to the production of large quantities  

of soot. Here, the changing conditions in the engines, the quality of the fuel and the 

design of the engine are crucial to the complete combustion of the used fuel. 

Despite pressure from governments and the general populace, no suitable 

methods for both effective and inexpensive reduction of soot emissions to the 

environment have been found, although several technologies are presently used 20.  

1.4. Methods of pollutant elimination 

For both soot and VOCs produced in combustion engines many technologies have 

been developed to mitigate their emission into the environment. They are similar  

in their aim: the combustion of the pollutants to less dangerous products.  
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This is usually achieved through some form of thermal or catalytic combustion.  

Some pre-reaction technologies include modifying the engine itself to be more 

optimized to the necessary conditions to aid in the total oxidation of the fuel. 

Likewise, the fuel may also be modified with additives or exchanged for 

alternatives (such as alcohol or natural gas). The most effective thus far are post-

reaction technologies based heavily on the use of catalysts to lower the reaction 

temperature, which include fuel borne catalysts (FBC), continuously regenerating 

traps (CRT) and diesel or gasoline particulate filters. The addition of catalyst 

precursors to the fuel stream is the basis of the FBC technology. In it, the catalyst is 

created in-situ during the combustion reaction. The added precursor is oxidized  

to a nanoparticle, which soot particles can build on and around. This enables high 

catalyst-soot contact and lowers the combustion temperature effectively. The CRT 

technology uses catalysts to oxidize NO present in the gas stream to NO2, which  

is a more effective oxidant and initiates the combustion process in lower 

temperature (even reaching ~250°C). This method is hindered by the quality of 

fuel, the engine function/temperature and the presence of NO. 

 

Fig. 4 Methods of soot elimination. A) FBC - soot elimination due to increased soot-catalyst 

contact. B) CRT - soot combustion through oxidation of NO to NO2, which initiates soot 

oxidation. C) DPF - soot is accumulated on filter coated with catalyst lowering temperature 

of soot oxidation 
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The final technology makes use of particulate filters (Diesel Particulate Filter – DPF, 

Gasoline Particulate Filter – GPF). The filter walls are permeable to gases  

but not to solid fractions, which can lower particulate matter emissions  

by up to 99%. Every second channel in the filter is typically open at the source of 

the gas stream and blocked on the far side, with the remaining channels plugged 

the opposite way (plugged at the source and open at the exit). This forces the gas 

to pass through the porous walls, leaving the soot and other products  

of the combustion process behind. The soot is accumulated on the filter  

and burned either continuously or periodically in order to reduce the pressure drop 

and to increase the ability of the filter to trap additional pollutants. This process  

is known as regeneration. In order to burn the trapped soot a temperature of 

600°C is required, which is not possible during normal engine operation. The filters 

must therefore be made from thermally stable materials. To artificially increase  

the exhaust gas temperature fuel can be injected in a delayed manner into  

the combustion chamber (post-injection) or behind the engine, causing a rise  

in temperature needed for the captured soot to combust. This type of regeneration 

is called active regeneration, whereas that occurring during normal engine function 

is called passive regeneration.  

In order to lower the temperature, at which the adsorbed pollutant cake  

is combusted, catalytically active phases may be applied. First,  

a washcoat is applied to increase the surface area and act as a support for the 

active phases, which are then spread evenly over the surface of the washcoat. 

Upon contact with the pollutants, the active phase in tandem with the support 

lowers the temperature of their combustion. In the case of soot, the contact 

between the active phase and the soot particle is important. Volatile pollutants on 

the other hand come into contact with the catalyst through adsorption  

on the catalyst surface, while passing through the filter walls or are combusted by 

active oxygen species formed over the active phases. The applied catalyst typically 

is also active in NO oxidation, combining the beneficial effects of both the FBC and 

CRT catalytic methods. The properties of the active phase may further be modified 

by decoration with promoters, further increasing the desired properties.  

The components of soot and VOC combustion catalytic systems, comprised  

of the monolithic body, washcoat, active phases and promoters (Fig. 5),  

will be addressed in the following chapters.  
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Fig. 5 Diagram depicting the construction of a Diesel particulate filter 

1.5. Components of soot and VOC combustion catalysts  

Supports 

The supports for the typically used catalytic traps can be divided into 3 main 

groups: foams, fibre filters and wall-flow filters. The first and second support 

system is not considered efficient due to the deep filtration mechanism that they 

enable. This means not only the surface of the support filters the passing stream 

but also the pores. These systems are typically made of zirconia-toughened-

alumina or – mullite (foams) or doped-alumina (fibre filters). Wall-flow filters  

are very efficient, capturing more than 90% of the traversing particles.  

These supports make use of the alternatingly plugged channels and flow-through 

porous walls, as described above, in order to filter out the solid fraction from the 

exhaust stream. The support is typically comprised of partially sintered silica 

carbide (SiC) or cordierite (2MgO·2Al2O3·5SiO2) 21,22.  

Ceria 

Ceria based catalysts are one of the most investigated supports for pollutant 

combustion as CeO2 alone, or in conjunction with other metals or metal oxides, 

exhibits high activity in soot and VOC oxidation. This is due to its excellent oxygen-

buffering capacity and the high redox capabilities of the oxide. Numerous studies 

involve the addition of zirconium, rare earth elements and other metal/metal 
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oxides to the ceria framework in order to improve the oxygen storage capacity and 

redox properties of CeO2 23. There are also multiple accounts of modifying catalytic 

activity by controlling the morphology and specific surface area of the oxide. 

Active phases 

 Noble metals 

Noble metal-based systems remain some of the most active and stable systems 

developed to date. The active phases of these systems are comprised  

of nanoparticles of platinum, palladium, rhodium as well as gold and silver. Despite 

their high cost and limited availability, noble metal-based systems are still intensely 

investigated.  

The high activity of noble metal-based systems stems from their ability to oxidize 

NO to NO2, the oxidation properties of which greatly exceed that of O2, and due  

to the spillover mechanism, which the noble metal particles facilitate, during which 

active oxygen species formed over the catalyst are transferred to the pollutant and 

take part in the oxidation reaction. In order to increase the activity of the noble 

metals while keeping a small loading (and therefore lower price) the nanoparticles 

are dispersed evenly over a support. Investigations concern the preparation of 

small nanoparticles (maximizing surface area of the noble metal to its weight 

loading), even dispersion and metal-support interaction. The highest activities have 

been achieved on non-basic oxide supports, such as: SiO2, TiO2 or Ta2O5 24.  

Platinum is one of the most commonly investigated rare metals, especially when 

dispersed over a CeO2 support. The high surface area and high oxygen mobility  

of the cerium oxide aided by the high activity of Pt to oxidize NO to NO2 as well  

as enable the oxygen spillover effect makes the Pt/CeO2 catalyst extremely active  

in oxidation reactions, mainly through the Mars van Krevelen mechanism.  

The advent of nanoparticle science has also revealed gold and silver as highly active 

catalysts. Gold was long thought to be inert, as large particles of gold do not show 

interesting catalytic properties, but preparing nanoparticles of the metal reveals  

the high activity in oxidation reactions, specifically in the oxidation of NO to NO2 
25.  

Transition Metal Oxides 

An alternative to the expensive noble metal-based catalysts are transition metals 

oxides, which due to their high activity, abundance and low cost, form the largest 

group of investigated and applied non-noble metal based active phases.  

For both soot and VOC oxidation similar systems are investigated, beginning from 

simple oxides (CeO2, ZnO2, TiO2, Fe2O3, NiO, CuO, Cr2O3, V2O5 and MoO3) 26–31, 
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mixed oxides (LiCoO2, CeO2-La2O3, Co3O4-CeO2, NiO-CeO2, TiO2-SiO2, NiCo2O4, Fe 

and CrCeO2) 29,32–37, perovskites 38–43, spinels 44–48 as well as complex mixed oxides 

(Sr0.8K0.2Ti0.9Cu0.1O3, Ce0.65Hf0.25M0.1O2−δ, (M = Tb, Sm, Nd, Pr, La), Co3O4 on TiO2 

nanorods, Co3−xMnxAlOy, CuCexZr1−xOy/ZSM-5) 49–52. Numerous studies also show, 

that the activity of transition metal oxide based catalytic systems can be increased 

by dispersing noble metal nanoparticles on the surface of the active phase 25,53–57. 

Manganese oxides 

Among the transition metals oxides, manganese oxides have been the center  

of numerous scientific studies due to their interesting properties and high catalytic 

activities. Manganese based compounds are typically characterized as being 

inexpensive, abundant, environmentally friendly. Their curious properties have led 

to research and potential applications in diverse areas, including rechargeable 

lithium ion batteries, molecular adsorption, gas sensors, energy storage  

and magnetics 58–61. In catalysis, manganese oxides have also been evaluated  

as catalysts for several reactions, including C-H activation, cyclization, 

(de)hydrogenation and hydrosilylation 62–66. Furthermore, manganese oxides have 

been vigorously studied in oxidation reactions, including the oxidation of both soot 

and VOC 48,67–69. There high activity in oxidation reactions stems from the ease with 

which manganese can change its oxidation state, commonly ranging from +2 to +7 

and due to the availability of facile lattice oxygen 63,68,70,71.  

Promoters 

Alkali 

An alternative way to increase the activity of active phases is through the use of 

alkali promoters. Studies show most alkali promotion is beneficial, though the best 

cost/activity ratio is typically found upon potassium promotion. For soot 

combustion, alkali promotion is shown to be highly beneficial, though numerous 

reaction mechanisms have been proposed to account for their action. These 

include: formation of compounds with low melting points (increases the catalyst-

soot contact), the modification of the catalyst work function (activation of gas 

phase oxygen through electron transfer), mobility of alkali to the soot particles 

(destabilization of the hydrocarbons) or through incorporation of the alkali into the 

bulk of the material (synthesis of new, highly active phases). Which mechanism  

is prevalent depends on the alkali, the support as well as the method of promotion 

– surface or bulk. 
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Surface vs. bulk alkali location  

The easiest way to promote a catalyst with alkali is through surface promotion.  

The alkali is typically delivered through impregnation with a solution containing  

a precursor (usually a carbonate, less often nitrate or chloride) of the alkali, which 

decomposes during calcination. The aim is the even dispersion of the alkali  

on the surface of the material, not modifying the structure/morphology but only 

the properties of the surface. Therefore, surface promotion makes use mainly  

of the first 3 aforementioned mechanisms. The reaction between alkali and NOx 

found in the gas stream can lead to the formation of low melting point compounds 

such as KNO3 (melting temperature of KNO3 = 334°C) 72. Work function can be 

controlled by dispersing an appropriate amount of alkali on the catalyst surface, 

typically lowering work function until a certain coverage is attained 73. At higher 

temperatures, alkali atoms or ions can become highly mobile and can be 

transferred to the soot particle, where the alkali can lead to the deformation  

and destabilization of the soot components, leading to their facile combustion. 

Additionally, it was proposed that excited states of alkali, known as Rydberg 

matter, can be responsible for the high activity of alkali containing catalysts  

by initiating the oxidation reactions due to the energy transfer from highly excited 

electrons. 

 

Fig. 6 Schematic showing the effects of surface promotion (no structural change) versus 

bulk promotion 
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The second type of promotion, bulk promotion, occurs when the alkali enter  

into the structure of the active phase and modify it in a process called 

nanostructuration. This term is applied to materials, which were transformed  

to contain structures, which have a dimension in the nanoscale. In the case  

of birnessite and cryptomelane new structures are formed to accommodate the 

alkali, such as layers or tunnels, in which we find the alkali cations stabilized by the 

surrounding active phase. This process occurs in materials which can easily change 

their oxidation state, as the positive charge of the alkali cations must  

be neutralized by a negative charge in the materials matrix. This can increase  

the catalytic activity modified phase compared to the parent material due to the 

modification of the redox properties of the material. Furthermore,  

all the mechanisms are available to bulk promoted materials, as the alkali in these 

structures are highly mobile. Alkali can move easily in the tunnels or layers, 

segregate on the surface as well as desorb in high temperatures. Even so, the alkali 

are more stable than on surface promoted catalysts, as they are less likely  

to escape the structure and modify the supports properties from within,  

often leading to phases highly catalytically active in oxidation reactions. 
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2. Motivation 

This research was inspired by multiple aspects, such as: mechanistic significance 

(relation between composition-structure-reactivity, determining reaction 

mechanisms), civilizational significance (solving an ecological problem, improving 

the quality of life) and to produce a competitive catalyst for those presently used. 

Despite common interest of the scientific community and intense research 

involving a wide spectrum of active phases, there is no satisfactory alternative  

to the expensive active phases used by industry. Such an alternative must be 

inexpensive, active and safe for the environment. Thus, transition metal oxides, 

promoted by alkali to increase catalytic activity, are prime candidates to replace  

the industrially used inert oxide supports decorated by noble metals. Among them, 

manganese oxides are often studied, as they are typically cheap, environmentally 

friendly and are catalytically active in numerous reactions. Their activity stems 

largely from the easy transition between oxidation states (from +2 to +7)74.  

The interest in these materials is very high, as can be seen by Fig. 7. Here, searches 

containing the word “manganese” in addition to either “soot combustion”  
or “volatile organic compound oxidation” had the most results, closely followed  
by “noble metal” or “alkali”. The combination of “manganese” and “alkali” results, 

while the smallest, is also on the rise, showing the common interest in these 

materials as catalysts for pollutant removal. 

 

Fig. 7 Amount of results after searching the scopus database for the depicted keywords  

as of 07.07.2019 

Solving the problem of pollutant emission from combustion engines is of great 

importance to the development of civilization, as decreasing the release of soot  
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and VOCs will aid in avoiding many diseases affecting the population of large 

metropolises, increase the transparency of air and halt or even reverse adverse 

changes and contamination in ecosystems. A lack of definite and optimal solutions 

is in part due to the large variety of the forming pollutants. VOCs comprise a large 

group of forming volatile substances, while the composition of soot greatly 

depends on the conditions, in which it was formed. Thus, the aim is to find  

a universal catalyst for oxidation reactions, operating using a number of 

mechanisms (formation of reactive oxygen species, oxidation of NO to NO2),  

which will be thermally stable, active, inexpensive and safe for the environment.  
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3. Strategy of investigation 

3.1. Soot and volatile organic compounds 

The composition of soot can vary greatly depending on the source and prevailing 

conditions during its formation. This problem also exists for model soot,  

as it is necessary to maintain similar properties of the tested material across  

all studies. Model soot is used to achieve reproducible results in order to gather 

insight on how the soot combustion process itself occurs over the specific catalyst 

and allows the comparison of soot related studies among research groups.  

One such model soot is Printex, which is obtained from the thermal decomposition 

of hydrocarbons under strictly controlled conditions. In the Printex model soot 

family there are three main soot types, which differ in composition and properties: 

PrintexU, Printex80 and Printex85. According to the manufacturer they differ  

in average particle size (25, 15 and 16 nm) and specific surface area (100, 220, 200 

m2/g, respectively) amongst other properties. They also differ in composition,  

with Printex80 containing less amorphic carbon and more graphitic carbon than  

the others, for example. These differences influence the temperature  

of combustion, as there is an 80°C difference in temperature at 50% combustion 

between them 75. Therefore, the most difficult to combust, Printex80, was chosen 

in this work to obtain the most active catalyst for the most incombustible soot. 

Similarly to model soot, the choice of volatile organic compound to examine  

in regards to the reaction and conditions is crucial. Therefore, methane and 

propane were chosen as model VOCs, as both are among the basic building blocks 

at the start of soot and other VOC formation. Their polymerization leads  

to the formation of other VOCs and aromatics, which can escape into the 

environment and/or coalesce into the larger soot particles. Furthermore, methane 

and propane are both used as fuels in the transportation sector and it is necessary 

to ensure that the unburned fuels do not escape into the environment. Propane  

is the more traditional VOC of the two but also more easily combustible  

than methane, as it is more difficult to activate the more inert methane molecule. 

Thus, an active catalyst for the oxidation of both methane and propane will aid  

in minimizing two of the most basic and common VOCs formed during  

the combustion process in engines. 
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3.2. Birnessite 

Birnessite, a layered structure phyllomanganate, is one of the most commonly 

found forms of manganese oxides in nature (in soils, ore deposits, marine nodules, 

etc.) but can also be produced synthetically (through e.g. sol-gel, hydrothermal 

method) 74,76. The basic birnessite structure is triclinic and is comprised of edge 

sharing MnO6 octahedra, which form two dimensional layers (Fig. 8) 77. Therefore, 

it is sometimes referred to as an octahedral layered (OL) material. The interlayer 

space is occupied by water molecules and/or metal cations, from alkali cations  

to divalent second group and transition metals (Ca2+, Mg2+, Ni2+, Ba2+, Pb2+, Sr2+)78. 

The chemical formula is typically written as AMn4O8, with A denoting  

the intercalated cations. The charge of the interlayer cations is balanced  

by the decrease in manganese average oxidation state from 4 to typical values 

between 3.5 and 3.9, with manganese in tetravalent, trivalent and sometimes 

divalent oxidation states 74,79. When found in an aqueous environment, the layers 

of birnessite are known to exhibit an interlayer spacing of ~10 Å, which, upon 

drying in air at room temperature, decreases to ~7 Å. With the intercalation  

of larger cations, such as Ca2+, Mg2+ or Ni2+, the interlayer spacing of birnessite  

is known to remain at ~10 Å 79. 

 

Fig. 8 Layered structure of birnessite, with intercalated cations located between layers  

of MnO6 octahedra 

Birnessite is intensely studied by the scientific community for various applications 

and is a known catalyst in numerous reactions. It has been tested for application  

as cathodes for rechargeable lithium batteries, electrochemical capacitors, 

magnetic materials and as a sorbent material 80–83. Birnessite was found to be an 

active electrocatalyst in water oxidation, used for decomposition or degradation 

reactions of organics 84–86. Birnessite is also a highly active catalyst in VOC 

combustion for compounds such as: benzene, formaldehyde, acetone, methanol,  

2-propanol 87–89. Likewise, its activity in soot oxidation has been confirmed 

repeatedly 90–92. 
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3.3. Cryptomelane 

While birnessite is similar to phyllomanganates, cryptomelane is the analog  

of the natural mineral hollandite and is also one of the major manganese oxide 

minerals found in the deep-sea manganese nodules and in soil sediments 74,93,94.  

The cryptomelane structure is formed of, similarly to birnessite, MnO6 octahedral 

building blocks. The one dimensional tunnelled structure is formed by double-

column walls of edge-sharing MnO6 chains, giving a tunnel dimension  

of 4.6 Å x 4.6 Å (Fig. 9) 95. The tunnels contain the intercalated cations, which 

stabilize the structure and are highly mobile due to their weak interaction with the 

surrounding manganese oxide. Due to the size of the tunnel, the intercalated 

cations are restricted largely to alkali, with the exception of caesium and francium. 

Thus, the formula can be written as AxMn8O16 (A denotes the cations).  

To compensate the charge, the average manganese oxidation state  

in cryptomelane is around 3.8, resulting from the prevalence of Mn4+, with small 

amounts of Mn3+ and Mn2+ 96. 

 

Fig. 9 Tunnelled structure of cryptomelane, with intercalated cations located in tunnels of 

2x2 wide columns of MnO6 octahedra 

As the intercalated cations may be exchanged, cryptomelane is known as an 

octahedral molecular sieve (OMS-2). The high mobility of cations and the possibility 

of their exchange has led to many studies for the application of cryptomelane  

as molecular sieves or electrode materials for lithium batteries 97,98. OMS-2 has also 

been studied vigorously for use in catalysis, where the high activity is attributed  

to a highly porous structure, mild surface acid-base properties, ion exchange ability 

and facile lattice oxygen mobility 99. Cryptomelane has shown promise  

in degradation, decomposition and oxidative dehydrogenation reactions 93,94,100,101. 

Similarly to birnessite, cryptomelane is active in VOC combustion for compounds 

such as dimethyl ether, ethanol, ethyl acetate and toluene 70,71,99,102,103. 

Cryptomelane is also an active catalyst for soot combustion 90.  
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3.4. Aim and research strategy 

When released into the environment, both soot and volatile organic compounds  

can pose a serious health concern. The most promising way to minimize  

the amount of escaped pollutants from combustion engines is through the use  

of filters coated by catalytically active materials, which are meant to trap  

and combust the pollutants in the lowest possible temperatures through catalytic 

oxidation. The commonly used catalysts are effective but expensive, therefore 

alternative active phases are explored. 

In this work the alkali nanostructured manganese oxide phases of birnessite and 

cryptomelane were proposed as cheap, efficient and environmentally friendly 

replacements for the expensive active phases used presently. The tunnelled 

cryptomelane and layered birnessite are widely known for their catalytic activity  

in oxidation reactions and their properties can be tuned through the intercalation  

of different cations or the dispersion of minimal amounts of noble metal 

nanoparticles on their surface.  

The main aim of this work was the development of a universal catalyst  

for the oxidation of soot and volatile organic compounds based on manganese 

oxides nanostructured by alkali. This aim was achieved through the following tasks: 

- Study of the most efficient way to increase the catalytic activity  

of manganese oxides for oxidation reactions by promoting them with 

alkali. The first goals of the work were to determine the most efficient way  

for promotion to maximize catalytic activity. The results clearly show alkali 

nanostructuration of manganese oxides to layered birnessite and tunnelled 

cryptomelane phases as the most beneficial. 

- Study of the influence of the intercalated group I cation type (from H
+
 to 

Cs
+
) on the manganese oxide nanostructure. In order to determine  

the source of activity of an active phase, it is necessary to thoroughly 

characterize the material in regards to several key features, such as  

its composition, bulk structure, lattice oxygen mobility, specific surface area, 

electrodonor properties and surface morphology. A series of birnessite  

and cryptomelane phases containing different incorporated cations  

was prepared and characterized in order to showcase the most vital 

properties ruling high catalytic activity over nanostructured manganese 

oxides. 
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- Determining activity of the prepared phases in soot and VOC oxidation and 

the prevalent reaction mechanisms. The prepared catalysts were tested  

in oxidation reactions involving soot, propane and methane. Soot 

combustion was examined in 3 different contact modes: tight, loose and 

loose contact with NO addition, to determine the mechanism at work 

depending on soot/catalyst contact. Methane and propane were used  

as model volatile organic compounds, as they are difficult to oxidize and 

present alongside soot during the combustion of fuels. The thorough 

characterization of the materials revealed key correlations between activity, 

structure, composition and morphology, which were used to optimize  

the designed catalytic systems and maximize catalytic activity.  

- Decoration of the most active birnessite and cryptomelane phases with 

noble metal nanoparticles. While birnessite and cryptomelane are known  

for high activity, the use of miniscule amounts of noble metal nanoparticles 

can be used to expand the range of oxidation reactions that the manganese 

supports are active in. The conditions in combustion engines and their 

exhaust are ever changing, thus a catalytic system must be robust and highly 

active no matter the reactant.  

The measurable effect of the PhD project is the expanded knowledge concerning 

the properties (lattice oxygen and thermal stability, electrodonor properties)  

of manganese oxides nanostructured by alkali as well as the factors contributing  

to their high catalytic activity. Through thorough characterization using multiple 

techniques, the properties of the prepared materials were determined and used  

to reveal the prevalent mechanisms involved in soot and VOC oxidation.  
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4. Experimental Methods 

Each prepared catalyst was subjected to thorough characterization to determine  

the elemental and phase composition, structural and morphological traits,  

the properties of the surface as well as the catalytic activity and stability.  

This complete examination was the basis for the detailed findings presented in this 

work. 

As the details of the applied experimental protocols are given in each appended 

Paper (Table 1) only the basic information or short description emphasizing the 

main reason, for which the method was used and what information was gathered,  

is provided below. 

Table 1 Depiction of methods used in appended Papers 

Paper 
 

method 

 
I 

 
II 

 
III 

 
IV 

 
V 

 
VI 

 
VII 

 

 
VIII 

XRF  x    x x  

XRD x x x x x x x x 

RS x x x x x x x x 

SEM        x 

TEM    x x x x x 

BET   x  x  x x 

XPS  x       

WF x    x x x  

SR-TAD    x     

TPR        x 

TGA/DSC   x   x   

TPO soot x x x  x x x x 

TPO VOC      x x  

 

As can be inferred from the table, the principal techniques in the PhD project  

were XRD and Raman Spectroscopy, TEM, work function determination and TPO.  

This clearly indicates that most of the research was focused on phase 

characterization, imaging, determining the influence of alkali on the materials 

properties and determining catalytic activity, respectively. The presence of alkali 

creates the need for detailed documentation of the induced electronic changes, 

thus, apart from standard methods of catalyst characterization, the Kelvin  
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(work function determination) and Species Resolved-Thermal Alkali Desorption 

(alkali thermal desorption and stability) methods were employed. As these 

methods are not common, they have been described with more detail below. 

 

4.1. Elemental composition 

Verification of elemental composition is a crucial first step in the examination 

process, as it confirms the presence and quantity of desired elements and the lack 

of contaminants. 

X-ray Fluorescence Spectroscopy (XRF) 

 X-ray fluorescence was the main technique employed to confirm elemental 

composition. Due to the high sampling depth, the result of the measurement  

is an averaged elemental composition of the sample in its complete volume.  

The measured fluorescence radiation is characteristic of the excited element,  

which allows the qualitative identification of elements in a sample. Furthermore, 

based on the intensity of the measured peaks, with the appropriate calibration  

it is possible to determine the quantitative data concerning the sample 

composition. Due to the nature of the fluorescence, the method does not allow  

the quantitative determination of light elements (i.e. Li, C, O), but is very capable  

of determining the composition of transition metal oxide-based catalysts and their 

promoters (noble metals, alkali from Na to Cs). X-ray fluorescence was used  

to determine the composition of the studied active phases, with results of the tests 

included in Papers II, VI and VII. 

4.2. Phase composition 

Following elemental composition, phase composition aims at determining  

the crystal structure of the prepared materials, confirming successful synthesis.  

The structure must be confirmed both in the bulk volume of the sample  

and on its surface, expelling doubts concerning the presence of impurities and 

shedding light on the cell parameters and particle sizes of the synthesized active 

phase. 

X-ray Diffraction (XRD) 

Powdered X-ray diffraction measurements were used to determine the structure 

and share of crystalline phases in the prepared active phases. In this work,  
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X-ray diffraction was used primarily to verify the successful synthesis of the active 

phase through comparison of the gathered diffractograms with reference patterns 

obtained from crystallographic databases. High-quality patterns were also used 

during Rietveld analysis, which allowed the exact determination of the ratio  

of different phases in a prepared sample. This method is extremely valuable  

for monitoring phase transformation, during which one phase is transformed  

into a new one, as Rietveld analysis can determine the progress of the reaction.  

X-ray diffraction was utilized in all of the 8 Papers detailed in this work to ensure  

the desired, monophasic catalyst was synthesized. 

Raman Spectroscopy (RS) 

Raman spectroscopy, making use of inelastic scattering of infrared radiation,  

is a complementary technique to X-ray diffraction. Additionally to X-ray diffraction, 

the RS method is used to determine the local structure of the investigated sample, 

thus it is also possible to detect amorphous structures as well. The gathered 

spectra are made up of bands resulting from different vibrational modes  

of the investigated structure. While the same vibrations may occur in numerous 

materials, the complete spectrum of bands in defined positions is typically 

characteristic of a specific material, thus allowing for structure determination when 

comparing with scientific literature. Raman spectroscopy was used to confirm  

the near-surface structure of the catalysts as well as to follow the thermal 

transformation of materials in all 8 of the provided Papers. 

4.3. Morphological characterization 

Even among catalysts with the same structure, catalytic activities are known to vary 

greatly. One reason for this is often related to a difference in morphology,  

as the shape, particle size and exposure of certain facets may be the key  

to an active catalyst. For this reason, morphological characterization is essential for 

a full understanding of the surface processes and reaction mechanisms taking 

place. 

Scanning Electron Microscopy (SEM) 

Scanning electron microscopy is often used for screening before the more precise 

and demanding TEM imaging. As the conditions for scanning electron microscopy 

imaging are more benign, this technique was often used to determine  

if the samples should be sent for further imaging, while providing information 

concerning grain size and catalyst homogeneity in the micrometric scale.  
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While SEM imaging was often performed, gathered images were only presented in 

Paper VIII.  

Transmission Electron Microscopy (TEM) 

Transmission electron microscopy is an extremely powerful tool for nanomaterials 

investigations, as it can produce images in a nanometric resolution.  

This can provide the most detailed look at the morphology and the state  

of the surface of the catalysts, especially to determine the dispersion of surface 

promoters. Furthermore, the localised structure of the studied phase  

can be determined by use of the SAED technique (Selective Area Electron 

Diffraction), while EDX (energy-dispersive X-ray spectroscopy) was used  

to determine the distribution of elements over the catalytic particles. Transmission 

electron microscopy was used as the main imaging tool in Papers IV to VIII. 

4.4. Surface characterization 

As catalytic reactions take place on or over the surface of catalysts, great care must 

be taken to thoroughly characterize the surface. The characterization can range 

over several important issues, thus in this work surface area, electrodonor 

properties, the distribution of alkali promoters and their desorption energies were 

examined. 

N2-BET specific surface area analysis (BET) 

An important parameter characterizing catalysts is the specific surface area,  

which in this work was determined by the Brunauer-Emmett-Teller model. 

Knowledge of the catalysts surface area is important, as it determines how much 

gas phase molecules can be adsorbed, the dispersion of promoters and the area  

of contact between reactants. All these influence catalytic activity and reaction 

rate, thus active catalysts often have a higher surface area. To determine  

the specific surface area of the catalysts and if the activity depends on the surface 

area, this method was used in Papers III, V, VII and VIII. 

X-ray Photoelectron Spectroscopy (XPS) 

X-ray photoelectron spectroscopy is an often-employed technique,  

which is complementary to X-ray fluorescence: XPS determines the composition  

of the materials surface, while XRF is used for bulk determination. Not only  

can it determine the composition of the catalyst surface with high precision,  

but also determine the oxidation state of the quantified elements. Determining  
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if promoters are present on the surface and establishing the oxidation states  

of the elements comprising the catalyst can give great insight into the mechanism 

of the tested catalysts. The oxidation states of the surface elements were 

determined by XPS in Paper II. 

Measuring work function using the Kelvin method (WF) 

An important, and often first step in many catalytic reactions, is the transfer  

of an electron from one molecule (or catalyst) to another reagent. The ability  

of a material to transfer an electron is defined by its work function, that is by the 

amount of energy that the material must be supplied in order to remove  

an electron from its surface. In reactions where electron transfer is necessary  

the application of catalysts with low work function can be beneficial, as they supply 

electrons for minimal energy. This transfer can be the source of active species, 

which will more readily take part in further reactions or change the charge  

of a molecule, allowing for an attack of an oppositely charged molecule. During  

the development of catalysts, the work function of the catalyst can be controlled 

by substituting elements in the bulk or through the dispersion of surface 

promoters, while the most beneficial change is often through the lowering  

of catalyst work function.  

Promoting transition metal oxides with alkali often leads to a decrease in the base 

materials work function. The amount, by which the work function is decreased, 

depends on the concentration of the alkali promoter and also on the element itself. 

A tendency can be observed, where the lower the ionization energy of the alkali 

element, the lower the work function of the catalyst promoted with said element. 

Therefore, a catalyst promoted with the same concentration of lithium  

and caesium will have a lower work function upon caesium promotion. Noble 

metal promotion also has an effect on work function, while also providing  

the other benefits associated with noble metals. 

In the appended Papers, work function was determined using a Kelvin probe.  

In this method, known also as the dynamic capacitor method, two connected 

electrodes (one a reference electrode with established work function and the other 

a pellet made of the catalyst) forming a capacitor are set in an oscillating motion. 

Due to different Fermi levels of the materials, a contact potential difference (CPD)  

is created between the two, which is proportional to their work functions:  
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e*CPD = φref – φsample 

Where:  

e – elementary charge, 

CPD – contact potential difference, 

φref – work function of the reference electrode, 

φsample – work function of the investigated sample. 

Due to the oscillating motion, the capacitance and electricity flows between  

the two electrodes. The flow of electricity, through the application of an external 

potential, can be used to calculate the above contact potential difference and  

thus the work function of the sample. The Kelvin method was used to determine 

the work function of the investigated catalysts in Papers I, V, VI and VII. 

Species Resolved-Thermal Alkali Desorption (SR-TAD) 

While the use of alkali in catalysis is often beneficial it is not without its drawbacks. 

Alkali are known to desorb from their supporting materials in high temperatures. 

This effect can be beneficial, as it allows the alkali to interact with molecules  

not in contact with the catalyst surface. A drawback is that if too much  

of the promoter desorbs, the properties of the catalyst and its activity may decline. 

Furthermore, alkali are known to cause corrosion, therefore systems embracing 

alkali promoted catalysts must be prepared to deal with these negative effects.  

The Species Resolved-Thermal Alkali Desorption (SR-TAD) apparatus was designed 

to follow the thermal desorption of alkali. It has two detectors: one  

for the detection of alkali atoms and a second for charged species such as cations 

or highly excited Rydberg atom and cluster states. Upon heating of an alkali-

containing catalyst, the energy needed for the desorption of alkali, temperature 

range of desorption and amount of desorbing individua can be determined.  

The results of such tests reflect on the stability of the catalyst and can also shed 

light on the reaction mechanism. If a catalyst is highly active and alkali desorption  

is facile (a large alkali stream and/or low desorption energy) then the reagents  

may be interacting with the desorbed alkali species. The detection of desorbed 

alkali species, especially highly energetic Rydberg states, were found  

for cryptomelane materials in Paper IV. Similarly, though unpublished, thermal 

desorption studies of birnessite show similar results. 
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4.5. Catalytic activity and stability 

The application of catalysts is only viable if the catalyst has long-term stability  

in the reaction conditions and is beneficial to the course of the reaction.  

Thus, both the stability and activity of the potential catalyst must be investigated  

to determine if the material can be a viable replacement to currently used systems. 

Temperature-Programmed Reduction (TPR) 

An important parameter concerning catalyst stability is its reducibility. In oxidation 

reactions, if lattice oxygen takes part in the reaction or desorbs the oxidation state 

of the catalyst matrix must be lowered to compensate. Thus, the temperature ease 

with which the catalyst or active phase is reduced is important. This is especially 

crucial for manganese oxides, where the oxidation state may change drastically 

(from +2 to +7). This is beneficial for reactions utilizing the Mars-van Krevelen 

mechanism, in which lattice oxygen takes part in the oxidation reaction after which 

the vacancies are replenished by gaseous oxygen, which closes the redox cycle. 

Temperature-programmed reduction can be used to determine at which 

temperatures a material undergoes reduction. The method also gives insight into 

the oxidation states of the elements present in the sample, as reduction may occur  

in characteristic ranges or reduction profiles. This method is particularly useful  

in determining the oxidation state of noble metal promoters on catalytic surfaces. 

Temperature-programmed reduction was used in Paper VIII to determine  

the oxidation state of the manganese-based catalyst as well as to follow the change 

to the reduction profile incurred by palladium promotion. 

Thermogravimetric Analysis/Differential Thermal Analysis (TGA/DTA) 

Thermogravimetric Analysis (TGA) in conjunction with Differential Thermal Analysis 

(DTA) can be used to study the catalysts stability in the reaction conditions.  

The first method follows changes in mass while heating the sample. This can 

provide information concerning any desorption that may occur or the loss of bulk 

oxygen. The latter determines if phase transformations occur, and if so, if they are 

endo- or exothermic. Characterization using TGA/DTA can further be enhanced  

by coupling the apparatus with a mass spectrometer in order to determine the 

nature of the desorbing individua. TGA/DTA can also be used to follow the catalytic 

reaction, when a catalyst is mixed with the reagents and heated. This can allow  

for the determination of the energy needed to initiate and proceed with a reaction 

and can confirm results of temperature-programmed oxidation. TGA/DTA  

was utilized in Paper III to this end, while in Paper VI it was used to follow  
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the desorption of H2O and O2 from the bulk of the catalyst, aiding in identifying  

the reaction mechanism. 

Temperature-Programmed Oxidation (TPO) 

The final, yet basic parameter of a catalyst is its activity in the investigated reaction. 

All previous characterization is used to determine the source of the activity  

or viability to apply the material in real life conditions. To gauge the activity  

of the tested materials in the desired reactions of soot and VOC oxidation,  

the active phases were subjected to temperature-programmed oxidation reaction 

tests.  

When testing in the lab it is necessary to produce conditions as similar to those,  

in which the reaction will really take place while maintaining reproducible  

and comparable results. In soot oxidation, this proves to be difficult, as soot  

is gathered by a filter coated with an active phase, a process which  

is also dependent on the conditions. At times the soot will come into contact with 

the catalyst with a greater surface, while at others it will be loosely combined.  

For testing purposes in soot oxidation, two modes have been devised: tight 

contact, in which the catalyst and soot have many contact points, which describes  

a situation in which the soot particle is firmly pressed to the catalyst, and loose 

contact, in which the soot is gently mixed or shaken with the soot. The former test 

typically gives more reproducible results (with the soot and catalyst ground 

together thoroughly), while the latter better represents real world scenarios,  

in which the soot is trapped on the catalyst while the exhaust passes through the 

filter walls (with the soot/catalyst mixture shaken in a vial). In the following works 

both methods of contact were applied, with 50 mg of the catalyst and soot mixed 

together in a 10:1 ratio. 

Not only the mixing of soot and catalyst is important, but also the gas feed,  

which should also resemble real-world conditions. In Diesel engines, there is often  

a presence of NO in the gas feed, which can be used in soot oxidation through  

the oxidation of NO to NO2. The latter molecule is a better oxidant than oxygen  

and can lower the temperature of soot combustion greatly. Thus, reactions were 

performed under two gas mixtures: 5% O2 in He and 3.75% O2 + 0.25% NO in He 

flowing at 60 ml/min. To determine activity a suitable parameter must also  

be chosen. This can range from the temperature at which the reaction is initiated, 

the temperature at which 10 or 50% of the soot has been converted  

or the temperature at maximum soot oxidation. To monitor the progress  

of the reaction, a quadrupole mass spectrometer was used, monitoring substrates 
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and potential products (m/z = 18 (H2O), 28 (CO/N2), 30 (NO), 32 (O2), 44 (CO2)  

and 46 (NO2)) while the catalyst/soot mixture was heated at a rate of 10°C/min 

from room temperature to 800°C. Thus, in the following works conversion curves 

based on the concentration of CO2 were used to determine the temperature  

of 50% soot conversion (T50%) as the parameter specifying the catalytic activity  

of the investigated material in soot oxidation.  

For VOC oxidation the testing scenario is somewhat simpler, as the catalyst does 

not need to be premixed with the gaseous VOCs. Instead, gas mixtures of 5% O2 + 

0.4% CH4 and 5% O2 + 0.1% C3H8 were passed over 50 mg of the tested catalyst  

at a rate of 100 ml/min to test catalytic activity in model VOCs: methane and 

propane. Similarly, the substrates and products were followed through FT-IR to 

determine catalytic activity. The reaction temperature was increased in 

incremental steps from room temperature to 500°C (propane) and 600°C 

(methane), allowing for the temperature to stabilize every 50°C in order  

to measure the catalytic activity at steady state. The catalytic activities  

were determined by comparing the conversion of the VOC to CO2. 

Catalytic oxidation of soot was investigated in all Papers bar IV, with additional 

investigation concerning NO presence in Papers VI, VII and VIII. The catalytic 

oxidation of model VOCs methane and propane were investigated in Papers VI  

and VII. 
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5. Results and discussion 

The following section presents the most important results determined during  

the course of the PhD. The results have been presented synthetically in a way  

to best depict the gathered information from the whole body of work, highlighting  

the importance of the nanostructuration process, the effect of intercalated alkali 

cations as well as enhancement by noble metal promotion. Each paragraph ends 

with square brackets containing the Paper, from which the information originated. 

 

Fig. 10 Scheme depicting research strategy presented in this work 

The above scheme recapitulates the applied research strategy, which was divided 

into 3 main sections. First, manganese oxides were promoted by alkali  

and the process of nanostructuration was determined as the most efficient  

way to increase the catalytic activity in soot combustion. The next two steps were  

to optimize the nanostructured phases of birnessite and cryptomelane. The effect  

of different intercalated group I cations (H+ to Cs+) was studied to determine  

their effects on the properties and catalytic activity in soot and VOC oxidation  

of birnessite and cryptomelane. Finally, noble metal nanoparticles were dispersed 
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on the K-promoted birnessite and cryptomelane to functionalize the phases  

to increase their catalytic activity in oxidation reactions. 

5.1. Initial state-of-the-art 

The scientific community has tested numerous materials as possible candidates  

for application as soot and VOC oxidation catalysts. Among them, transition metal 

oxide-based phases are frequently investigated due to their high activity, 

abundance and low cost. Among the most active, abundant and inexpensive are 

catalysts based on cobalt, manganese and iron. Thus, preliminary testing 

concerned the alkali surface promotion of simple oxides of the aforementioned 

metals.  

5.2. List of investigated materials 

During the course of this PhD project a large number of active phases  

were characterized and their catalytic activity determined for soot and VOC 

oxidation. In the table below, the active phases discussed in this work have been 

gathered. 
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Table 2 Table containing all investigated active phases presented in work 

active phase formula 

label on figures 
description Paper 

transition metal oxide-based active phases 

MnO2 manganese(IV) oxide I 
Mn3O4 manganese spinel I, II 
Fe3O4 iron spinel II 
Co3O4 cobalt spinel II 

K/Mn3O4 
surface promotion of manganese 

spinel 
I 

alkali nanostructured active phases 

KFeO2 
 a potassium-nanostructured iron 

oxide (monoferrite - tunnelled) 
II 

K2Fe22O34 

a potassium-nanostructured iron oxide 
(betaferrite -layered) 

II 

K2Co2O4 

a potassium-nanostructured cobalt 
oxide (cobaltate - layered) 

II, III 

AMn4O8 

A-birnessite or A-bir 
where A = the intercalated 
group I cation (H+, Li+, Na+, 

K+ or Rb+) 

alkali-nanostructured manganese 
oxide (birnessite - layered) 

I, II, V, VI, VIII 

AMn8O16 

A-cryptomelane or A-cry 
where A = the intercalated 
group I cation (H+, Li+, Na+, 

K+ or Rb+) 

alkali-nanostructured manganese 
oxide (cryptomelane - tunnelled) 

I, II, IV, VII, 
VIII 

noble metal decorated active phases 

M/KMn4O8 

M/K-birnessite or M/K-bir 
where M = the noble 

metal (Ag, Au, Pt or Pd) 

noble metal promoted potassium-
nanostructured manganese oxide 

(birnessite - layered) 
VI, VIII 

M/KMn8O16 

M/K-cryptomelane or 
M/K-cry 

where M = the noble 
metal (Ag, Au, Pt or Pd) 

noble metal promoted potassium-
nanostructured manganese oxide 

(cryptomelane - tunnelled) 
VII, VIII 
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5.3. Nanostructuration 

As mentioned above, the process of nanostructuration involves the modification  

of a structure to contain a region or elemental building block in the nanoscale.  

Such is the case with the forming tunnels of cryptomelane (tunnel dimensions  

of 4.6 Å by 4.6 Å) or layers of birnessite (layer separation of 7 Å).  

This nanostructuration process was observed during initial testing of the effects  

of surface potassium promotion of manganese, iron and cobalt spinels. 

Investigating the nanostructuration process 

Initially, a series containing manganese, iron and cobalt spinels were promoted 

with potassium to explore the benefits of alkali promotion on soot combustion.  

The materials were calcined at a temperature of 400°C for 4 h, which was sufficient 

to initiate the process of nanostructuration of the manganese-based catalyst, 

allowing for the formation of the new phase identified as birnessite (Fig. 11).  

The nanostructuration process was not observed over iron and cobalt oxides, even 

with high alkali loading, as the formation of the appropriate nanostructured phases 

occurs at high temperatures (700-900°C) through a solid-state reaction.  

The nanostructuration of the manganese oxide could only proceed to a certain 

extent, which was determined by the concentration of potassium, forming a core-

shell structure with the birnessite phase located on the surface and spinel 

remaining within. Thus, with lower potassium concentrations, the effect  

is not observed by XRD, as their concentration of the new phase is not sufficient  

to be measured. As alkali cations are mobile, even in the stable nanostructures, 

they are known to desorb from the active phases. The low temperature, at which  

the nanostructuration of the manganese spinel occurred, is extremely beneficial,  

as it allows the recreation of the active nanostructured phase and the re-entry  

of the mobile alkali back into the tunnels or layers of the catalyst. [Paper I]  
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Fig. 11 Diffractograms of the manganese spinel promoted with surface K2CO3,  

with cryptomelane and birnessite diffractogram references 

The nanostructuration process does not only occur for manganese spinels,  

but also for cobalt and iron oxides. As the formation of the birnessite phase  

was beneficial, lowering the temperature of soot combustion compared to the 

parent spinel, pure phases of nanostructured materials were prepared to examine  

the effects of the process on the transition metal oxides. For iron, two phases were 

prepared: monoferrite (KFeO2), which contains intersecting tunnels containing  

the stabilizing potassium cations, and betaferrite (K2Fe22O24), the counterpart  

of birnessite due to its layered structure stabilized by alkali and oxygen bridges  

(Fig. 12). Nanostructuration of cobalt oxides leads to the formation of a layered 

cobaltate phase (AxCo2O4), which can contain different concentrations of alkali  

as well as different alkali elements (A = Na, K). While all the aforementioned 

nanostructured phases can be prepared through a solid-state reaction,  

only birnessite and cryptomelane can be synthesized through more benign 

methods such as sol-gel or hydrothermal. Nonetheless, when compared to their 

unaltered oxide counterparts, all nanostructured phases displayed superior 

catalytic activity, which was explained through enhanced alkali mobility (birnessite, 

monoferrite and betaferrite) or through the stabilization of higher oxidation states 

of the transition metal cation (cobaltate). [Papers II and III] 
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Fig. 12 Structures of iron and cobalt analogues of birnessite and cryptomelane  

with comparative soot conversion (tight contact) with the appropriate metal spinel 

Direct synthesis is not the only way to achieve a nanostructured phase.  

As mentioned above, surface promotion of a manganese spinel and calcination 

were sufficient to produce a partly nanostructured phase. The thermal 

transformation of birnessite to cryptomelane is also a well-documented process.  

In fact, studies have shown that the formation cryptomelane from birnessite is due 

to a collapse of the layer framework around the interstitial cations 104. As birnessite 

stoichiometrically contains a larger quantity of potassium than cryptomelane,  

the excess must be removed, either by washing out with aqueous solutions  

or through thermal treatment, during which the mobility of the cations allows  

for the layers to collapse into tunnels 105. Long term exposure to high temperatures 

(400 – 650°C) can be used to enable the thermal transformation of birnessite  

to cryptomelane. Though birnessite is often the more active phase for catalytic 

soot combustion, the forming cryptomelane has a higher activity than its parent 

material in loose contact (Fig. 13). At first glance, one might assume this is due to 

potassium being located not only in the tunnels but also on the surface of the 

catalyst. To test this theory the formed cryptomelane catalyst was thoroughly 

washed, revealing the high activity remains even when surface potassium  

is removed, suggesting the properties of the newly formed cryptomelane phase 
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(lower work function than parent birnessite) or its morphology (enhanced alkali 

mobility) are responsible for the activity. [Paper V] 

 

Fig. 13 Soot conversion (loose contact) over untreated and thermally treated birnessite 

Effects of nanostructuration on the pro-catalytic properties 

The nanostructuration process has many effects on the parent material apart from 

the alteration of the structure. One major difference between the tunnel  

and layered nanostructured manganese oxides is their typical morphology.  

The formation of cryptomelane particles is controlled by its tunnelled structure, 

which run in parallel and promote growth in one direction, leading to the 

formation of long, rod-shaped particles (Fig. 14 A). On the other hand, the layers of 

birnessite do not require such specific organization and the typical morphology is 

that of plate-like, irregular shapes (Fig. 14 B). 
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Fig. 14 TEM images showing the typical nanorod morphology of cryptomelane (A)  

and the unordered plate-like structures of birnessite (B) 

One property which can be modified is specific surface area (SSA). While the 

surface area of a promoted spinel may change upon surface promotion and 

calcination, a drastic change occurs during the thermal transformation of birnessite  

to cryptomelane. From the initial surface area of 16 m2/g for the birnessite parent, 

the SSA nearly doubles to 36 m2/g after 12 h treatment in 425°C, with over 70%  

of the birnessite transforming to cryptomelane. Longer treatment or one at a 

higher temperature is needed to complete the transformation, which in turn 

lowers the SSA due to sintering. The irregular morphology of birnessite allows for 

the particles to easily clump together, minimizing the expose surface (Fig. 15 - 

untreated). The increase of SSA is due to the reorganization of the birnessite parent 

and formation of the typical nanorod morphology of cryptomelane, exposing 

organized surfaces and minimizing any amorphous content (Fig. 15 – 425 and 

550°C). [Paper V]  

 

Fig. 15 TEM images showing the transformation of birnessite to cryptomelane 
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As mentioned above (see 3.2, 3.3), the average oxidation states of the catalysts  

are 3.8 for cryptomelane and 3.5-3.9 for birnessite. This is an important change 

from the +2/+3 oxidation state of manganese cations in the spinel and +4  

in manganese oxide (IV), as the mixed valences allow for enhanced redox 

properties and increase the ability of lattice oxygen to take part in oxidation 

reactions.  

An important parameter describing the surface reactivity of materials  

is work function. As the catalytic oxidation process exhibits a redox character,  

low work function is preferred for facile electron transfer from the catalyst surface 

to gas phase oxygen, forming reactive oxygen species (usually the first step  

in catalytic combustion). Indeed, in several series of catalytic materials  

(such as alkali-bulk promoted tungsten bronzes or even alkali oxides)  

the correlation between catalytic activity and soot combustion is evident 106,107.  

The electrodonor properties are not only important during electron transfer,  

but also are involved in the charged desorption of other species such as K+ or O-
 
108. 

Additionally, in this work a correlation was observed for the cryptomelane-based 

series. It should be also noted, that low work function does not immediately 

determine high activity, as upon surface promotion of the manganese spinel with 

potassium, the work function was found to increase from 4.0 eV to 4.2 eV.  

The work function of birnessite and cryptomelane also tend to be higher than that 

of the spinel, with measured values ranging from 4.1 to 4.65 eV for potassium 

birnessite and cryptomelane. Despite an increase in work function,  

the nanostructured phases are always more catalytically active than the 

unpromoted spinel. The results suggest, that the increased alkali mobility and 

redox properties characteristic of the tunnelled and layered structures provide 

increased catalytic activity, though the work function may still be the determining 

property in the mechanism over the tested series and a correlation between it and 

catalytic activity may be present. Thus, the changes in work function should be 

measured in a similar series (morphology/structure) instead of comparing distinct 

materials. [Paper I and V] 

The result of the aforementioned influence of the nanostructuration process  

is the enhancement of catalytic activity. The effect of surface promotion  

of manganese oxides with potassium varies with the promoter’s concentration, 
with small amounts decreasing activity while larger concentrations increase 

catalytic activity. This can be in part due to the partial nanostructuration  

of the oxides. Nonetheless, compared to surface or unpromoted manganese 
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oxides, pure nanostructured phases display superior catalytic activity in soot 

combustion (Fig. 16). [Paper I] 

 

Fig. 16 Soot conversion (tight contact) over manganese oxides, surface promoted 

manganese spinel, birnessite and cryptomelane 

The increased activity is the result of enhanced redox properties of the catalyst, 

beneficial morphology but also of alkali mobility. For instance, while potassium  

is more stable inside the tunnels or layers than it would be on the materials 

surface, high temperatures allow the cations to migrate in the tunnels/layers, 

segregate on the catalysts surface and, in higher temperature, desorb  

from the catalysts surface. Depending on the properties and surface of the catalyst, 

potassium may desorb in a number of states. First, if the catalyst has a low work 

function and can readily pass an electron to a potassium cation, the desorption  

will occur in the form of an atom. Should no electron be passed to the cation,  

then the potassium will desorb in its charged state. A third option is the desorption 

of a Rydberg atom or cluster. Rydberg atoms are formed when one or more  

of an atom’s electrons is excited to a high principal quantum number (n > 10), 

which results in a large electronic orbit of the excited (and highly energetic) 

electron. Upon contact with soot particles or gas phase molecules, this electron 

(and its high energy) can easily be transferred, initiating a reaction or activating the 

receiving particle/molecule. Rydberg atoms are not the only high-energy states, 

which can desorb. Several Rydberg atoms may condense into Rydberg matter when 

the orbits of the excited electrons align planarly and the electrons move  

in a coherent motion. These clusters have a very long lifetime and, due to the large 

radii of the excited electrons, have a large cross-section making them suitable for 

the activation of reactants. The desorption of potassium in the form of atoms, ions, 

Rydberg atoms and clusters was documented in Paper IV. Similar desorption  

of potassium species was measured for a potassium birnessite material. [Paper IV] 
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5.4. Effect of intercalated alkali cation 

In nature, cryptomelane typically contains potassium cations in the interlayer 

tunnels, while birnessite additionally contains calcium and sodium. As sodium  

and potassium are abundant elements and, among alkali, have a good cost to 

activity ratio, these are the most frequently studied intercalated cations. As 

revealed above, the intercalated cations are important, as they are responsible for 

the modification of the structure and properties of the nanostructured material. It 

is therefore important to study the effects of other group I elements and explore 

how they affect the manganese oxide framework.  

Cryptomelane 

As the introduction of potassium into the manganese oxide framework influences 

the materials properties (structure, morphology, work function, redox, catalytic 

activity), so do the other group I elements. In the case of cryptomelane, the cation 

which can be introduced into the tunnelled matrix is limited by the tunnel size. 

Therefore, only cations with an appropriate ionic radius may enter. This limits  

the group I elements which can be contained in cryptomelane to: H+, Li+, Na+, K+  

and Rb+. The preparation of cryptomelane containing a specific alkali cation  

is not a simple, as the tunnel size is adapted for K+ cations and must remain the 

same for the other cations. Simple exchange through washing with aqueous 

solutions containing the different cations is not satisfactory, as the complete 

removal of the original cations is difficult. Thus, a 3-step hydrothermal method  

was applied. [Paper VII] 

Once introduced, the group I cations alter several properties of cryptomelane,  

one of which is the specific surface area of the prepared series.  

The H-cryptomelane sample had the largest SSA (103 m2/g), which dropped for  

Li-cryptomelane (9m2/g) followed by a rising trend with the increasing size  

of the introduced cations to 74 m2/g for Rb-cryptomelane.  

Table 3 Specific surface area for group I cation-incorporated cryptomelanes 

Sample Surface area /m2/g 
H-cryptomelane 103 
Li-cryptomelane 9 

Na-cryptomelane 14 
K-cryptomelane 64 

Rb-cryptomelane 74 
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With different alkali introduction one of the vital changes is the modification  

of work function. The different cations have different ionization energies, meaning 

they are able to share their electrons with varying efficiency. Of the group I 

elements, hydrogen has the highest ionization energy, with each consecutive 

element (with increasing atomic number) having a lower ionization energy than  

its predecessor. This translates to the work function of cryptomelane, as the easier 

the group I element can become ionized, the easier it may transfer an electron  

to the oxide framework and become available on the materials surface.  

Thus, with increasing atomic number of alkali the work function  

of the cryptomelane phase was lowered (Fig. 17). [Paper VII] 

 

Fig. 17 Electrodonor properties of the alkali-incorporated cryptomelane series 

The change in work function has a direct effect on the catalytic activity  

of cryptomelane in soot combustion. In loose contact, the K- and Rb-cryptomelane 

were the most active, while the least active was H-cryptomelane (Fig. 18).  

Thus, a correlation between work function and catalytic activity was determined,  

in which the lowering of work function lowered the temperature window of soot 

combustion (Fig. 18 insert). This suggests the soot oxidation reaction mechanism  

is based on electron transfer from the cryptomelane surface to gas phase oxygen, 

which results in the formation of reactive oxygen species such as O2
2-, O2

- and O-. 

These species are then responsible for initiating the oxidation reaction of soot 

particles. Nonetheless, all the catalysts were catalytically active, lowering  

the temperature of 50% soot conversion by at least 280°C (H-cryptomelane)  

and at most 320°C (K-cryptomelane). In loose contact all the cryptomelane 

catalysts had similar activity in soot combustion. The similar activities suggest that 

for loose contact the catalytic activity of cryptomelane containing different alkali 

results from the catalysts structure or surface manganese matrix rather than from 
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electron transfer. Most likely the forming reactive oxygen species do not have a 

long lifetime and return to a more stable state before reaching the soot particles. 

Nonetheless, all tested cryptomelane materials were catalytically active and 

lowered the temperature of soot combustion significantly. [Paper VII] 

 

Fig. 18 Soot conversion (tight contact) over alkali-incorporated cryptomelane series,  

insert depicts correlation of T50% with electrodonor properties 

For volatile organic compound oxidation two model molecules were chosen: 

methane and propane. Similarly to soot combustion in loose contact, for propane 

oxidation the catalytic activity of cryptomelane was similar for all tested alkali 

phases (H-, Li-, K- and Rb-cryptomelane). Total oxidation of propane was achieved  

at 400°C, while all catalysts had a conversion of over 90% in 350°C (Fig. 18 A).  

In the case of methane combustion, differences in catalytic activity arose between  

the cryptomelane series. Both Li- and K-cryptomelane had higher catalytic 

activities, achieving conversions of 60 and 72% at 500°C, respectively. H- and  

Rb-cryptomelane were much less active (21 and 12% respectively) (Fig. 18 B). 

[unpublished – related Paper VII] 
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Fig. 19 Conversion curves of propane (A) and methane (B) over alkali-incorporated 

cryptomelane catalysts 

Birnessite 

While the tunnel dimensions of cryptomelane restrict the intercalation of large 

cations, no such constraints are posed for birnessite. The layers may separate  

to a degree depending on the size of the introduced cation. Thus, the birnessite 

phase can contain not only the group I cations (H+, Li+, Na+, K+, Rb+ and Cs+)  

but also other cations (group II, transition metals) in the interlayer region.  

The interlayer distance can be determined easily, as the change in distance 

between layers is visible on diffraction patterns. The first reflection at ~12 °, as the 

2ϴ value of this line is determined by the separation of the manganese oxide 

layers. The layers were increasingly separated with the introduction of larger 

cations, with the exception of H-birnessite, which had a larger than expected 

distance between layers. This is most likely due to the low charge of the H+ cations,  

which are not as effective in pulling the layers together. [Paper VI] 
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Table 4 Position of the first reflection and calculated interlayer distance for group I  

cation-incorporated birnessites 

Sample position 001 /o calculated d /Å 
H-birnessite 12.16 7.282 
Li-birnessite 12.66 6.996 

Na-birnessite 12.44 7.119 
K-birnessite 12.24 7.235 

Rb-birnessite 12.18 7.270 
Cs-birnessite 11.86 7.466 

 

As with cryptomelane, the birnessite samples also had varying specific surface 

areas (Table 5). Here, the area was decreased from the highest H-birnessite sample  

to the lowest Cs-birnessite. The introduced alkali also modified the stability  

of lattice oxygen of the birnessite materials. Tandem thermogravimetry stability 

testing while following the evolved gases with a quadrupole mass spectrometer 

revealed that the largest amount of oxygen evolved from H-birnessite (Table 5). 

The amount of evolved oxygen, similar to surface area, decreases with the increase 

of cation size. While the oxygen-related mass loss decreases by only 50%,  

the surface area of the catalysts decreases from 60 m2/g for the H-birnessite 

sample to 1 m2/g for the Cs-birnessite. Thus, the amount of oxygen released from 

the samples does not correlate proportionately with the surface area, but rather 

suggests a dependence on chemical composition. [Paper VI] 

Table 5 Specific surface area and total oxygen evolution for group I cation-incorporated 

birnessite 

Sample 
BET 

SSA / m2/g 

TGA 
oxygen evolution per 1 g 

catalyst /g(O2) 

H- birnessite 60 0.059 
Li-birnessite 53 0.052 
Na-birnessite 15 0.045 
K-birnessite 11 0.044 
Rb-birnessite 2 0.031 
Cs-birnessite 1 0.032 

 

The introduction of the different alkali cations also had an effect  

on the electrodonor properties of the birnessite materials. As expected, with the 
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decreasing ionization energy the work function of the catalysts was decreased,  

with H-birnessite having the highest work function which systematically decreased 

to the lowest work function of Cs-birnessite (Fig. 20). [Paper VI] 

 

Fig. 20 Electrodonor properties of the alkali-incorporated birnessite series 

Based on the results one might expect that, similarly to cryptomelane, the catalytic 

activity of the modified birnessite catalysts would be correlatable with work 

function. While true, the trend for the layered catalyst was reversed,  

as H-birnessite had the highest catalytic activity of soot combustion in tight, loose 

and loose contact with NO addition, while Rb-/Cs-birnessite displayed the lowest 

activity in both tight and loose contact with NO addition (Fig. 21). Thus,  

as the catalyst with highest work function had the highest activity, the electron 

transfer mechanism is not responsible for the high activity of the birnessite 

catalysts for soot combustion. Instead, the most likely alternative pathway for soot 

combustion over birnessite is through the use of lattice oxygen per the Mars-van 

Krevelen mechanism, in which lattice oxygen evolves from the catalyst to take part 

in the reaction and the vacancy is replenished by oxygen from the gas phase.  

The catalytic activity of the modified birnessite series was correlated  

with the amount of evolved oxygen, which was determined during 

thermogravimetric analysis (Fig. 21 inserts). The correlation is not only true for 

loose contact, but also for loose contact with NO addition, as the evolving oxygen 

facilitates the oxidation of NO to NO2. In the case of soot combustion NO2 also acts 

as an oxygen carrier from the catalyst surface to soot particles, where it facilitates 

the oxidation reaction due to its known superior oxidative properties. [Paper VI] 
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Fig. 21 Soot conversion over alkali-incorporated birnessite series in (A) tight contact  

and (B) loose contact with NO addition, inserts depict correlation of conversion at 500°C 

with amount of evolved oxygen 

For VOC combustion the differences in catalytic activity were again clearly visible,  

as for both methane and propane oxidation the H- and Li- intercalated materials 

exhibited much higher catalytic activity than the remaining group I elements.  

For propane oxidation, H-birnessite achieved 98% conversion at 400°C compared  

to 80% conversion of Li-birnessite and 20% for the remaining alkali modified 

catalysts. For methane oxidation the situation was similar but moved into higher 

temperatures. The H- and Li-birnessite catalysts achieved methane conversions  

of 40% at 600°C, Na- and K-birnessite ~10%, while Rb- and Cs-birnessite converted 

negligible amounts of ~1.5%. As the trend of activities of the alkali modified 

birnessite catalyst is similar to the order of surface area, it can be tempting  

to attribute the activity to the density of active sites per unit mass of catalyst 

resulting from the larger surface area. However, the largest surface area  

(H-birnessite) is 60 times larger than the smallest in the series  
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(1 m2/g for Cs-birnessite), which does not translate to a 60-fold decrease of activity. 

Instead, the amount of evolved oxygen from H-birnessite is twice that evolved  

by Cs-birnessite, which is comparable to the change in catalytic activity.  

Thus, similarly to soot oxidation, the catalytic activity in methane and propane 

combustion of alkali modified birnessites can be correlated with the amount  

of evolved lattice oxygen (Fig. 22). [Paper VI] 

 

Fig. 22 Correlation of total amount of evolved oxygen with conversion of methane at 600°C 

and propane at 450°C over alkali-incorporated birnessite series 

5.5. Decoration of birnessite and cryptomelane with noble metal 

nanoparticles 

As noble metal-based systems are among the most active in oxidation reactions, 

additional functionalization transition metal oxides with low concentrations  

can greatly influence the catalytic activity of promoted active phases and increase 

the number of reactions, in which they can be successfully applied as active 

catalysts. Silver, gold, platinum and palladium have all been confirmed to be active 

catalysts in several reactions and their promotional effects are well known.  

It is therefore necessary to consider noble metal surface decoration as a means  

of functionalizing active phases and to study the effects of such deposition  
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on the properties of catalysts. As literature reveals potassium promoted catalysts 

as having the best cost/activity ratio, K-birnessite and K-cryptomelane were 

decorated with noble metal nanoparticles in the following section. 

Effect on properties 

Like with alkali promotion, the surface promotion with noble metals alters the  

pro-catalytic properties of active phases and requires detailed characterization  

of the synthesized materials. For K-cryptomelane, the promotion with a 2 wt.% 

loading of silver, gold and platinum induced several changes to the materials 

properties. The nanorod morphology of cryptomelane was not altered by the noble 

metal promotion. The small and uniform platinum and silver nanoparticles were 

evenly dispersed, while gold was found to aggregate into large, inactive particles, 

which influenced the properties and activity of the studied series (Fig. 23).  

A notable change was to work function, as all 3 materials promoted with noble 

metals had a higher work function than their unpromoted K-cryptomelane 

counterpart (Δφ = 0.25 eV for Au). [Paper VII] 

 

Fig. 23 TEM images showing the unaltered, nanorod morphology of cryptomelane after 

noble metal promotion. Distinct noble metal nanoparticles indicated by arrows.  

The results were similar for birnessite promoted with 2 wt.% Ag, Au, Pt, Pd.  

In all cases the work function was increased, even by 0.3 eV. The synthetic process 
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was also responsible for an increase to surface area, from 11 m2/g for K-birnessite  

to the highest 50 m2/g for Au/K-birnessite (Table 6). With the increasing surface 

area, the total amount of evolved oxygen (due to heating from room temperature  

to 700°C) also increased, but not proportionally. While the SSA nearly quadrupled 

for Au, Pt and Pd, the amount of evolved oxygen only increased by 50%, suggesting 

the noble metals stabilized the lattice oxygen. [unpublished – related to Paper VI] 

Table 6 Specific surface area and total amount of evolved oxygen from noble metal 

promoted birnessites 

material specific surface area m2/g 
oxygen evolution per 

1 g catalyst /g(O2) 
K-birnessite 11 0.044 
Ag/K-birnessite 34 0.045 
Au/K-birnessite 50 0.065 
Pt/K-birnessite 48 0.079 
Pd/K-birnessite 48 0.066 

 

Upon Pd promotion of birnessite and cryptomelane, the reduction profile by H2  

was changed compared to the unpromoted nanostructured catalysts (Fig. 24). 

Instead of one broad reduction peak, in both cases a second, low temperature 

reduction peak could be distinguished, suggesting hydrogen activation occurred  

on the Pd nanoparticles and was spilled over, altering the reduction profile  

of the manganese catalyst. The partial transformation of the birnessite phase  

to cryptomelane was also noted, suggesting a strong metal-support interaction 

which disrupted the structure and stimulated the thermal transformation.  

[Paper VIII] 
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Fig. 24 H2-TPR of the Pd and unpromoted birnessite and cryptomelane catalysts 

Effect on soot and VOC oxidation 

As expected, noble metal promotion has a large effect on the catalytic activity  

of birnessite and cryptomelane in both soot and VOC (methane and propane) 

oxidation. For soot combustion over noble metal-doped (Ag, Au, Pt, Pd)  

K-birnessite, which was synthesized according to the procedure described in  

Paper VI, the effect was mostly beneficial. In loose contact, the Pd/  

and Pt/K-birnessite catalysts had similar activity to the parent K-birnessite  

(Fig. 25 A). In loose contact (Fig. 25 B), their activity was higher than that  

of the unpromoted catalyst, while the addition of NO evened the catalytic activities 

of Pt/, Pd/ and K-birnessite (Fig. 25 C). In all contact modes as well as with NO 

addition, the Ag- and Au-birnessite catalysts were the most active lowering the T50% 

by 170, 140 and 200°C for tight, loose and loose contact with NO addition, 

respectively (Fig. 25). The effect of silver with NO addition is extremely beneficial, 

as the catalyst achieves a lower temperature of 50% soot conversion than it did  

in loose contact. Additionally, it lowers the catalytic activity to the temperature 

range of the most active alkali incorporated birnessite, H-birnessite, in loose 

contact measurements. [unpublished – related to Paper VI] 
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Fig. 25 Conversion curves of soot over unpromoted and noble metal promoted K-birnessite 

The effect of noble metal doping of K-birnessite on the catalytic activity of methane 

and propane oxidation is not as apparent as in the case of soot combustion.  

For methane, after some initial increase in activity, all activities of the noble metal 

promoted series dropped in activity compared to the K-birnessite parent,  

with Ag/K-birnessite matching the activity of the parent at 600°C (Fig. 26 A)  

with a conversion of 14%. The remaining Au/, Pt/ and Pd/K-birnessite achieved 2.0, 

6.6 and 4.3%, respectively. For propane, Ag/K-birnessite was generally the most 

active, with Au and Pt/K-birnessite being more active until ~400-450°C,  

at which point their activity dropped to that of K-birnessite (Fig. 26 B). Therefore, at 

500°C the most active catalyst was promoted with Ag (63% conversion),  

with the remaining catalysts following the sequence: Au/K > K > Pd/K > Pt/K. Thus, 

the noble promotion was generally beneficial, with Ag/K-birnessite being overall 
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the best surface promoter for both VOC and soot oxidation.  

[unpublished – related to Paper VI] 

 

Fig. 26 Conversion curves of methane (A) and propane (B) over noble metal promoted and 

unpromoted K-birnessite 

Noble metal promotion (Ag, Au, Pt) of K-cryptomelane has a similar trend  

of affecting catalytic activity in soot oxidation. In loose contact, the activities of Ag/, 

Pt/ and K-cryptomelane were similar, lowering the T50% soot conversion by 300°C 

compared to the uncatalyzed oxidation reaction (Fig. 27). Gold promotion  

had a worse effect, with the T50% 40°C higher than the others. Reactions in loose 

contact revealed the beneficial effect of Ag promotion, as it was the most active 

catalyst in this contact mode (ΔT50% = 180°C), while the remaining catalysts 

displayed similar activities, with the activity following Pt > K > Au. The addition  

of NO to the gas mixture increased the catalytic activity of all catalysts  

but Au/K-cryptomelane. The inactivity of Au/K-cryptomelane is most likely  

due to the large particle sizes of the Au promoter, while both Pt and Ag  

were dispersed evenly. Pt/ and K-cryptomelane lowered the T50% by 170°C,  

while the Ag/K-cryptomelane catalyst achieved a temperature of 50% soot 

conversion of 440°C, over 250°C less than for the uncatalyzed reaction and greatly 

bridging the gap between tight and loose contact conditions. [Paper VII] 
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Fig. 27 Lowering of temperature of 50% soot conversion over unpromoted and noble metal 

promoted cryptomelane compared to uncatalyzed soot oxidation (with zero set at 690°C) 

The results suggest, that the mechanism during loose contact conditions  

is dominated by an electron transfer forming reactive oxygen species  

as the temperature of 50% soot conversion in these conditions is correlatable with 

the electrodonor properties of the noble metal promoted cryptomelane series  

(Fig. 28). Silver promotion is known to alter the redox properties of cryptomelane, 

enabling the high activity in loose contact conditions, which is further increased  

with the addition of NO. The findings suggest the activities of the catalysts with  

the presence of NO may be linked to the decomposition of surface nitrate species, 

as AgNO3 initiates at 450°C, which is the temperature at which the oxidation of 

soot begins over Ag/K-cryptomelane. [Paper VII]  

 

Fig. 28 Correlation of temperature of 50% soot conversion in tight contact with 

electrodonor properties of noble metal promoted and unpromoted cryptomelane 
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Catalytic oxidation of methane over the cryptomelane series revealed a different 

picture. While gold and silver promotion somewhat hindered the reaction 

compared to the unpromoted cryptomelane catalyst, the clearly most active 

material was Pt/K-cryptomelane (Fig. 29) due to the innate properties of Pt  

to activate the C-H bond. The platinum promoted catalyst achieved near total 

conversion at 450°C, while the remaining Ag/, Au/ and K-cryptomelane achieved 

conversions of 55%, 60% and 72% at 500°C, respectively. A similar trend  

was observed for propane oxidation, though here the lowest activity belonged  

to Au/K-cryptomelane, achieving total conversion at 450°C. Both Ag/  

and K-cryptomelane were similarly active (total conversion at 400°C), while  

Pt/K-cry further lowered the total conversion temperature to 350°C. The results 

revealed the different functionalities of the noble metal promoters. While silver 

promotion was highly beneficial for soot oxidation (especially loose contact),  

its influence was detrimental during the oxidation of methane and propane.  

The reverse can be said for Pt/K-cryptomelane, which lowered VOC oxidation 

temperatures while being minimally beneficial for soot oxidation. Thus, the results 

suggest both Pt and Ag promotion in tandem should be considered  

for a cryptomelane-based active phase for the simultaneous oxidation of soot  

and VOC’s. [Paper VII] 
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Fig. 29 Methane (A) and propane (B) conversion over noble metal promoted and 

unpromoted cryptomelane 

On a separate account, surface promotion of both cryptomelane and birnessite  

with 1 wt.% of palladium. The promotional effect was beneficial in all contact 

modes and for both phases, but is most evident in loose contact conditions  

(Fig. 30). In loose contact, the 1% Pd promotion lowered the T50% by 5°C 

(cryptomelane) and 10°C (birnessite) compared to the unpromoted nanostructured 

manganese oxides, while in loose contact the shift reaches 60 and 65°C, 

respectively. The largest effect is noticeable upon NO addition to the gas feed, 

where compared to loose contact the T50% was lowered by 110 and 90°C for  

Pd/K-cryptomelane and Pd/K-birnessite, respectively. The addition of NO once 

again allowed the phases to close the gap between tight and loose contact 

conditions. The 1% Pd decoration of birnessite achieved the best catalytic results, 

achieving 50% soot conversion at 385, 450 and 541°C for tight, loose + NO  

and loose contact conditions. [Paper VIII] 
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Fig. 30 Lowering of temperature of 50% soot conversion over unpromoted and Pd 

promoted birnessite and cryptomelane compared to uncatalyzed soot oxidation (with zero 

set at 690°C) 
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6. Recapitulation 

A series of alkali-nanostructured manganese oxides with a layered (birnessite)  

and tunnelled (cryptomelane) morphology was prepared. The dimensions  

of the cryptomelane tunnels limited the intercalation of the group I cations  

to the first 5 elements (H+, Li+, Na+, K+ and Rb+), while the easily accessible layered 

structure of birnessite allowed for the intercalation of larger cations (H+, Li+, Na+, 

K+, Rb+ and Cs+). The K-birnessite and K-cryptomelane phases were subsequently 

decorated with noble metal nanoparticles to increase their catalytic activity  

for both soot and VOC oxidation. The prepared phases were thoroughly 

characterized using standard techniques (XRF, XRD, RS, SEM, TEM, N2-BET, XPS, 

TPR, TGA/DTA) as well as those more specific to their application (work function 

measurements, alkali stability through SR-TAD). Their catalytic activity  

was assessed via temperature-programmed oxidation of soot and the model VOC: 

methane and propane. 

For the cryptomelane series a correlation between work function and catalytic 

activity in soot combustion was determined. This important result reveals  

the electron transfer from the catalyst surface to gas phase oxygen  

and the subsequent formation of reactive oxygen species as the dominant reaction 

mechanism over cryptomelane-based catalysts. While a correlation between work 

function and catalytic activity was present for the birnessite series, it was reversed, 

negating the importance of the electron transfer. Instead, the catalytic activity was 

closely correlated with the total amount of evolved oxygen during the oxidation 

reaction, revealing the Mars-van Krevelen mechanism, in which lattice oxygen 

participates in the oxidation reaction and is replaced with gas phase oxygen,  

as the main mechanism over birnessite-based catalysts.  

The catalytic activities of the catalysts tested in both soot and VOC oxidation from 

Papers VI and VII were collected and depicted in Fig. 31, showing the temperature 

range in which 10% of the pollutant conversion occurs over the birnessite  

and cryptomelane catalysts. The 10% pollutant conversion over a catalyst is often 

used as a measure to compare the materials catalytic activity since the oxidation 

reactions are exothermic and the reaction initiation allows for subsequent  

self-propagation of the oxidation process. The results clearly show the superiority  

of the cryptomelane-based catalysts, as the temperatures ranges for soot and 

methane conversion are much lower than over the birnessite catalysts.  

For propane oxidation the temperature ranges overlap due to the high catalytic 

activity of the H-birnessite and Li-birnessite materials. The results also show  
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the different susceptibility to combustion of the pollutants, as propane  

is the easiest to combust followed by methane and soot. Finally, it is evident from 

the figure that the addition of catalysts can allow significant lowering  

of the temperature of 10% conversion for soot, methane and propane compared  

to an uncatalyzed reaction, displaying the significance of the catalyst application.  

 

Fig. 31 Collected data for 10% conversion of soot, methane and propane oxidation over 

alkali-intercalated and noble metal decorated birnessite (green bars) and cryptomelane 

(orange bars) catalysts from Papers VI and VII 

The effect of manganese-oxide based catalysts on the catalytic activity of soot  

(in loose contact) and methane oxidation was summarized in Fig. 32. The figure 

shows the effect of catalyst addition on the temperature of 10% soot and methane 

conversion in an uncatalyzed reaction as well as the catalyzed reactions over  

the manganese spinel (Mn3O4) and the unpromoted and most active noble metal 

decorated K-cryptomelane. The figure shows the importance of alkali 

nanostructuration for soot combustion, lowering the T10% by 75°C, while noble 

metal decoration with Ag further lowers the temperature by 15°C (Fig. 32A).  

For methane and propane oxidation, the decoration with noble metal 

nanoparticles was in general more beneficial than nanostructuration  

or the incorporation of different group I cations, as highlighted by Fig. 32B.  

The effect of nanostructuration is negligible (even slightly negative), while the 

decoration with platinum lowers the temperature of 10% methane conversion  

by remarkable ~135°C. The figure again highlights the need for the use of catalysts 

to oxidize soot and VOCs, as the T10% is greatly lowered over catalysts compared  

to the uncatalyzed reactions. The results also confirm the necessity of both alkali 

nanostructuration and functionalization through noble metal decoration of the 
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manganese oxides to create a bifunctional catalyst for both soot and VOC 

oxidation, which is highly active and lowers the temperature windows of the 

oxidation reactions to the temperature range of exhaust gases. 

 

Fig. 32 The effect of manganese-oxide based catalysts on the catalytic oxidation of soot (A) 

and methane (B), highlighting the significance of alkali nanostructuration and noble metal 

decoration 
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7. Conclusions 

Based on the research carried out during the course of this work, the following 

conclusions can be formulated: 

Nanostructuration 

 Alkali promotion of manganese oxides is beneficial for oxidation reactions, 

with nanostructuration being superior to surface promotion [Papers I - III] 

 Alkali not only modify the host manganese oxide matrix but are also 

responsible for high activity due to their desorption in highly electronic and 

active states (Rydberg atoms) [Paper IV] 

 Long term thermal treatment of birnessite leads to a transformation  

to a more active cryptomelane phase with persistent high activity in soot 

combustion [Paper V] 

Effect of intercalated cation 

 Oxidation over birnessite-based catalysts occurs through a Mars-van 

Krevelen mechanism while the oxygen activation via electron transfer 

mechanism dominates over cryptomelane [Papers VI, VII] 

 H-birnessite lowers the soot oxidation window by up to 200°C and achieves 

near total conversion of propane at 500°C [Paper VI] 

 K-cryptomelane lowers the soot oxidation window by up to 300°C and total 

conversion of propane was achieved at 400°C [Paper VII] 

Decoration of K-Mn-O nanostructures with noble metal nanoparticles 

 Surface promotion of potassium-manganese-oxides with Ag and Pd 

nanoparticles is highly beneficial for soot combustion, especially  

in the presence of NO [Papers VI-VIII] 

 Platinum promotion of K-cryptomelane was extremely beneficial  

for propane and methane oxidation, achieving 100% methane conversion  

at 450°C (compared to ~45% for K-cryptomelane) and total conversion  

of propane at 350°C (total conversion at 400°C over K-cryptomelane)  

[Paper VII] 

 Application of both Ag and Pt nanoparticles over birnessite is necessary for a 

bifunctional catalyst active in both soot and VOC oxidation [Paper VI] 



60 
 

The proposed research strategy and the performed experiments clearly indicate 

noble metal-decorated K-cryptomelane as the most promising active phase  

for further development towards a final catalyst to be used in soot and VOC 

oxidation. The modifications of catalytically desirable properties enable the  

K-cryptomelane based catalyst to be highly active in soot and VOC oxidation  

in the desired temperature range (<450°C) and more thermally stable than  

the active, yet unstable, layered birnessite. The results of the PhD thesis can be 

treated as the guidelines for continued research into the preparation  

of a competitive catalytic system (from support to active phase based on the 

studies M/K-Mn-O phases) for the removal of ubiquitous pollutants forming during 

carbon-based fuel combustion. 
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This paper describes catalytic investigations into soot oxidation over KOH, K2CO3, KNO3, CH3COOK and K2SO4

doped iron and manganese spinels. For Fe3O4 it was found that alkali doping (0.5 monolayer) is confined to

the surface and results in the substantial enhancement of its catalytic activity (ΔT50% ≈ 80 °C for K2CO3),

depending on the precursor nature. For Mn3O4 K-doping at low loading (0.5 ML) has a negative effect, whereas

at high loading (9 ML) leads to the formation of a birnessite shell on the Mn3O4 core catalyst with a spectacular

increase of the soot oxidation rate (ΔT50% ≈ 150 °C).

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Soot is made of impure multicomponent carbon particles resulting

from the incomplete combustion of hydrocarbons, coal and other

carbon fuels [1]. Emission of soot is one of the main negative factors of

climate changes (global warming) [2]. It is also claimed that chronic

exposure to soot particulates leads to cardiovascular and lung-cancer

illness. Correlation between the particulate matter concentration and

enhanced mortality is documented elsewhere [3]. Thus, the abetment

of the soot emission is one of the key challenges for environmental

catalytic chemistry.

There are a few technologies used in soot reduction but the most

promising combination is the use of filters i.e. Diesel Particulate Filters

(DPF) and a catalyst, which could burn soot in the temperature of the

exhaust system [4]. A number of catalysts were investigated in many

laboratories but they are either ineffective or too expensive (based on

noble metals) [5]. Today's technology is based on platinum dispersed

on a ceria–zirconia support. The most promising substitutes in terms

of catalytic activity are based on perovskite-type [6–8] and spinel-type

materials [9]. Moreover, it is widely known that the catalytic activity

in the soot oxidation process can be enhanced by alkali doping

[10,11]. The positive role of alkalis is discussed in terms of electron

donor properties, responsible for the formation of oxygen active species

(O−, O2−, O2
2−) or autogenic formation of low melting point com-

pounds (eutectics), which wet the soot surface, increasing the contact

with the catalyst.

We have recently found that doping of iron and manganese spinels

with potassium carbonate in the range 0–4 wt.% leads to pronounced

changes in their electron donor properties observed as a lowering of

the catalyst work function and catalytic activity in soot combustion

[12]. For the iron spinel, 1 wt.% of K2CO3 corresponding to about a 0.5

monolayer (ML) surface coverage and the highest catalytic activity in

the serieswas observed. In the same time, it is known that the precursor

of the alkali promoter can severely influence the catalytic activity of

oxide materials [13]. Thus, the aim of this work was to investigate the

role of the potassium precursor nature in the catalytic activity in soot

oxidation over the most promising iron and manganese oxides with a

spinel structure.

2. Experimental

The catalysts were prepared by weighing 1 g of commercial spinel

(Mn3O4 and Fe3O4, 6 and 35 m2/g respectively, from Aldrich) and

adding an appropriate amount of potassium precursor/salt (potassium

carbonate, acetate, hydroxide, nitrate and sulfate) solution to achieve

the desired alkali loading: 0.5 monolayer, as described in [12]. This

amount corresponded to the 0.2 and 1 wt.% for Mn3O4 and Fe3O4, re-

spectively. For a selected precursor, K2CO3, the loading equivalent to

3 wt.% was also deposited on both spinels. The lower level of potassium

doping (0.5ML)was chosen tominimize the possibility of the formation

of new potassium–iron/manganese phases. After impregnation, the
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catalysts were dried for 1 h at 100 °C and subsequently calcined at

400 °C for 4 h. The iron and manganese spinels without potassium

addition were also subjected to similar treatment in order to prepare

reference materials for the evaluation of the thermal treatment effects

alone. In addition, as bench marking catalysts, the MnO2 and α-Fe2O3

(both Merck) were also tested.

The activity of the all synthesized catalysts in soot combustion was

measured by means of temperature programmed oxidation (TPO). A

quartz fixed-bed reactor was heated (10 °C/min) from room tempera-

ture to 700 °C and a gas mixture of 5% O2 in He at a 60 ml/min flow

was used during the tests. The samples for the soot combustion in

tight contact regime were prepared by grinding in an agate mortar for

10 min of 0.05 g of soot (Degussa — Printex80) and the catalyst in a

1:8 ratio. The soot combustion was monitored by a quadrupole mass

spectrometer (SRS RGA200, lines for m/z = 44 (CO2), 32 (O2), 28

(CO), 18 (H2O)).

XRD patterns were recorded by a Rigaku MiniFlex powder diffrac-

tometer with Cu Kα radiation at 10 mA and 10 kV, 2θ step scans of

0.02° and a counting time of 1 s per step. The micro-Raman spectra

were recorded in ambient conditions using a Renishaw InVia spectrom-

eter equipped with a Leica DMLM confocal microscope and a CCD

detector, with an excitation wavelength of 785 nm. The laser power at

the sample position was 1.5 or 3 mW (0.5 or 1% of total power) with a

magnification of 20×. The Raman scattered light was collected in the

spectral range of 200–850 cm−1. At least 6 scans, 10 s each, were accu-

mulated to ensure a sufficient signal to noise ratio. Attenuated total re-

flection-Fourier transform infrared spectra (ATR-FTIR) were obtained

using a Nicolet 6700, Thermo Scientific spectrometer. Work function

(contact potential difference), measurements were performed with a

Kelvin Probe (McAllister KP6500) in vacuum of 10−7 mbar at 150 °C

after annealing the sample at 400 °C.

3. Results and discussion

The reactivity of potassium promoted iron spinel catalysts, expressed

by the conversion of soot (X) as a function of temperature, is shown in

Fig. 1A. Although for all samples the combustion is initiated at around

300 °C, the particular conversion profiles exhibit different shapes. The

overall effect of all the potassium precursors but nitrate and sulfate is

marked by the brown shadow, indicating that the nature of K precursor

plays an essential role in catalytic soot combustion, spanning the tem-

perature range over 150 °C. Whereas the addition of KOH, K2CO3,

KNO3, and CH3COOK leads to the enhancement of combustion activity

in the case of K2SO4, a distinct negative effect (ΔT50% ≈ 25 °C) can be no-

ticed. The largest enhancement of Fe3O4 catalytic activity by potassium

doping with KNO3 leads to the shift of temperature of 50% soot conver-

sion (ΔT50%) of about 150 °C. In the case of K2CO3 ΔT50% ≈ 80 °C, while

for KOH and CH3COOK ΔT50% ≈ 40 °C. The addition of a higher potassi-

um amount (3 wt.%) leads to the decrease of catalytic activity, in agree-

ment with our previous data [12].

The conversion of soot over 0.5 ML potassium promotedmanganese

spinel catalysts alongwith MnO2 reference shows a totally different be-

havior (Fig. 1B). A clear decline of the reactivity can be observed in all

alkali doped samples (ΔT50% ≈ 20 °C). The temperature window

spanned by the dopants narrowed from 150 °C for K-doped Fe3O4 to

aboutΔT50% of 20 °C. On the other hand, the addition of higher amounts

of potassium (9ML, 3 wt.%) led to a substantial increase of the catalytic

activity. This can be explained by the formation of active phases of

potassium manganite (vide infra).

Diffraction patterns obtained for K-doped iron spinels (Fig. 2A) re-

semble mostly the reference pattern of the reference iron spinel (ICDD

89-691) [14]. The observed small peaks at 2θ of 24, 33, 41, 49, 54 and

64° are due to hematite (ICDD 89-599) [14], resulting from the surface

oxidation of Fe3O4. Similarly, the diffraction patterns of the K-doped

manganese spinel samples (Fig. 2B) do not differ from that for the

parent Mn3O4 (JCPDS No. 24-0734) [15]. Only at the 2θ angle of about

22° a small peak due to γ-MnO2 (ICDD 14-0644) [16] formed upon cal-

cination of the samples can be noticed. It is worth mentioning that the

calcination of both spinels without potassium addition does not lead

to the formation of MnO2 or Fe2O3 phases, detectable by X-ray diffrac-

tion. On the other hand, comparison of micro-Raman spectra of

K-Mn3O4, parent Mn3O4 and γ-MnO2 indicates that the latter phase is

formed upon calcination even without alkali dopants [17]. For high

levels of potassium doping the formation of layered materials such

as KMn4O8, where potassium is located in the crystal structure, is

evidenced by XRD patterns and micro-Raman spectra (Fig. 3B). In the

case of Fe3O4 the features characteristic of hematite are not observed

by XRD upon calcination in air at 400 °C. Conversely, the formation of

hematite after the addition of potassium and subsequent thermal

treatment is revealed by micro-Raman spectra and XRD patterns,

irrespective of the doping level (Fig. 3A).

ATR-FTIR spectra of the undoped iron spinel and K-doped Fe3O4

with different precursors of potassium are presented in Fig. 4A.

Depending on the K-precursor, the diagnostic peaks of the correspond-

ing counter-anions are easily recognized. The spectra of K2CO3, KOH and

CH3COOK-doped samples are very similar because KOH and CH3COOK

turn into more stable K2CO3 during the calcination. In this case the ob-

served peaks are due to HCO3
− and CO3

2− ions. According to literature

the band at 1010 cm−1 is a ν4 (A′) C\OH stretch, 1370 cm−1 is a ν3
(A′) symmetric C\O stretch, 1400 cm−1 is a ν3 (E′) CO stretch mode

and at 1625 cm−1 is a ν2 (A′) asymmetric CO stretch [18]. The broad

band, which could be found at 1390 cm−1 for KNO3-doped sample is

actually a combination of two signals at 1348 and 1400 cm−1 assigned

Fig. 1. Conversion of soot on K-doped iron (A) and manganese (B) spinels. Respective lines

denote doping with different precursors: K2CO3 — empty circles (○); KOH— filled triangles

(▲); CH3COOK — filled squares (■); KNO3 — empty squares (□); and K2SO4 — filled circles

(●).
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to doubly degenerate ν3 stretching vibrations of NO3
− ions [18]. In the

spectrum of K2SO4-doped Fe3O4 the broad band at 1130 cm−1 arises

from stretching vibrations of SO4
2− anions [19]. The spectra of K-doped

manganese spinels are very much alike (Fig. 4B), yet totally different

from those observed for the iron samples. Potassium ions from the de-

posited precursors, even at such low level of doping (0.5 ML), are easily

incorporated into themanganese spinel matrix at 400 °C to form potas-

sium manganite phases. The described process can be considered as a

nanostructuration of the Mn3O4 spinel into tunneled and layered struc-

tures of e.g. birnessite (KMn4O8) or cryptomelane (KMn8O16) [20]. Since

the anions are decomposed and the products are released to the gas

phase during the synthesis they are not detected on the catalyst surface.

Comparison of reactivity of the parent Fe3O4 and its oxidation prod-

uct, α-Fe2O3, as well as Mn3O4 and MnO2 provides a convenient back-

ground for the evaluation of the effect of potassium doping. As shown

in Fig. 1A in the case of iron oxides, the promotional effect of potassium

strongly depends on the nature of the precursor. This can be accounted

for the facilitation of magnetite into more active hematite and lowering

of the catalyst work function. Indeed, the measured value of magnetite

work function of 4.2 eV was lowered to 3.8 ± 0.1 eV upon K-doping.

In our earlier studies, the correlation of the ignition temperature with

work function of soot oxidation for iron oxideswas observed [11]. How-

ever, regardless of the relative relevance of these two mechanisms, the

persistence of the counter-anions on the surface (nicely revealed in the

IR spectra in Fig. 4A) shows that the beneficial role of potassium doping

is confined to the catalyst surface (see inset in Fig. 1A). At the

first glance, the best material is obtained from potassium nitrate.

In this case, however we do not observe a catalytic effect but the

decomposition of NO3
− anions and release of nitrogen oxides, which

are known to increase the soot combustion rate [21]. Thedecomposition

of NO3
− was monitored by the QMS in the first catalytic run and the ac-

tivity in the second catalytic run with the same sample is much lower

(Fig. 5A). Accordingly, in the infrared spectrumof a KNO3-doped sample

after two reaction runs the bands of NO3
− are absent, while IR spectrum

matches that of the K2CO3-doped Fe3O4 catalyst (Fig. 5B). The alteration

of the spectra evidences an exchange of original nitrates into stable

carbonate species (bands at c.a. 1340 and 1530 cm−1). Below the

1200 cm−1 two peaks are visible with maxima at 1040 and 1115 cm−1.

These bands are possibly due to the vibrations of complex organic-like

carbonate species which are coordinatively bound to the metal atom

[22–24].

Similarly to the iron spinel, doping of Mn3O4 with low amounts of

potassium promotes the formation of an oxide with a higher oxidation

state (MnO2). In this case, however, MnO2 is less active than the parent

spinel, and indeed a decline of catalytic activity is observed (Fig. 1B).

Consequently, the increase of the work function upon K-doping of

Mn3O4 from 4.0 eV to 4.2 eV accounts well for such catalytic behavior.

Yet, the highest promotional effect of potassium was found for the

higher level of K-doping. In this case, as revealed by XRD and micro-

RS spectra, higher levels of potassium addition to Mn3O4 leads to the

formation of layered birnessite (KMn4O8). This phase itself is a much

better catalyst in soot oxidation than simple manganese oxides

(Fig. 1B). Since the amount of potassium is not sufficient for complete

transformation of the whole Mn3O4 spinel, from the simple stoichio-

metric considerations it can be inferred that grains of core–shell struc-

ture are probably formed (see inset in Fig. 1B).

Fig. 2. XRD patterns of iron (A) and manganese (B) spinels undoped and K-doped with

different precursors (squares — Fe2O3, circles — potassium birnessite, empty squares —

γ-MnO2).

Fig. 3.Micro-Raman spectra of iron (A) andmanganese (B) spinels undoped (calcined and

uncalcined) and K-doped with two different precursors (circles — γ-MnO2).
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4. Conclusions

The promotional role of potassium precursor nature on the catalytic

activity of the iron and manganese spinels in soot oxidation was exam-

ined. In the case of Fe3O4 the promotion effect was confined to the sur-

face and the (0.5 ML) K2CO3 was found to be an optimal promoter,

leading to a decrease of the T50% by 80 °C. For Mn3O4 at the same

K-loading a decrease of activity was observed. For higher K content

(3 wt.%) a strong enhancement (ΔT50% ≈ 150 °C) of deSoot catalytic

activity was observed due to the formation of highly active superficial

birnessite (KMn4O8) phase on top of unreacted Mn3O4 spinel, giving

rise to the core–shell structure of the resultant catalyst grains.
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The effect of surface and bulk alkali (Na, K) promotions on the cobalt-oxide catalyst activity in soot oxidationwas

investigated.While surface promotion does not alter the cobalt spinel structure, the introduction of alkali into the

bulk leads to the formation of layered cobaltates (revealed by XRD, Raman spectroscopy and XPS). The catalytic

activity was determined using the temperature programmed oxidation of model soot (Printex 80), both in tight

and loose contact conditions. The alkali bulk promotion is much more effective than surface promotion in soot

oxidation, lowering the soot ignition temperature by 340 °C for the most active catalyst K0.25CoO2.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Due to their high efficiency and long lifetime, diesel engines are

becoming much more popular than standard petrol ones. One of their

main drawbacks is the inevitable formation of soot, which is proven to

be harmful for human health. The most efficient way to decrease soot

emission is by catalytic combustion. Catalytic materials that may be

successful substitutes for the ones currently applied, which are based

on noble metals (Pt, Rh), should be not only active, but also environ-

mentally friendly and relatively cheap. The most promising materials

in terms of these criteria are based on transition metal oxides, mostly

those of Fe, Mn, Co, Cr and Cu. Among them perovskites and spinels

draw particular attention [1–5]. The addition of alkali often leads to

strong enhancement of their catalytic activity [6–9]. Likewise, alkali

promotion of catalysts for soot oxidation is reported to have a strong

effect as shown in [3,10–15]. It is worth mentioning that the alkali

cationsmaybe located on the surface of the oxidematerial or intercalated

into its structure. In the first case, the activity enhancement is linked

with changes in electron donor properties (activation of molecular

oxygen [12]), the formation of lowmelting point compounds or eutectics

(increase of soot-catalyst contact [16,17]) or the formation of a superficial

carbonate intermediates [17,18], while the latter, intercalation of alkali

into the crystal structure, leads to the formation of new phases with

tunneled or layered [12,19] structures. Such nanostructures often exhibit

very high alkali cation mobility within the conduction tunnels or layers.

Lithium and sodium cobaltates have garnered a lot of attention from

the scientific community due to their unusual electronic and electro-

chemical properties and high potential for energy storage applications

[20]. These properties are due to the structure of thematerials, comprised

of layers of edge sharing CoO6 octahedra betweenwhich the Li+ andNa+

ions are located.

We have previously reported the enhancement of the soot oxidation

catalytic activity of iron and manganese spinels by surface and bulk

alkali doping [3,9,21]. Among the investigated catalysts the cryptomelane

(KMn8O16) and birnessite (KMn4O8) phases were the most active with

the reaction temperature window of 250–450 °C, comparable with

the typical reference material — ceria [16]. On the other hand, although

Co3O4 has been reported as a catalytically active phase in various vital

reactions, such as N2O decomposition [22], ethanol reforming [23] or

methane oxidation [24], little is known about the stimulation of its soot

oxidation activity by alkali bulk promotion. The aim of this work was to

investigate the effect of surface and bulk alkali (Na and K) doping on

the catalytic activity of the cobalt spinel in the soot combustion reaction.

2. Experimental

2.1. Materials

The surface doped catalysts were prepared by wet impregnation of

1 g of the cobalt spinel (Fluka) with a carbonate solution, either sodium

or potassium (further designated asNa/Co3O4 andK/Co3O4 respectively),

to achieve the optimal alkali loading corresponding to the theoretical 0.5
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monolayer, as described in [11]. The impregnated spinel was dried at

100 °C for 1 h, and subsequently calcined at 400 °C for 4 h. The temper-

ature was optimal for alkali cations to disperse equally on the surface,

and low enough not to change the structure or surface area of the in-

vestigated cobalt spinel. To obtain the sodium and potassium bulk

promoted samples the solid state synthesis of the appropriate cobaltates

(Na0.6CoO2, K0.25CoO2) was carried out. The sodium nanostructured

cobalt oxide (Na0.6CoO2) was prepared by grinding 0.76 g of sodium

carbonate (Chempur) with 1 g of cobalt(II) oxide (Aldrich). The pro-

duced powder was placed in a preheated oven and calcined at 800 °C

for 11 h. The cobalt oxide nanostructured by potassium (K0.25CoO2)

was prepared by grinding 2.13 g of the cobalt spinel with 1.1 g of

potassium hydroxide (POCh). The produced powder was placed in a

preheated oven and calcined at 700 °C for 12 h. The pre-calcined bulk

materials were placed in preheated ovens to avoid alkali loss due to

thermal desorption, further compensated by the use of excessive

amounts of alkali substrate (2 times greater amount of sodium carbonate

than the stoichiometric amount, 3 times excess of potassiumhydroxide).

The synthesized bulk doped samples were thoroughly washed with

distilled water to remove excess alkali and ground in an agate mortar

into a fine powder for further studies.

2.2. Methods

The XRD patterns were recorded by a Rigaku MiniFlex powder

diffractometer with Cu Kα radiation at 10 mA and 10 kV, 2θ step scans

of 0.02° and a counting time of 2 s per step.

The Raman spectra were recorded at room temperature in the

range of 150–800 cm−1 with 1 cm−1 resolution (Renishaw InVia

spectrometer, confocal microscope Leica DMLM, CCD detector with a

wavelength excitation of 785 nm). Nine scans for each sample were

accumulated in order to provide a sufficient signal to noise ratio.

The elemental analysis was performed with an Energy-Dispersive

XRF spectrometer (Thermo Scientific, ARL QUANT'X). The X-rays of

4–50 kV (1 kV step) with the beam size of 1 mm were generated with

the Rh anode. The detector used was a 3.5 mm Si(Li) drifted crystal

with a Peltier cooling (~185 K). For quantitative analysis, the calibration

with a series of metallic standards and a UniQuant software were used.

The X-ray photoelectron spectra (XPS) of the catalyst samples were

measured with a Prevac photoelectron spectrometer equipped with a

hemispherical VG SCIENTA R3000 analyzer. The photoelectron spectra

were measured using a monochromatized aluminium AlKα source

(E = 1486.6 eV). The base pressure in the analysis chamber during

the measurements was 5 × 10−9 mbar. Spectra were recorded with

constant pass energy of 100 eV for the survey and narrow scan spectra.

The binding energy scale was aligned with the main C 1 s band set to

295 eV.

The temperature programmed oxidation method (TPO) was used to

compare the activity of the prepared catalysts in soot combustion. A

quartz fixed-bed reactor was heated (10 °C/min) from room tempera-

ture to 700 °C and a gas mixture of 5% O2 in He at a 60 mL/min flow

was used during the tests. The reaction mixture, weighing 50 mg, was

prepared by grinding a catalyst sample with soot (Degussa—Printex80)

in an 8:1 ratio. The mixture was ground for 10 min in the tight contact

regime in an agate mortar or shaken in a plastic container for 5 s

(loose contact). As a reference a portion of soot without the added

catalyst (~5.5 mg) was oxidized using the aforementioned conditions.

The soot combustion was monitored by a quadrupole mass spectro-

meter (SRS RGA200) following the lines for m/z = 44 (CO2), 32 (O2),

28 (CO), 18 (H2O). Since the conversion calculated from the CO2 and

CO signals gives essentially the same results, the conversion of

soot was calculated by the integration of the much more pronounced

QMS signal from CO2. The reproducibility of the TPO experiments

was confirmed by at least three independent experimental runs

(ΔT50% b 10 °C).

3. Results

Typical XRDpatterns of the synthesized catalysts (Na/Co3O4, K/Co3O4,

Na0.6CoO2, K0.25CoO2) as well as that of the reference cobalt spinel

are presented in Fig. 1. The obtained diffractograms were compared to

the appropriate ICSD database entries and indexed (9362 – cobalt spinel,

163249 – Na0.6CoO2, 89454 – K0.25CoO2). The sodium cobaltate belongs

to hexagonal crystal system (P63/mmc), the potassium cobaltate the

trigonal (R3m) while the cobalt spinel has a cubic structure (Fd3m).

There is nonoticeable change in the cobalt structure in both of the surface

doped samples. On the other hand, the intercalation of alkali cations into

the cobalt oxide structure leads to significant structural changes — the

formation of layers of cobalt oxide blocks between which the Na+ and

K+ ions are located. The change in structure is apparent in the diffraction

patterns of both bulk-doped phases. Thus, the synthetic procedure led to

a formation of the sodium and potassium cobaltates of the stoichiometric

formulas of Na0.6CoO2 and K0.25CoO2.

Typical Raman spectra of the investigated materials are shown

in Fig. 2. Similarily to the XRD results, the surface-doped catalysts ex-

hibit peaks characteristic of the cobalt spinel (195, 478, 517, 617,

685 cm−1). For the alkali nanostructured catalysts, two different

broad peaks are observed located at 469 and 581 cm−1 that may be

assigned to the Raman-active out-of-plane A1g and in-plane E1g vibra-

tions, respectively, of oxygen atoms in the CoO6 octahedra. Since these

groups of atoms are present in the cobalt oxide layers of Na0.6CoO2

and K0.25CoO2, both spectra may exhibit quite similar features [25].

Minor phase impurities, originating from the cobalt spinel or an

orthorhombic cobaltate phase, were observed, which were not shown

on the bulk Raman spectra.

Semi-quantitative analysis of the samples elemental composition

verified with X-ray fluorescence spectroscopy confirmed the desired

amounts of potassium in both surface (K/Co3O4) and bulk (K0.25CoO2)

promoted catalysts. Sodium in expected amounts was detected in the

bulk promoted sample (Na0.6CoO2). In the case of the cobalt spinel

surface-promoted with sodium its detected concentration was much

lower than intended, probably due to a low atomic number and super-

ficial occurrence. The XPS analysis, however, confirmed the presence of

the sodium on the surface promoted cobalt spinel catalyst (Na/Co3O4).

The Co 2p energy range exhibits the typical features of Co3O4 for

unpromoted and alkali modified samples (Fig. 3). However, a slight

shift towards thehigher energies of theCo 2p 3/2 band indicates changes

of the mean cobalt oxidation state in the case of Na/Co3O4 and both bulk

alkali promoted samples (Na0.6CoO2, K0.25CoO2). This shift may be

brought about by an increase of the Co4+ content [26,27], but an overlap

with a band due to Co2+ [28,29] prevents an unambiguous inter-

pretation in these circumstances. In either case, a change of the mean

Fig. 1. XRD patterns of the undoped and alkali promoted (Na, K) cobalt catalysts.
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oxidation state of cobalt is evidenced. The formation of Co(IV) is rarely

evidenced in cobalt oxide based catalysts where the formation Co(II)

is rather observed. Due to this uncertain assignment of the energy

shift the decomposition of the peak may be somewhat of an overinter-

pretation. The relative intensity of the C 1 s bands indicates that the

carbonates (higher energy component) dominate the surface only in

the case of Na surface promoted sample. On the other hand, for K surface

promoted Co3O4 the ratio of the peak area due to the adventitious carbon

and carbonates is similar to those of undoped cobalt spinel. Both nano-

structured samples are only slightly enriched with surface carbonates

in comparison to Co3O4.

The catalytic activity for all the investigated alkali doped catalysts,

together with the reference Co3O4, expressed as soot conversion curves

as a function of temperature, are shown in Fig. 4. All the examined

materials are catalytically active, substantially shifting the soot oxida-

tion curve into a lower temperature range, in both applied catalyst-

soot (tight and loose) contactmodes. As expected, in the tight contact ex-

periments the catalyzed soot oxidation begins before the loose contact

mode, with the oxidation reaction beginning at c.a. 200 (bulk doping)

and 270 °C (surface doping). Both Na- and K-bulk-promoted cobalt cat-

alysts are more active than the unpromoted cobalt spinel, lowering the

T50% soot conversion by ~30 °C, whereas the introduction of alkali pro-

moters on the spinel surface decreases the catalytic activity (increase

of the T50% by 40 °C). For the potassium cobaltate catalyst (K0.25CoO2)

the total soot oxidation is reached at c.a. 400 °C (T50% of 342 °C), while

for sodium cobaltate, Na0.6CoO2, it is somewhat higher — c.a. 450 °C

(T50% of 358 °C). In loose contact the bulk promoted catalysts remain

the most active ones, initiating soot combustion at c.a. 370 °C and

reaching the total soot conversion at c.a. 650 °C. Sodium introduced at

Fig. 2. Raman spectra of the undoped and alkali promoted (Na, K) cobalt catalysts.

Fig. 3. XPS spectra of Co 2p, C 1 s, K 2p and Na 1 s (insert) energy ranges of the investigated cobalt oxide based catalyst samples.
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the surface of Co3O4 via impregnation exhibits a slight promotional ef-

fect in loose contact, while the introduction of potassium does not

have any promotional effect on the spinel activity.

4. Discussion

Based on structural and surface characterization results the investi-

gated Na- and K-promoted cobalt-oxide catalysts could be divided

into two groups depending on the place of alkali additives location:

catalysts with surface alkali and catalysts with structural alkali cations.

From the catalytic point of view, both in the case of tight and loose

soot-catalyst contacts, the bulk promotion — formation of cobaltate

phases is the most beneficial for soot oxidation. This is a similar effect

as the one observed for alkali promoted iron-oxide and manganese-

oxide catalysts, formation of ferrites and manganites, respectively [11,

12]. The observed effect can be interpreted in the light of enhancement

of the redoxproperties of alkali cobaltates in comparisonwith the cobalt

spinel. The reported charge/discharge experiments performed in the

context of their performance as electrodes indicate the possibility of

formation of cobalt in + IV oxidation state [28,29]. The stabilization of

higher oxidation states of cobalt may also play a crucial role in the

activation of gas phase oxygen and stabilization of reactive surface

oxygen species, resulting in the beneficial catalytic effect in soot oxida-

tion. The deteriorating effect of surface doping with alkali of the cobalt

spinel in tight contact was rather unexpected. We have previously

shown that the electronic properties of the catalyst play an important

role in soot oxidation [20] and that surface alkali promotion leads to

an enhanced activation of small gas phasemolecules via electron trans-

fer [6]. However, the activation of dioxygen via surface dissociation is

the first step in the catalytic oxidation in soot particles. If the surface

reactive oxygen species recombine and desorb before oxidizing the

carbonaceous soot components the catalyst will be inactive. Indeed,

we reported that recombination of surface oxygen species, originating

from N2O decomposition, is promoted over the potassium doped cobalt

spinel [30]. Thus, the relative surface activity towards dioxygen dissoci-

ation and stabilization of dissociation products plays a very important

role in catalytic soot oxidation. In the presence of alkali, surface carbon-

ates can be formed at early stages of the reaction. As we have recently

shown in [3], the potassium carbonate is the most stable form of alkali

precursor used to promote the iron spinel and provided one of the

greatest increases in activity for catalytic soot combustion. Therefore,

formation of the carbonates due to the soot oxidation typically is helpful

in soot oxidation and does not cause lowering of the catalytic activity.

The effect of decreasing the activity by alkali on the surface is not

observed for the loose contact, probably due to high temperature of

the reaction. In these conditions other effects may dominate, such as

sparse catalyst-soot contact, the mobility of the promoter or catalyst,

the diffusion of surface oxygen species from the catalyst to soot as

well as different heat transfer and ignition mechanisms. Moreover, the

increased activity of the sodium promoted surface may be due to its

higher surface concentration indicated by XPS, and thus better soot-

catalyst contact [31]. Different trends of surface alkali promotion in

loose and tight contact suggest a different mechanistic rate limiting

step of soot oxidation at different temperature windows.

5. Conclusions

A series of alkali (Na, K) doped cobalt-oxide catalysts were synthe-

sized and characterized by XRD, RS, XRF, and XPS and their catalytic

soot oxidation reactivity was compared. The doping effect of the inves-

tigated alkalis strongly depends on the location of the Na+ and K+ ions.

It was demonstrated that alkali nanostructured cobalt-oxide catalysts

exhibit excellent activity towards soot combustion both in tight and

loose contacts. The beneficial effect of alkali nanostructuration was

interpreted in terms of stabilization of higher oxidation states of cobalt,

indicated by XPS measurements. The decrease of the soot oxidation

activity in tight contact experiments due to the surface alkali doping of

cobalt spinel was explained on the basis of an increased surface oxygen

species recombination rate, which reduces their availability for the oxi-

dation reaction. Potassium cobaltate, K0.25CoO2, lowers soot oxidation

temperature by 340 °C, in comparison with non-catalyzed reaction,

attaining total soot oxidation at c.a. 400 °C.
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Abstract The effect of surface and bulk potassium pro-

motion on the transition metal oxides (Mn, Fe, Co) cat-

alytic activity in catalytic soot oxidation was investigated.

The surface promotion was obtained via incipient wetness

impregnation, whereas the bulk promotion—nanostruc-

turation—was obtained via wet chemical synthesis or solid

state reaction leading to mixed oxide materials. The

introduction of potassium into the transition metal oxide

matrix results in the formation of tunneled or layered

structures, which enable high potassium mobility. The

structure of the obtained materials was verified by powder

X-ray diffraction and Raman spectroscopy and the catalytic

activity in soot oxidation was determined by TPO-QMS

and TGA. It was found that the surface promotion does not

alter the metal oxide structure and leads to either

enhancement (Mn, Fe) or deterioration (Co) of the catalytic

activity. Simultaneously, the catalytic activity in soot

combustion of the potassium structured oxides is strongly

enhanced. The most active, cobalt oxide based catalyst

significantly lowers the temperature of 50 % of soot con-

version by *350 �C comparing to the non-catalyzed pro-

cess. The study allows for the establishment of rational

guidelines for designing robust materials for DPF appli-

cations based on ternary metal oxides.

Keywords Soot oxidation � Metal oxide � Catalyst �

Transition metal oxide � Potassium promotion

1 Introduction

The most common way to produce energy from carbon

materials is by their combustion. Among many products

obtained during this process, soot is considered as one of the

most harmful [1]. It consists mostly of an amorphous car-

bon, some of its allotropes (graphite, fullerene), unsaturated

hydrocarbons and many impurities, depending on the fuel

and the combustion process itself [2]. Due to the nanometric

size of its particles and cancero- and mutagenic properties

[3], soot is dangerous for human health. A negative effect

on global warming has also been reported [4].

Several solutions for soot emission reduction have been

proposed so far. Reactor and engine modifications are very

often expensive or technologically inapplicable. The idea

of fuel additives has also been presented [5]. A combina-

tion of a diesel particulate filter (DPF) system with the

catalytic combustion of soot seems to be the most

promising and effective solution [6–8]. As such systems

use catalysts based on platinum or palladium the increasing

price of these noble metals creates demand for a cheaper

alternative.

Many active phases based on metals and metal oxides

for catalytic soot combustion have been reported. Ceria–

based catalysts are the most widely investigated [9–11].

Some simple transition metals or oxides also exhibit good

catalytic activity and stability [12]. The most promising

materials in terms of activity, price and environmental

friendliness are based on perovskites [13, 14] and spinels

[15, 16]. The research presented in this paper is focused on

the catalytic activity of manganese, iron and cobalt spinels

in soot combustion as they are commonly known as the

catalysts for many oxidation reactions, for example

methane [17], carbon oxide [18] or aromatic compounds

[19].
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Enhancing the catalytic activity of such materials by

alkali addition has been frequently reported [20–24]. Dop-

ing occurs mainly in one of two ways: alkali cations can be

dispersed on the surface [25, 26] or intercalated into the

structure [20]. Surface modifications are believed to have a

number of effects. Firstly, they result in the modification of

the electrodonor properties of the surface [15], which may

lead to the formation of active forms of oxygen by means of

the electron transfer. Secondly, the formation of low melt-

ing point compounds or superficial carbonate intermediates

may improve soot–catalyst contact [9]. Intercalation very

often leads to layered or tunneled structures (nanostruc-

turation) enabling very high potassium cation mobility [20,

21] but can also change the catalytic activity leaving the

structure unaffected, i.e. intercalation in glass [27] or sub-

stitution of other metals [28]. The temperature of diesel

exhaust systems varies from 250 to 400 �C, but during the

regeneration step it reaches up to 700 �C [29, 30] and, in

that temperature, the aforementioned processes take place.

Previous research in this area revealed, that the calci-

nation of a spinel wet impregnated with alkali can lead to

promotion of both natures [20, 21]. The aim of this work

was to perform systematic research concerning surface and

bulk promotion in order to compare their effect for man-

ganese, iron and cobalt spinels. For such purpose not only

surface promoted spinels (K-Mn3O4, K-Fe3O4, K-Co3O4)

were prepared, but nanostructured phases (KMn4O8,

KMn8O16, KFeO2, K2Fe22O34, KCo2O4, KCo4O8) were

synthesized as well.

2 Experimental

2.1 Catalyst Preparation

Surface promotion: the surface doped catalysts were pre-

pared by wet impregnation of 1 g of the investigated spi-

nels (Mn3O4, Fe3O4—Aldrich, Co3O4—Fluka) with a

potassium carbonate (POCh) to achieve optimal alkali

loading corresponding to theoretical 0.5 monolayer, as

described in [15]. Impregnated spinels were dried at

100 �C for 1 h, and subsequently calcined at 400 �C for

4 h. The temperature was optimal for potassium cations to

disperse equally on the surface, and low enough not to

change the structure or surface area of investigated spinels.

Birnessite, KMn4O8: a glucose (POCh) solution con-

taining 14 g of glucose was mixed with a potassium per-

manganate (POCh) solution containing 8.17 g in order to

achieve a molar ratio of 1.5:1. The formed solution was

mixed at room temperature until a brown xero-gel was

formed. The excess water was filtered and the gel was dried

(100 �C) overnight. The obtained solid was calcined at

450 �C for 2 h [31].

Cryptomelane, KMn8O16: 11 g of manganese acetate

(Sigma-Aldrich) was dissolved in 40 ml of water, to which

5 ml of glacial acetic acid was added to adjust the pH. The

solution was heated to boiling under reflux and maintained

for 45 min. 6.5 g of potassium permanganate (POCh),

dissolved in 150 ml of water, was then added. The mixture

was stirred and heated for 24 h. The obtained solid phase

was filtered and washed with distilled water until neutral

pH, dried at 80 �C and calcined at 450 �C for 2 h [31].

Monoferrite, KFeO2: 2.83 g of potassium carbonate

(POCh) and 2.985 of hematite (a-Fe2O3—Merck) were

ground together for 30 min in an agate mortar. The powder

was pressed into a pellet under 6 MPa and placed in a

ceramic crucible, which was heated to 800 �C and kept at

this temperature for 1 h. Once the furnace had cooled the

crucible was removed. The pellet was then ground for

15 min, repressed and heated. The temperature of 800 �C

was maintained for 20 h. The sample was then removed

once the furnace had cooled [21].

Betaferrite, K2Fe22O34: 1.45 g of potassium carbonate

(POCh) and 8.70 g of hematite (a-Fe2O3—Merck) were

ground for 30 min in an agate mortar. The powder was

pressed into a pellet, placed in a ceramic crucible and

heated to 900 �C for 1 h. The pellet was then ground for

15 min and heated to 1200 �C for 5 h [21].

Cobaltate I, KCo4O8: 2.13 g of cobalt(II,III) oxide

(Fluka) was ground with 1.1 g of potassium hydroxide

(POCh). The solid mixture was then calcined at 700 �C for

12 h. The oven was slowly cooled to 300 �C upon which

the sample was removed and washed with distilled water.

Recipe was based on [32].

Cobaltate II, KCo2O4: 1.51 g of the sample from the

previous synthesis was then reground with 0.75 g of

potassium hydroxide (POCh), pressed into a pellet and

placed in an oven preheated to 700 �C for 19.5 h. Upon

cooling the sample was ground and washed with distilled

water [32].

Different preparation methods for the investigated

materials result from the limited possibilities of synthesis

protocols. The main focus of this study was to elucidate the

scale of the potassium promotional effect on the activity of

series of transition metal oxides with the emphasis on the

alkali promoter location. Therefore, to obtain various

nanostructured phases and surface promoted transition

metal oxides different preparation methods were applied.

Limited diversity of investigated nanocrystals shapes are a

direct consequence of the limited possibilities of synthesis

protocols. However, we are aware that morphology is an

important factor influencing catalysts activity [33, 34]. In

our case nanoneedle type crystals of cryptomelane exhibit

high soot oxidation activity related to the electronic exci-

tation of the potassium promoter at elevated temperatures

[35].
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The micrometric cerium(IV) oxide used as a reference

for the catalytic tests was commercially purchased at

Merck.

2.2 Physicochemical Characterization

The XRD patterns were recorded by a Rigaku MiniFlex

powder diffractometer with Cu Ka radiation at 10 mA and

10 kV, 2h step scans of 0.02� and a counting time of 1 s

per step. The micro-Raman spectra were recorded in

ambient conditions using a RenishawInVia spectrometer

equipped with a Leica DMLM confocal microscope and a

CCD detector, with an excitation wavelength of 785 nm.

The laser power at the sample position was 1.5 mW (0.5 of

total power) with a magnification of 920. The Raman

scattered light was collected in the spectral range of

200–850 cm-1. At least six scans, 10 s each, were accu-

mulated to ensure a sufficient signal to noise ratio. Com-

position of synthesized materials was determined by X-ray

fluorescence spectroscopy on ARL Quant’X spectrometer.

The BET surface area of the catalysts was determined by

N2 adsorption at -196 �C in an automatic volumetric

system (Autosorb-6, Quantachrome).

2.3 Reactivity Tests

Catalytic activity in soot combustion reaction of catalysts

was determined by temperature programmed oxidation

(TPO-QMS and TGA). For the TPO tests a quartz fixed-bed

reactor was heated (10 �C/min) from RT to 900 �C in an

oxygen atmosphere (5 %O2 in He) at a 60 ml/min flow. The

samples for the soot combustion tests were prepared by

weighing 0.05 g of soot (Degussa–Printex80) and the cata-

lyst in an 1:8 ratio and then ground in a mortar for 10 min

(tight contact). The changes in the gas composition upon the

soot oxidation reaction were monitored by a quadrupole

mass spectrometer (spectrometer (SRS RGA200, lines for

m/z = 46 (NO2), 44 (CO2), 32 (O2), 30 (NO), 28 (CO), 18

(H2O)). For all the investigated catalysts the observed

selectivity of the catalysts towards CO2 was complete, with

the only measured signals of CO originating from the frag-

mentation of CO2 in the quadrupole ionizer. The repro-

ducibility of the catalytic activity tests was confirmed by at

least three runs on the same material, while the stability was

assessed by 3–5 consecutive runs on the same sample adding

a new portion of soot after each complete burning e.g.,

DT50 % for some samples (K-ferrites) do not change within

the experimental limit, whereas forK-manganates catalysts a

slight deterioration was observed depending on the maxi-

mum temperature, e.g. for heating up to 700 �C the observed

shift after three runs in DT50 % reached 40 �C.

The best catalysts based on each transition metal oxide

were further analyzed by using a thermogravimetric anal-

yses (TGA) method on a Mettler Toledo TGA/DSC1

apparatus. The experiments were conducted by placing

*7 mg of the samples mixed with soot in tight contact, as

mentioned above for TPO-QMS, in a alumina crucible and

heated in the gas flow (air 40 ml/min ? purge Ar 20 ml/

min) at a temperature ramp of 10 �C/min in the range from

room temperature to 800 �C.

Fig. 1 Raman spectra and XRD patterns of manganese-based catalysts
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3 Results and Discussion

Diffraction patterns obtained for the manganese-based

phases (Fig. 1) show that surface promotion of Mn3O4 with

potassium leads to formation of small amounts of MnO2

(yellow squares). The patterns obtained for bulk-doped

manganese oxides confirm the structures of tunneled bir-

nessite and layered cryptomelane (KMn4O8 and KMn8O16,

respectively). Raman spectra of the investigated samples

confirmed the presence of MnO2 and cryptomelane on the

surface-doped catalysts by the presence of their charac-

teristic peaks [36, 37]. The Raman spectra of bulk-doped

manganese catalysts depict characteristic peaks of the

nanostructured phases [38], confirming the XRD results.

Diffraction patterns obtained for iron-based samples are

shown in Fig. 2. The diffractogram of the surface-doped

iron spinel corresponds mostly to the pattern of the refer-

ence iron spinel. The observed small reflexes (orange

Fig. 2 Raman spectra and XRD patterns of iron-based catalysts

Fig. 3 Raman spectra and XRD patterns of cobalt-based catalysts
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squares) belongs to the hematite phase, resulting from the

surface oxidation of Fe3O4. As in the case of the Mn-based

catalysts, the formation of both tunneled (monoferrite—

KFeO2) and layered (betaferrite—K2Fe22O34) structures

was confirmed. The characteristic peaks of hematite, apart

from that of the iron spinel, in the Raman spectra of the

surface-doped catalyst confirmed the XRD results. Refer-

ences to Raman spectra of the bulk-doped phases are not

found in literature, however, the peaks for betaferrite may

be assigned to vibrations based on the detailed investiga-

tions into the BaFe12O19 ferrite [39].

Diffractograms of the cobalt-based catalysts are shown

in Fig. 3. The diffraction pattern of K/Co3O4 confirms, that

surface alkali promotion leaves the spinel structure unaf-

fected. Intercalation of potassium cations into the cobalt

oxide structure leads to formation of layers of cobalt oxide

blocks between which the K? ions are located, which is

confirmed by the corresponding diffractograms. The

Raman spectra of the bulk and surface-promoted catalysts

show no additional peaks other than those characteristic for

the investigated phases [40, 41]. All the diffraction data

were indexed within the adequate space group according to

the ICSD database entries (KMn4O8—152290, KMn8-
O16—59159, KFeO2—94467, K2Fe22O34—83285, KCo4-
O8—154037, KCo2O4—6151).

The BET surface area of the catalysts were in a typical

range of 5-35 m2/g, however, since the most active phases

were obtained in high temperature solid state synthesis or

were calcined at high temperature they exhibit relatively

low surface areas of 5.6 (KMn4O8), 5 (KCo4O8) and 15

(KFeO2) m
2/g. It was found that for the investigated cat-

alysts there is no direct correlation between the activity and

surface areas. It can be underlined here that for the alkali

promoted catalyst, the electronic factor plays a primary

role over the number of catalyst-soot contacts, which are

proportional to surface area, as shown elsewhere [21]. The

low work function of the alkali containing catalyst facili-

tates the formation of O2
- (oxygen activation) [42] via the

electron transfer.

The conversion curves obtained from soot combustion

activity tests (TPO) are shown in Fig. 4. The figure depicts

the conversion of soot over the appropriate transition metal

(Mn, Fe, Co) catalyst with the unpromoted spinel as ref-

erence (curve b), the surface K-doped sample (curve c) and

the best bulk K-doped sample (curve a). Curves a thus

represent KMn4O8 (birnessite), KFeO2 (monoferrite) and

KCo4O8 (cobaltate I), respectively. The green-shaded area

depicts the temperature range in which soot is combusted

by the less active nanostructured oxides for each transition

metal i.e. KMn8O16 (cryptomelane), K2Fe22O34 (betafer-

rite) and KCo2O4 (cobaltate II). The results obtained for the

manganese-based catalysts reveal, that both surface and

bulk doping of the manganese spinel with potassium results

in an enhancement of the catalytic activity. In the first case,

the catalytic enhancement is visible even with the forma-

tion of the inactive MnO2 as small amounts of active Kx-

MnyO phases are also formed on the surface of the spinel

[14]. In the second case, intercalation of potassium into the

oxide lattice leads to formation of pure cryptomelane or

birnessite structure, resulting in an *70 �C shift of the

Fig. 4 Effect of potassium doping on catalytic activity of spinels

(a bulk promoted (KMn4O8, KFeO2, KCo4O8), b unpromoted spinel,

c surface promoted). Shaded area depicts range of soot combustion

conversion curves for the less active nanostructured catalysts
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50 % conversion temperature (T50 %) comparing to the

reference spinel.

Activity tests performed on the iron-based catalysts show

that potassium promotion of both natures leads to the

important shift of the process temperature into lower values.

The strong effect of surface doping can be associated with

the lowering of the work function of the material [15],

leading to the enhancement of the catalytic activity, possi-

bly due to an increased rate of gas phase oxygen activation

[26]. The enhanced activity of the structurally doped iron

oxide (DT50 % = 100 �C) can be, as in the case of man-

ganese oxide, a result of heightened potassium mobility.

Contrary to the Mn3O4, and Fe3O4, surface doping of

Co3O4 with potassium lowers its catalytic activity. The

promotion leads not only to the lowering of the work

function but also excessively accelerates the recombination

of active oxygen species on the surface of the catalyst [18,

43] making them unavailable for the oxidation reaction.

Bulk promotion of cobalt oxide results in formation

of the most active materials among those investigated

(DT50 %\ 350 �C) due to the modification of the oxidation

states of cobalt as revealed by XPS in [43].

For all the investigated transition metal oxides promo-

tion with potassium, both surface and bulk, leads to work

function lowering. While for the manganese and iron-oxide

materials it results in the increase of the catalytic activity it

is opposite for the surface K-promoted cobalt spinel. Since

the activation of oxygen takes place via electron transfer

from the surface for all the materials, only in the case of the

surface promoted cobalt oxide the surface oxygen recom-

bination rate is more significant than the oxygen activation,

leading to a decrease in the activity.

The results of the activity tests of the chosen, most

active catalysts performed using TGA are presented in

Fig. 5, with the reference cerium(IV) oxide. The results

confirm that both testing methods (TPO and TGA) can be

used reliably, as the sequence of the catalysts activity

remains the same. All three of the nanostructured oxides

are more active than the typical cerium(IV) oxide (Merck).

Since the reported catalytic data are collected for various

conditions (gas phase composition, soot type, soot:catalyst

ratio, contact type, analysis method, etc.) the direct com-

parison is problematic and not useful. The standard ceria

material used as a reference allows for the demonstration of

the high soot combustion catalytic activity of the investi-

gated catalysts.

Concluding the obtained results allow to elucidate the

scale of potassium promotional effect on the activity in

soot oxidation of transition metal oxides with the emphasis

on the alkali promoter location. The results clearly show

that the bulk promotion is superior to the surface one and

the sequence of catalytic activity of the most active

phase for each of the transition metal is KCo4O8[

KMn4O8[KFeO2[CeO2.

This laboratory research on powdered samples was used

for selection of materials for preparation of CDPFs (Cat-

alytic Diesel Particulate Filters). The most promising cat-

alytic materials (nanostructured ferrites and manganates)

were deposited onto SiC monolithic systems, following the

protocol described in [44, 45]. The studies in the engine

bench are in progress now.

4 Conclusions

The research presented in the paper reveals, that the effect

of doping spinels with potassium strongly depends on the

nature of transition metal. In the case of structural pro-

motion, the formation of tunneled or layered structures,

which enable very high potassium mobility, results in a

very strong enhancement of the catalytic activity in soot

combustion, with the most active, cobalt oxide based cat-

alyst lowering the T50 % of soot combustion by *350 �C.

The study allows for the establishment of rational guide-

lines for designing robust materials for CDPF applications

based on ternary metal oxides.

Fig. 5 Soot conversion as a

function of temperature for

the best obtained

nanostructured (bulk promoted)

Fe, Mn and Co-based catalysts

in tight contact conditions

using TG and TPO
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(2008) J Phys Chem C 112:13134–13140

38. Iyer A, Del-Pilar J, King’Ondu CK, Kissel E, Garces HF, Huang

H, El-Sawy AM, Dutta PK, Suib SL (2012) J Phys Chem C

116:6474–6483

39. Kreisel J, Lucazeau G, Vincent H (1998) J Solid State Chem

137:127–137

40. Inger M, Wilk M, Saramok M, Grzybek G, Grodzka A, Stelma-

chowski P, Makowski W, Kotarba A, Sojka Z (2014) Ind Eng

Chem Res 53:10335–10342

41. Lemmens P, Choi KY, Gnezdilov V, Sherman E, Chen D, Lin

CT, Chou FC, Keimer B (2006) Phys Rev Lett 96:16720

42. Yamazaki K, Sakakibara Y, Dong F, Shinjoh H (2014) Appl

Catal A 476:113–120

43. Jakubek T, Kaspera W, Legutko P, Stelmachowski P, Kotarba A

(2015) Catal Commun 71:37–41

44. Bensaid S, Russo N (2011) Catal Today 176:417–423

45. Kumar A, Tanwar D, Bensaid S, Russo N, Fino D (2012) Chem

Eng J 207:258–266

Top Catal (2016) 59:1083–1089 1089

123

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


 

 

 

 

 

 

 

 

 

Paper IV 

  



This journal is© the Owner Societies 2015 Phys. Chem. Chem. Phys., 2015, 17, 26289--26294 | 26289

Cite this:Phys.Chem.Chem.Phys.,

2015, 17, 26289

Emission of highly excited electronic states of
potassium from cryptomelane nanorods

P. Stelmachowski,a P. Legutko,a T. Jakubek,a P. Indyka,a Z. Sojka,a L. Holmlidb and

A. Kotarba*a

Cryptomelane (KMn8O16) nanorods were synthesized, characterized (XRD, Raman spectroscopy, TEM/

SAED) and investigated by species resolved thermal desorption of potassium from the material in the

range of 20–620 1C. The desorbing fluxes of ions, atoms and highly excited electronic states (field ionizable

Rydberg states) were measured using an ion collector, surface ionization and field ionization detectors,

respectively, in a vacuum apparatus. The non-equilibrium emission of potassium Rydberg species (principal

quantum number 4 30) strongly depends on the surface positive voltage bias with a broad maximum at

1–8 V. The stimulation of Rydberg species emission is discussed in terms of spatial and energetic over-

lapping between the electron cloud above the cryptomelane surface and the desorbing potassium ion.

Introduction

Metal oxides are extensively used as heterogeneous catalysts in
various chemical reactions. Their promotion with alkali has
proven to be an effective way to improve the most important
parameters of catalytic performance, i.e., activity, selectivity and
stability.1–4 Although alkali promotion is widely applied in
practice, the detailed mechanism of the alkali effects is not
well understood. This is due to high complexity of the catalytic
systems and the diversity of the effects caused by the alkali
addition. In general, the alkali addition may lead to either
surface or bulk promotion. In the case of the latter, several
phases have been intensively studied for possible catalytic
applications, e.g. potassium ferrites in ethylbenzene dehydro-
genation,5 alkali titanates for photocatalysis6 or alkali manganates
in soot oxidation.7

Nanoscale alkali doped manganese octahedral molecular
sieves (OMS’s) are widely recognized as exceptional catalysts
in total oxidation reactions.7–11 Their high reactivity is attributed
to a combination of several features including their beneficial
porous structure, redox properties arising from mixed valence
framework and high oxygen mobility.12–14 Cryptomelane is a
Hollandite type manganese oxide with a tunnelled structure
(OMS-2) nanostructured by alkali.15 The tunnels are built up of
four double-wide (2 � 2) slabs of octahedral MnO6 units, which
are connected by edges, resulting in tunnel dimensions of
4.6 � 4.6 Å.16

To explain the changes in catalyst activity resulting from
alkali promotion, several mechanisms have been proposed,
including the modification of density of states/Fermi level
characteristics, donor–acceptor energy levels or electrostatic
interactions. For some potassium doped catalysts the promo-
tional effect was suggested to originate from the electronically
excited states of alkali atoms, especially long-lived Rydberg
states.17 Due to their specific properties Rydberg states are
considered to play a unique role in catalytic reactions18 as
electrodonor species of extremely high cross-section area.

Atoms or molecules are in a Rydberg state when one or more
of their electrons have been excited to a high principal
quantum number (n 4 10), resulting in a large electronic
orbit when compared to the size of the ground state atom.
Several Rydberg states with circular electronic orbits may
condense into Rydberg matter (RM) when aligned planarly.
Identical excitation levels and the coherent motion of the
electrons are prerequisites for this process. Such clusters have
very long lifetimes19 and were found to be formed during
desorption from surfaces.14 Indeed, RM has been observed on
several potassium-loaded catalysts, such as transition metal
carbides and nitrides,20 graphite21 and zirconia,22 as well as
on noble metal surfaces.23 Rydberg states of alkali metals have
been studied experimentally for many years24,25 due to their
interesting properties – thermally stimulated emissions,26

strong long-range interactions25 and relevance to catalytic
activity.27 Among the theoretical accounts, the quantum
defect model is usually used to describe a strongly non-Born–
Oppenheimer behaviour of the Rydberg states.28,29

In this work, we report on the emission of highly excited
electronic states of potassium from a catalytically active phase
of cryptomelane of nanorod morphology.
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Experimental
Synthesis

The reflux method was used to obtain the cryptomelane phase
according to ref. 7. Briefly, 11 g of Mn(CH3COO)2 was dissolved
in 40 ml of distilled water and the pH was adjusted to 5 by the
addition of glacial acetic acid. The solution was heated to the
boiling temperature under reflux and maintained for 45 min.
6.5 g of potassium permanganate was dissolved in 150 ml
distilled water and added to the previously prepared Mn2+ acid
solution and kept under reflux by energetic stirring for 24 h.
The solid was filtered, washed with distilled water until neutral
pH and dried at 120 1C overnight. Finally, the product was
calcined in air at 450 1C for 2 h.

Physicochemical characterization

XRD patterns were recorded on a Rigaku MiniFlex powder
diffractometer with Cu Ka radiation, 2y step scans of 0.021
and a counting time of 1 s per step. The micro-Raman spectra
were recorded under ambient conditions using a Renishaw
InVia spectrometer equipped with a Leica DMLM confocal
microscope and a CCD detector, with an excitation wavelength
of 785 nm.

Microscopic characterization

Particle size and morphology were characterized using a
high resolution transmission electron microscope (FEI Tecnai
Osiris) using a X-FEG Schottky field emitter operated at an
accelerating voltage of 200 kV. Powder samples were dispersed
in ethanol, ultrasonicated, dropped into a lacey carbon-coated
copper grid then dried at room temperature.

Alkali desorption experiments

The potassium thermal desorption experiments were carried
out in a vacuum apparatus with a background pressure of
10�7 mbar. The samples were heated stepwise from room
temperature to 620 1C with a ca. 10 1C per step (0.5 V per step).
The desorbing fluxes of potassium in the form of atoms, ions
and excited matter were measured. The atomic flux was deter-
mined with a surface ionization detector, as described in
ref. 30, in which the platinum filament was heated with an
applied current of 2.2 A (1.7 V). Due to a low ionization
potential, under such conditions, only potassium atoms were
surface ionized. A positive potential of 120 V was applied to the
filament to repel potassium desorbing in the form of ions.
A positive voltage of 5 V was also applied to the sample to
prevent electron emission. The ionic flux was determined using
a plate collector and measured directly as an ionic current,
which provided a high signal level. During this measurement a
positive potential of 90 V was applied to the sample to accel-
erate the potassium ions formed at the sample surface toward
the detector. The excited potassium states were measured at a
constant temperature with a field ionization detector as
described in ref. 31. Two electrodes between the sample and
the collector were held at +150 and �165 V, respectively, to
obtain an electric field between the electrodes, which ionizes

the excited alkali species. The field strength was 550 V cm�1 in the
present case. In order to detect positive ions both electrodes were
grounded and the positive bias voltage on the sample was changed
in the range of 0–36 V. A positive signal was then measured at the
collector. In all measurements, the positive current was measured
directly using a digital electrometer Keithley 6512.

Results and discussion

The phase composition of the materials was verified by X-ray
diffraction and Raman spectroscopy measurements (Fig. 1).
The TEM microstructure characterization of the investigated
cryptomelane confirms its purity, crystallinity and well-ordered
fibre-like morphology.32–34 The diffraction lines, indexed using
the ICSD base (59159-ICSD), manifest the presence of only the
cryptomelane phase. The calculated crystal size values based on
the observed XRD line broadening (derived from the Scherrer
formula) were found to be in the 9–22 nm range, which is in
accordance with the TEM results presented below.

As shown in Fig. 1B the Raman scattering spectrum features
four main contributions (183, 386, 574, and 634 cm�1) and five
weak bands (286, 330, 470, 512, and 753 cm�1) as previously
reported in ref. 35. The well-defined spectrum indicates that
the sample is of good crystallinity, which is in line with the
structural studies presented. Following Gao et al. it can be

Fig. 1 (A) Diffraction pattern and (B) Raman spectrum of synthesized

K-cryptomelane.
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interpreted noting that the manganese atoms are five times
heavier than oxygen atoms. Therefore, it is expected that the
Mn–O vibrations mainly involve the displacement of the oxygen
atoms. The two intense bands at 574 and 634 cm�1 may be thus
assigned to the Ag symmetry species, and the vibration of Mn–O
is indicative of a well-developed tetragonal structure with the
2 � 2 tunnels. The MnO6 octahedra are connected via edges,
hence the main vibrational interactions may be found along or
perpendicular to the O–Mn–O–Mn–O chains. The presence of
heavy cations inside the tunnels affects the vibrational com-
ponents directed at the interior of the tunnel as can be seen by
the changes in the intensity of the Raman band at 634 cm�1

when the cations are replaced. This band is therefore most
likely related to a Mn–O vibration perpendicular to the direc-
tion of the octahedral chains. The Raman band at 574 cm�1 is
believed to be related to the displacement of oxygen atoms
relative to the manganese atoms along the octahedral chain.
The low frequency Raman bands at 183, 386 and 753 cm�1 were
assigned to an external vibration that derives from the transla-
tional motion of the MnO6 octahedra, Mn–O bending vibrations
and antisymmetric Mn–O stretching vibrations, respectively. The
remaining Raman bands are also thought to be attributed to
other Mn–O lattice vibrations.

TEM images revealed that the as-prepared sample was
composed of isolated nanorod-shaped particles with pyramidal
tip endings of the average length of about 500 nm and 20 nm in
width (Fig. 2). Some of the individual cryptomelane particles
were found to be agglomerated along the long axis h100i growth
direction. The selected area electron diffraction (SAED) pattern
taken from a large group of the nanorods consisted of con-
centric rings that could be indexed in accordance with the
KMn8O16 tetragonal structure. The high aspect ratio of the
nanorod morphology resulted in visible radial reflection elon-
gation in the electron diffraction pattern. High resolution TEM
images revealed lattice fringes indicating the preservation of
the crystalline characteristic of the particles. Lattice distortions
indicated the presence of dislocation defects along nanorods in
the preferred growth direction.

The thermal desorption of alkali atoms and ions was found
to begin in the 430–460 1C range, which is comparable to other
potassium-promoted materials.30,36 As presented in Fig. 3, the
Arrhenius-like plot of K+ thermal desorption exhibits a distinct
linear characteristic (correlation coefficient higher than 0.99) in
the regions specified with the filled points. The activation energy
for ion desorption was thus determined reliably (3.1 � 0.1 eV).
This value was previously found to be typical for K–Osurf for
metal oxide surfaces.37 On the other hand, the potassium atom
desorption proceeds in an exponential fashion, suggesting a
secondary process such as Rydberg state desorption and the
curve of the plot does not allow for direct activation energy
calculations. It is also possible that this behaviour is due to the
cluster formation of the desorbing Rydberg atoms, as reported in
ref. 22 and 38.

The thermal behaviour of potassium in the cryptomelane
bulk and especially on its surface is proposed to involve the
formation of electronically excited states on the surface. Such
states are formed during the emission of K+ ions from the bulk
due to the tunnelled structure of cryptomelane, which form fast
diffusion pathways. The excited states are proposed to form at
the cryptomelane surface thermally, but in non-equilibrium
concentrations. During the thermal desorption process, when
the potassium–surface bond is broken, an electron from the
low work function cryptomelane surface may be picked up to

Fig. 2 TEM overview image of as-synthesized cryptomelane manganese

oxide with the corresponding SAED pattern and nanorod HRTEM image.

Fig. 3 Arrhenius type dependence of the desorption signal of potassium

(A) cations and (B) atoms.
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form the so-called highly excited Rydberg states. These states,
due to their large cross-sections for reaction and facile electron
transfer, may easily promote the reactivity of most reactants (R)
approaching the surface and form K*–R or K–R* intermediates.
Therefore, it is not surprising that a correlation between activity
and Rydberg state emission for various catalytic processes was
observed, as revealed elsewhere.17 Indeed, as already mentioned,
cryptomelane is considered to be one of the catalytically most
active phases in oxidation reactions.39

For the measurements of Rydberg species desorption shown in
Fig. 4, the sample was heated to 585 1C (two consecutive measure-
ments) after which the temperature was raised to 590, 600 and
finally to 610 1C. After these steps the sample was cooled to 565 1C
for the final 3 measurements. At the beginning of the experiment,
two main peaks were observed, a large peak for a sample bias
between 1 and 8 V and a smaller one between 9 and 14 V. As the
measurement progressed, the high voltage peak disappeared and
the low voltage peak became resolved into two components, one
between 1 and 5 V, and the second one between 5 and 8 V.

As seen in Fig. 4, the excited K* atom signal is centred at
approximately +5 V sample bias. This is also the value of sample
bias used for the K atom signal, whose temperature variation
can be seen in Fig. 3B. At low sample voltage, the signal drops
by a factor of ten, and at large sample voltage, the signal
vanishes. This indicates directly that the emission of excited
Rydberg atoms K* is strongly increased at a few volts of positive
sample bias. Since the first electrode in the FID detector is at
+150 V, there is no possibility that the few volts of sample bias
will have any influence on the signal observed in the FID
detector through the kinetic energy of the K* atoms. Thus,
the action of the sample bias is local and it influences the
emission process at the sample surface. Similar results have
been published previously22 from a different apparatus and
another system (K on zirconia). In that case, only one sample
temperature of 830 1C was investigated. Thus, the features
shown in Fig. 4 may be of more general meaning and not be
strongly dependent on the surface or the experimental details,
like electric field strengths. However, a more in-depth under-
standing is possible here.

It is known from detailed kinetic studies of K desorption40,41

that the emission of K* Rydberg species depends on the cross-
ing over to Rydberg potential energy surfaces during the
desorption process from the ordinary atomic or ionic potential
energy surfaces. This means that the K* emission is not in
thermal equilibrium but is kinetically controlled during the
thermal desorption process. The crossing over to a Rydberg
surface requires an electron concentration outside the surface
at a distance comparable to the size of the K* Rydberg atom, of
the order of 80 nm–1 mm depending on the principal quantum
number of the Rydberg atom. This quantum number is likely to
be in the range n = 30–100, where n = 30 is the lowest quantum
number for which field ionization in the FID detector is
possible. Such a thermal electron cloud just outside the surface
always exists at a conducting surface.38,42 It is due to the surface
states of the electrons in the material, which exist at a relatively
long-distance potential for the electrons outside the surface.
The distance outside the surface over which the electrons spill
out varies, for example, with the Fermi wavelength. This means
that this distance is longer for isolators or relatively weakly
conductive materials like oxides. For semiconductors the Fermi
wavelength is also quite large, of the order of tens of nm as
required for the formation of the Rydberg species at the surface.
This effect of the extension of the surface states may be the main
feature that distinguishes metal surfaces (where Rydberg states
are not formed) from other surfaces like oxides, where Rydberg
states of alkali metals have been reported in numerous
publications.

In Fig. 5 the schematic account of the electron energetics
(upper part) and potassium potential energy (lower part) as a
function of distance from the surface is shown. The black
curves correspond to the influence of the weak electric field
due to the positive bias voltage on the sample on the electron
energy emitted from the Fermi level (EF). The electron energy
levels of potassium ions desorbing from the surface (shown in
blue) are superimposed to illustrate the possible mutual

Fig. 4 Changes of the desorption signal of the excited potassium species

from cryptomelane at various temperatures.

Paper PCCP

P
u
b
li

sh
ed

 o
n
 0

1
 S

ep
te

m
b
er

 2
0
1
5
. 

D
o
w

n
lo

ad
ed

 b
y
 U

N
IW

E
R

S
Y

T
E

T
 J

A
G

IE
L

L
O

N
S

K
I 

o
n
 2

2
/1

0
/2

0
1
5
 1

2
:1

6
:0

8
. 

View Article Online

http://dx.doi.org/10.1039/c5cp04108b


This journal is© the Owner Societies 2015 Phys. Chem. Chem. Phys., 2015, 17, 26289--26294 | 26293

alignment within a diabatic approximation. This figure implies
that the electron outside the surface can be influenced by the
external field both in energy and in distance from the actual
surface. At large sample positive bias, the electron energy
exceeds the ionisation potential of potassium, so the electrons
cannot be captured by the desorbing cations in the gas phase.
At zero bias voltage, the electron emission is more efficient
since the electrons are not restrained anymore. Their energy
corresponds to ground state energy levels such as 4s, 4p and
thus such electrons can be captured by transforming potassium
ions into atoms as observed experimentally (Fig. 3). However,
for the intermediate sample bias, at the distance where the K*
are metastable (lower part of the Fig. 5 scheme) the electron
energy matches the manifold of the highest energy levels of
K+

(g). Following the literature,29 we may expect that when
electronic motion tunes into resonance with ion desorption,
the energy exchange between the Rydberg electron and the ion-
core becomes rapid and efficient. Below the dissociation limit
of the K atom metastable Rydberg species can be formed. This
simple model implies that the formation of Rydberg atoms
requires not only the proper energy matching but also the
electron capture at the proper distance large enough for the
formation of a Rydberg atom K*. Admittedly, the figure is just a
principle diagram and a quantum chemical calculation of this
situation appears to be not straightforward at present. How-
ever, this model explains the main features of the signal
variation and desorption of potassium in the form of K, K+,
K* with the applied sample bias positive voltage (Fig. 3 and 4).
For example, since the electronic wavefunction for the surface
states in a simple one-dimensional case is exponential, it is

likely that the variation with voltage should have a similar
profile. The measured curves in Fig. 4 have such an approx-
imate shape, apart from the peaks and steps in the curves.

The local peaks and steps observed in the signal at certain
sample bias voltages, for example at 10 and 13 V in Fig. 4, have
not been described in the literature previously. They do not
appear to be of fundamental importance, since they are not
observed in all scans made. However, some of them are quite
persistent. On a heterogeneous surface as the one studied here,
several different bonding states of K and several different
regions of electronic work functions exist. Each such crystallite
surface may have a different distribution of the electron cloud
energy and distance, and preferred location of desorption. This
is likely to be the main reason for the local peak structure in the
K* signal. This explanation agrees with the fact that the peak
structure appears to be a function of the thermal history of the
sample and thus also of the temperature as seen in Fig. 4.

As mentioned in the introductory part, cryptomelane is a
very promising catalyst for the oxidation reactions. We suggest
that the activation of the reacting molecule or molecules in the
vicinity of the catalyst surface may be enhanced by the presence
of highly excited potassium states. This may be especially
important in the cases where the contact between the catalyst
and reacting substance is poor, e.g. in soot oxidation. A large
radius of RM may substantially increase the number of soot
particles, and the constituting molecules, influenced by the
catalyst as originally proposed in ref. 18 for organic molecules.
Such chemical activation via Rydberg states may occur not only
for organic molecules but also for inorganic ones as proposed
in ref. 17.

Conclusions

In conclusion, we used species resolved – thermal alkali
desorption (SR-TAD) experiments to identify the potassium
species leaving the surface of well-defined cryptomelane nano-
rods. The activation energy for K+ ion desorption was deter-
mined to be 3.1 � 0.1 eV, which is a typical value for K–Osurf for
metal oxide surfaces, whereas the K atom desorption strongly
deviates from the Arrhenius energetics. We demonstrated that
apart from the ionic and atomic species potassium also desorbs
as a Rydberg matter. The main peak of the excited K* atom
signal is centred at approximately +5 V sample bias, which is an
intermediate range of the applied voltages. We postulate that
the high intensity of Rydberg species for this particular voltage
is caused by the match of the energy and location of the surface
electrons and the energy manifold of the K+ ions. A simple
model was proposed to rationalize the speciation of potassium
desorption and the observed variation of K* signal with the
sample positive bias.
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Abstract

A layered potassium–manganese oxide, birnessite (OL:  KMn4O8) was subjected to long-term post-calcination thermal 
treatment aimed at stimulating its activity in catalytic soot oxidation. The 12 h thermal treatment at several temperatures 
(425, 500, 550 and 650 °C) in atmospheric conditions resulted in the swift transformation of the layered material into the 
tunnel-shaped octahedral molecular sieve cryptomelane (OMS-2:  KMn8O16). The obtained materials were thoroughly char-
acterized using powder X-ray diffraction, Raman spectroscopy,  N2-BET specific surface area analysis, and transmission 
electron microscopy techniques. With increasing temperature of thermal treatment, the concentration of OMS-2 increased, 
which was confirmed by Rietveld analysis, and dominated the material properties, notably the lowering of work function of 
the catalysts (Δϕ = 0.2 and 0.4 eV in air and vacuum, respectively). The obtained results reveal the high catalytic activity 
of the OMS-2 formed from the thermal transformation of the OL material compared to both the parent OL material and the 
uncatalyzed soot oxidation reaction. The achieved catalytic activity showed direct correlation with the temperature of pre-
treatment, with the most active catalyst being calcined at 550 °C/12 h, and lowering the temperature of 50% soot conversion 
 (T50%) by spectacular 150 °C in loose contact. The catalytic activities were found to correlate well with the work function 
(low work function–high catalytic activity), confirming the electron transfer from the catalyst surface to oxygen molecule 
as the important step in the soot oxidation mechanism over mixed potassium–manganese oxides. The beneficial effect of 
thermal pre-treatment was found to last over multiple runs, maintaining a  T50% lower by 100 °C compared to the untreated 
parent material. The obtained results indicate the importance of the temperature treatment for the catalytic performance of 
potassium promoted transition metal oxides as catalytically active phases for efficient soot removal in the conditions present 
in combustion engine exhaust gases.
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1 Introduction

For the last half-century, one of the most pressing issues 
facing society is the intensified release of soot particles 
derived from the incomplete combustion of fuels, especially 
from automobile sources such as vehicles powered by com-
bustion engines. Soot particles, because of their nano and 
micro size, may easily enter into the body through the skin 
or lungs and show mutagenic and carcinogenic properties [1, 
2]. Soot may also contain additional pollutant fractions, such 
as polycyclic aromatic hydrocarbons (PAH), nitro-PAH and 
soluble organic fractions (SOF) [3], condensed onto the sur-
face. Therefore, strict standards for particulate matter (PM) 
emission from combustion engines have been introduced, 
stimulating research aimed at the abatement of particulate 
pollution [4].

Diesel particulate filters (DPF) and catalytic convert-
ers are known for their effectiveness in reducing the emis-
sion of pollutants (soot, PAH, SOF) into the environment. 
The combustion temperature of many pollutants, such as 
soot (550–650 °C), is much higher than the temperature 
of exhaust gases and would normally damage the systems 
meant for their abatement [3, 5]. Therefore, both DPF’s and 
catalytic converters make use of catalytic materials, which 
lower the temperature of combustion of the pollutants pass-
ing through the system to more manageable temperatures 
(between 150 and 400 °C) [6, 7]. The efficiency of soot par-
ticles removal in CDPF (catalytic diesel particulate filter) 
systems highly depends on the number of points of contact 
between particles of soot and the catalyst. Therefore, litera-
ture describes several modes of experiments, which are per-
formed to best simulate the different contact modes: “tight” 
contact represents a simulation mode, where the number of 
contact points is the highest, “loose” contact refers to condi-
tions more closely resembling those that occur in the diesel 
engine, without as many contact points as in the previous 
contact mode [8].

The most prominently used commercial catalysts are 
based on noble metals (Pt, Pd, Rh) dispersed over supports 
(ceria, alumina) [9, 10]. The price and availability of these 
materials increasingly motivates the search for competi-
tive alternatives. Among them, the transition metal oxide 
(Fe, Co, Cr, Cu, and Mn) based systems are promising can-
didates, as they are reported to act as catalytically active 
phases in soot combustion [11–16]. The catalytic activity of 
these catalysts may further be augmented by the application 
of promoters such as alkali [17–19]. The electro-donor prop-
erties can be tuned through either bulk or surface promotion 
by alkali cations [20]. This promotes the electron transfer 
from the catalyst to oxygen, forming reactive oxygen species 

(ROS), such as  O2
2−,  O2

− and  O−, at the catalyst surface. 
Alkali bulk promotion of transition metal oxides may be 
considered as the process of nanostructuration, in which the 
heterocations force the modification of the original oxides 
structure, forming tunnels and layers.

Among manganese oxides, birnessite and cryptomelane 
are often the subjects of intense research due to their high 
catalytic activity in numerous reactions [21–27]. The high 
reactivity of both phases can be assigned to a combina-
tion of several features, such as beneficial porous struc-
ture, redox properties due to the mixed valence framework, 
and high oxygen mobility [22, 28–30]. Octahedral layered 
birnessite (OL—Fig. 1a) is a phyllomanganate-type lay-
ered oxide, comprised of sheets of edge-sharing  MnO6 
octahedra [31]. The interlayer space may contain a range 
of monovalent (alkali) or bivalent cations as well as water 
[32, 33]. Cryptomelane, a hollandite type manganese oxide, 
is a nanoscale alkali doped manganese octahedral molecu-
lar sieve (OMS-2—Fig. 1b), in which the  MnO6 octahedra 
build a three-dimensional, tunneled structure, nanostruc-
tured mainly by alkali cations [22]. The type and concentra-
tion of intercalated cations stabilize the layered or tunneled 
structure of birnessite or cryptomelane, with their charge 
offset by the oxidation state of the manganese in the octa-
hedra, where the manganese cations can easily change their 
oxidation state from  Mn4+ to  Mn3+. Both structures facilitate 
the mobility of the enclosed alkali cations. With increasing 
temperature this mobility can be observed in the following 
processes: diffusion in the tunnels/layers, segregation on the 
surface and desorption from the surface in the highest tem-
peratures [34, 35]. Therefore, the temperature treatment of 
the K–Mn–O mixed oxides can have a strong implication on 
their final structure and thus the catalytic properties.

The transformation of OL to OMS-2 has been noted to 
occur during thermal and hydrothermal treatments. Hydro-
thermal treatment is known to stimulate the OL to OMS-2 

Fig. 1  Structures of the layered OL and the tunneled OMS-2 potas-
sium–manganese-oxide catalysts
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transformation, either through the removal of the surplus 
potassium cations or introduction of transition metal cations 
[36, 37]. Nonetheless, some cations must be present to stim-
ulate growth of the tunnel structure, as complete removal of 
intra-layer cations leads to formation of nsutite from birnes-
site, while the presence of  K+ was found to promote the 
transformation to OMS-2 [38]. The calcination of potassium 
containing OL yields pure OMS-2, whereas substitution of 
potassium with transition metals cations of adjustable oxi-
dation states may lead to the framework-doping of OMS-2 
[39–42].

The aim of this paper was to follow the thermal trans-
formation of OL to OMS-2 through post-calcination ther-
mal activation (425 °C, 500 °C, 550 °C, and 650 °C) in the 
context of stimulating catalytic activity in soot combustion. 
The studies put specific focus on determining the changes of 
morphology, structure, electron-donor properties and cata-
lytic activity, revealing the beneficial transition of layered 
OL to the more active tunneled OMS-2. Such investigation 
will aid in rational design of cheap and efficient catalysts for 
soot oxidation, with properties which can be optimized via 
the appropriate thermal pre-treatment.

2  Experimental

2.1  Materials

K-birnessite (OL) was prepared by a sol–gel method. In a 
typical synthesis, a 1.5 M solution of glucose was added to 
0.3 M solution of potassium permanganate under vigorous 
stirring. Afterward, the catalyst was dried at 80 °C over-
night and subsequently calcined at 450 °C for 2 h. The series 
of thermally modified catalysts were obtained by dividing 
the product into even batches, which were treated for 12 h 
in various temperatures (425, 500, 550, and 650 °C) under 
atmospheric conditions.

2.2  Methods

The X-ray diffraction was recorded by a Rigaku MiniFlex 
powder diffractometer with Cu Kα radiation at 10 mA and 
10 kV, step scans of 0.02° and counting time of 3 s per step. 
Rietveld analysis of the registered X-ray diffraction patterns 
was carried out using the MAUD software [43]. The analysis 
was performed within the Bragg–Brentano geometry, with 
the goniometer radius equal to 150.0 mm and equatorial and 
axial slits of 1.25°, for both arms of the device.

The Raman spectra were measured in ambient condi-
tions using a Renishaw InVia spectrometer equipped with 
a Leica DMLM confocal microscope and a CCD detector, 
with an excitation wavelength of 785 nm. The laser power 
at the sample position was 1.5 mW with a magnification 

of 20 × and a focus of 25%. The Raman scattered light was 
collected over 9 runs in the spectral range of 100–900 cm−1.

TEM images were obtained using a Philips Tecnai F20D 
microscope with a field emission gun. The accelerating 
voltage was 200 kV and the resolution 0.2 nm. Samples 
were prepared by dispersing in methanol and sonicating for 
15 min. They were dispersed on holey carbon film copper 
grids.

For evaluation and comparison of electron-donor proper-
ties, the measurements of work function (or more specifi-
cally contact potential difference (CPD)) were conducted by 
means of a Kelvin probe (McAllister KP6500). A stainless-
steel electrode (d = 3 mm, ϕreference = 4.32 eV) was used as 
a reference. Work function value is determined by the fol-
lowing equation: ϕsample =  ϕreference − CPD. For each meas-
urement, approx. 0.1 g of each sample was pressed under 
6 MPa for 1 min to form a pellet. The procedure of a typical 
measurement was as follows: the surface of the investigated 
sample was standardized by the thermal pre-treatment in 
400 °C for 15 min in vacuum  (10−6 Pa) to desorb the surface 
contaminants. Afterward, the sample was cooled and the 
CPD was measured at 150 °C without exposure to air. In 
order to test the influence of the thermal treatment on work 
function, after the surface standardization, the untreated 
catalysts were subjected to in situ temperature treatment at 
different temperatures (300, 400, 425, 500, 550 and 650 °C) 
for a total of 105 min. After each heating interval, the sample 
was cooled to 150 °C for measurement.

The activity of all synthesized and thermal-treated cata-
lysts was determined by the temperature-programmed oxi-
dation (TPO) of soot. In this case, model soot—Printex 80 
Degussa—was mixed with the catalyst with a 1:8 mass ratio 
by mixing in an Eppendorf tube by shaking for 10 s follow-
ing the loose contact method. A quartz fixed-bed reactor was 
heated from RT to 700 °C at 10 °C/min while a gas mixture 
of 5%  O2 in He was passed over at a rate of 60 ml/min. The 
progress of the reaction was tracked in situ by a quadrupole 
mass spectrometer SRS RGA200 by monitoring the concen-
tration of the main reagents (lines for m/z = 18  (H2O), 28(N2/
CO), 32  (O2) and 44  (CO2)).

3  Results

Diffractograms obtained for the investigated samples are 
shown in Fig. 2a together with the appropriate references. 
Their examination revealed the initial diffraction lines 
belonging to OL in the untreated sample and their subse-
quent disappearance in lieu of characteristic maxima of 
OMS-2 upon prolonged thermal treatment. The OL catalyst 
and the forming OMS-2 were indexed in the R3

−
m (ICSD-

152,290 [44]) and I4/m (ICSD-59159 [45]) space groups, 
respectively. Rietveld analysis quantified the concentration 
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of the constituent phases. The results are presented in 
Table 1. After prolonged treatment at 425 °C the catalyst 
contained a majority of OMS-2, which only increased with 
higher temperatures. 

At ~ 550 °C the catalyst is almost purely comprised of 
OMS-2.

The measured Raman spectra of the tested catalysts 
with marked identifiable bands can be found in Fig. 2b. 
The spectrum of the untreated catalyst shows typical 
bands for OL. The two most prominent bands at 570 and 
639 cm−1 can be assigned to vibrations of the tetragonal 
structure in the interstitial space of the tunnels. The first 
vibration is caused by the movement of oxygen atoms rela-
tive to the manganese atoms along the  MnO6 octahedral 
chain. The movement of oxygen in a perpendicular direc-
tion to the chain is the source of the latter band. Literature 
depicts broad bands near ~ 285 and ~ 395 cm−1 assignable 
to the vibrational mode of K–O bonds within the interlayer 
space, which can be discerned on the spectrum [46–49]. 
The spectra of the thermally treated catalysts show the 
visible transformation of OL to OMS-2, although both 
nanostructured manganese oxides exhibit similarly placed 

bands. The most characteristic bands for OMS-2 can be 
found at 577 and 632 cm−1 and assigned to the same vibra-
tions as in the case of OL. As the main building blocks 
of the OL and OMS-2 structures are constituted of  MnO6 
octahedral chains, the Mn–O vibrations being of the same 
nature are over imposed. However, due to the different 
local symmetry (layered vs tunneled) the intensities can 
be used to determine the transformation.

The band at 183 cm−1 can be assigned to the translational 
movement of the  MnO6 octahedra. The remaining bands 
(290, 510 and 730 cm−1) are also characteristic for OMS-2 
as described elsewhere [46, 50]. The most obvious change 
following the thermal transformation is the lowered intensity 
of the OL band near 639 cm−1 and the increased intensity 
of the OMS-2 bands at 183 and 577 cm−1. This follows the 
decrease of Mn–O–Mn vibrations in the interlayer direction 
and the increase in vibration in the interstitial space of the 
tunnels. All changes are gradual and become more promi-
nent with the increased temperature.

The specific surface area of the investigated samples 
(Table 1) showed an initial increase and subsequent lower-
ing of specific surface area. The increase can be attributed 
to the formation of OMS-2 nanorods and the reorganisation 
of the amorphous phase into an organised structure, while 
the subsequent loss of surface area could be due to sintering. 
As demonstrated elsewhere, the surface area of the alkali-
promoted catalysts is not the determining factor for high 
activity in soot combustion. The more important parameter 
is the electronic factor, which is known to play a primary 
role over the number of catalyst-soot contacts, which are 
proportional to the surface area [21, 22]. The low work func-
tion of the alkali-containing catalyst facilitates the formation 
of  O2

− (oxygen activation) via the electron transfer.

Fig. 2  a XRD patterns of the investigated OL catalysts calcined at different temperatures, b Raman spectra of the thermally treated potassium–
manganese-oxide catalysts (dotted lines represent OL, solid lines represent OMS-2)

Table 1  Rietveld analysis and specific surface area of the thermally 
treated potassium–manganese-oxide catalysts

OL content/% OMS content/% Amorph. 
content/%

SSA/m2/g

Untreated 65.27 1.13 33.6 16
425 °C/12 h 28.47 71.53 0 36
500 °C/12 h 13.81 86.19 0 20.6
550 °C/12 h 3 96.99 0 22

650 °C/12 h 1.23 98.77 0 10
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The series of catalysts treated at various temperatures for 
12 h as well as the untreated sample were thoroughly exam-
ined using TEM (Fig. 3). The analysis revealed the irregular 
shape and plate-like morphology of the untreated catalyst, 
which is consistent for many OL catalysts. A d-spacing of 
0.63 nm can be determined, which was not observed for the 
treated catalysts. Starting with the catalyst treated at 425 °C, 
the presence of nanorods is clearly visible. The measured 
d-spacings for the treated catalysts include 0.69 nm and 
0.49 nm, which in literature correspond to the 110 and 200 
facets of OMS-2.  With increasing treatment temperature, 
the amount of nanorods found is increased and their arrange-
ment is changed. At lower temperatures the nanorods contain 

greater space between them, while at higher temperature the 
nanorods are clustered together, complementing the SSA 
analysis.

The untreated catalyst was subjected to thermal treat-
ment in the Kelvin Probe apparatus to follow the effect on 
work function (Fig. 4a). At low temperatures (300, 400 and 
425 °C) little to no change of work function was observed. 
With higher temperatures (500, 550, 650 °C) the work func-
tion was found to be lowered. The effect continued and was 
found to plateau (500, 550 °C) or be reversed, returning to 
higher work functions (650 °C). In the case of the catalyst 
treated at 500 and 550 °C the lowered ϕ can be attributed to 
the migration of potassium cations from within the tunnels 

Fig. 3  TEM images of the untreated and thermally treated catalysts (inserts contain higher resolution images)

Fig. 4  Effect of thermal treat-
ment on the work function of 
OL: a in situ heating in the 
Kelvin probe, b external heating 
in a furnace for 12 h
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to the outermost surface as well as the release of surface 
oxygen. Segregation of potassium at the surface, as well as 
oxygen release, are known to cause the decrease in work 
function value [51, 52]. Both processes are not observed at 
lower temperatures, during which the mobility of cations is 
restricted to the layers or tunnels of the material.

At the higher temperature (650 °C) the ϕ changes are 
caused by competition of two interlaced processes: cation 
migration to the surface and subsequent thermal desorption. 
The first is responsible for the decrease of ϕ while the latter, 
causing the drop in potassium surface coverage, increases 
it [22]. Due to high potassium desorption flux at high tem-
perature, in order to avoid contamination of the Kelvin probe 
vacuum chamber, the samples calcined for 12 h were meas-
ured after ex situ calcination in a furnace. The results fol-
low a similar trend, with heat treatment tending to lower ϕ 
(Fig. 4b).

As expected, the 12 h thermal treatment affected the 
catalytic activity of the materials in loose contact with soot 
(Fig. 5). All tested samples were found to be catalytically 
active compared to the uncatalyzed soot oxidation reaction. 
The graph depicting soot conversion follows the sequence 
observed in the work function tests, with low-temperature 
modification being less active (higher ϕ) and high-temper-
ature treatment allowing for significant improvement of 
catalytic activity (lower ϕ). Compared to the uncatalyzed 
reaction the use of the untreated catalyst lowered the tem-
perature of 50% soot conversion by ~ 50 °C, while the most 
active catalyst lowered the soot oxidation temperature win-
dow by a spectacular ΔT50% = 150 °C. In the Fig. 5 insert, a 
correlation between work function and catalytic activity is 
presented. The higher catalytic activity is observed for the 

catalysts with lower work function, which were treated in 
higher temperatures. The found correlation has important 
practical meaning, as it points at a moderate thermal pre-
treatment of 550 °C as the most beneficial for preparing the 
highly active catalyst. Furthermore, the increased activity 
with low work function reveals the main reaction pathway 
of soot oxidation over these materials. The low work func-
tion facilitates electron transfer from the catalyst surface to 
the oxygen molecule. As a result, reactive oxygen species 
(ROS), such as  O2

2−,  O2
− and  O− are formed at the catalyst 

surface, which is beneficial for the oxidation reaction. It is 
also worth noting, that the total transformation into OMS-2 
results in a slightly less active material while the most active 
catalyst contains a majority of OMS-2 phase with a minor 
amount of OL.

The stability of the catalyst treated at 550 °C was ascer-
tained by performing multiple tests on the same sample over 
consecutive runs in loose contact. As presented in Fig. 6, 
the initial catalytic test is always the most active (run 1), 
lowering the  T50% by 100 °C compared to the parent catalytic 
material (untreated catalyst). In the subsequent runs (runs 2 
through 4) the activity is somewhat lower (ΔT50% = 60 °C) 
but still much higher than for the untreated catalyst. These 
results suggest that the thermal treatment is beneficial not 
only for the initial catalytic activity but is sustained over 
time.

4  Conclusions

The paper follows the beneficial transformation of the lay-
ered OL towards a highly active tunneled OMS-2 potas-
sium–manganese-oxide catalyst for soot oxidation due to 
thermal treatment in the temperature range of 400–650 °C. 
With higher temperatures, the thermal treatment of OL 
results in the increased concentration of OMS-2, as well as 
the modification of morphology, surface area and the work 

Fig. 5  Soot conversion over catalysts treated for 12 h at chosen tem-
perature and correlation between catalytic activity  (T50% of soot con-
version) and work function of catalysts thermally treated for 12  h 
(insert)

Fig. 6  Stability of catalytic activity of catalyst calcined at 
550 °C/12 h over subsequent tests
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function of the prepared series of catalysts. The thermal 
treatment strongly modifies the electro-donor properties 
of the catalyst gauged by the work function (Δϕ = 0.4 eV), 
and the catalytic activity in soot oxidation. The most active 
catalyst prepared at 550 °C over 12 h in air lowers the tem-
perature of 50% soot conversion  (T50%) by 150 °C in loose 

contact compared to the uncatalyzed reaction. The increased 
activity was found to be stable over several catalytic runs, 
showing the long-term benefits of the thermal activation 
with the  T50% lowered by 100 °C compared to the parent 
catalytic material. The catalytic activity was found to cor-
relate with work function, as higher catalytic activity is 
observed for catalysts with low work function, revealing 
the electron transfer from the catalyst surface to oxygen as a 
significant mechanistic step in soot oxidation via the forma-
tion of reactive oxygen species. The obtained results point 
out the significance of thermal treatment optimization of the 
K–Mn–O nanostructured oxides for their catalytic activity 
in soot oxidation.
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Abstract 

A series of layered birnessite (AMn4O8) catalysts with different Group I cations (A = H+, Li+, Na+, 
K+, Rb+ or Cs+) located in the interlayer structure was synthetized producing catalytic materials. These 
have been characterised to determine their phase-purity, structure, textural properties, and their ability 
to donate electrons and supply oxygen species. The characterisation data have been examined for 
correlations with the catalytic activity of the materials in environmentally significant oxidation 
reactions. Although work function measurements show that electron donation becomes more facile as 
a function of atomic number of the alkali metal, the catalytic activity does not follow the same trend. 
Instead, the order of activity is consistently H- > Li- > Na- > K- > Rb- > Cs-birnessite, which 
correlates with the availability of lattice oxygen, as measured by O2 evolution by thermogravimetric 
analysis. The results are consistent with a mechanism in which nucleophilic oxide ions are the active 
oxidising species for total oxidation of VOC, oxidation of NO to NO2, and soot combustion 
(irrespective of whether the soot is in loose or tight contact with the catalytic materials, and whether or 
not NO is present in the gas-phase).  
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- layered birnessites containing different Group I cations (H+ to Cs+) were investigated as catalysts 
for soot and VOC oxidation 

- The incorporated Group I cations facilitate oxygen vacancy/lattice ion replenishment and 
formation of reactive oxygen from the catalyst bulk 

- the oxygen evolution was found to be beneficial for the combustion of soot and VOC, as well as 
the oxidation of NO to NO2 

-The highest activity was found for H-birnessite due to its exceptional oxygen evolution 
capabilities  

1. Introduction 
While renewable energy sources are becoming increasingly popular, fossil fuels still play a crucial 

role in society. They are used both in the power generation and transportation sectors, where pyrolysis 
or incomplete combustion of carbon containing fuels ubiquitously take place, leading to the formation 
and emission of carcinogenic and mutagenic pollutants. Among these are soot, volatile organic 
compounds (VOC) and polyaromatic hydrocarbons (PAH), which can lead to the formation of smog 
and are detrimental to human well-being [1–4]. Soot is the amalgamation of numerous substances 
containing carbon, from amorphous to ordered graphitic structures, polyenes and graphene. The 
nanometric size of soot particles allows for easy escape into the environment, where they can become 
suspended in the air and can then penetrate into living organisms through the lungs or skin. Long term 
exposure to soot can lead to a number of illnesses, including carcinogenic and mutagenic changes or 
lung and heart problems [5–7]. Volatile organic compounds are a group of substances, which have 
high vapour pressure at low temperatures. Thus, the definition envelopes a wide range of substances, 
from simple alkanes to polycyclic aromatic hydrocarbons, of which many are hazardous to the 
environment or human health due to their toxicity and reactivity [8–10]. Among the most harmful non-
halogenic VOCs are benzene, benzopyrene, toluene, formaldehyde, propylene, acetone and styrene 
[9,11–13].  

 A large source of the aforementioned pollutants are combustion engines, where the complicated 
process of fuel combustion leads to many parallel reaction pathways with numerous hazardous types 
of pollutants formed. In the changing environment found in engines, VOCs are formed due to the 
pyrolysis and incomplete combustion of fuel. These pollutants may then undergo polymerization to 
form aromatic compounds and PAHs, and with further agglomeration and coagulation these products 
form soot particles. The actual composition of the exhaust gases depends on the fuel composition, the 
instantaneous temperature inside the engine cylinders and the fuel to oxygen ratio. Nevertheless, both 
soot and VOCs are always ubiquitous combustion products with varying proportions. With advances 
in biofuels, specific VOCs are sometimes used as fuel additives or as fuels themselves.  

One of the most promising ways to reduce soot and VOC emissions from combustion engines is 
through the use of supported catalytic materials in monolithic catalytic converters and catalysed soot 
filters [14], which can lower the temperature of soot, VOC and PAH combustion, allowing for their 
elimination before they can be released from the tail-pipe of the vehicle. Most currently used oxidation 
catalysts are based on platinum-group metals (Pt, Pd, Rh) dispersed over oxide supports (ceria, 
alumina) [9,15], which have both high thermal stability and excellent resistance to poisoning [16]. 
Lower exhaust-gas temperatures and the prevalence of low-sulfur fuel present an opportunity for the 
development of more competitive and earth-abundant catalytic substitutes. A wide spectrum of 
materials has been tested in this regard, among which are simple oxides, mixed oxides, perovskites, 
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and spinels [8,17–24]. The catalytic activity of these systems can be further modified by surface or 
bulk promotion with low loadings of noble, transition or alkali metals [25–31].  

Manganese oxides nanostructured by alkali, such as the layered birnessite (AMn4O8), are reported 
as highly promising candidates for substituting the noble metal based systems, as they use more 
abundant raw materials, are environmentally safe and highly active in oxidation reactions [12,13,32]. 
The octahedral layered birnessite (OL-1) is formed from edge-sharing MnO6 octahedral units forming 
a two-dimensional (2D) layered structure (Fig. 1). The layers are typically ~7 Å apart and can contain 
different exchangeable cations (e.g. K+) as well as molecules in the interlayer space [33,34]. Their 
high reactivity stems from a combination of several features, (e.g. beneficial porous structure), high 
oxygen mobility and redox properties due to the mixed valence framework [35]. 

 

Fig 1. Layered structure of the investigated birnessite phase. The purple/red spheres represent the 
MnO6 octahedral units, while the white spheres denote the potential positions occupied by alkali 
cations. 

The aim of this work was to explore the effects of incorporating protons or different alkali cations 
(Li+, Na+, K+, Rb+ or Cs+), in the interlayer space between MnO6 octahedral layers of birnessite, on the 
catalytic activity of such materials in soot and VOC oxidation reactions. Such information can be 
expected to aid in rationally designing a cost-effective and efficient noble metal-free catalyst for low 
temperature oxidation reactions. Each of the alkali-containing catalysts was synthesized by a 
coprecipitation method, in which the cation was added to a manganese precursor before allowing the 
formation of the layered birnessite structure, thus assuring no contamination with other cations (as 
occurs when alkali metals are introduced via ion exchange). The combustion activity of the series of 
prepared catalysts was tested in soot, methane and propane under oxygen-rich conditions. Since NO is 
also found in the exhaust of combustion engines, we further investigated the materials for their ability 
to convert NO to NO2, which is often a key intermediate in the oxidation of soot and in the overall 
process of selective catalytic reduction of NOx to N2. 

2. Experimental 
2.1 Material synthesis 

The birnessite-type catalysts (AMn4O8) with alkali-metal cations intercalated into the interlayer 
space were prepared by the oxidation of Mn2+ in an alkaline solution [34]. In a typical synthesis, a 
mixture of 3% H2O2 and 0.6 M AOH (where A is Li, Na, K, Rb or Cs) was poured into a 0.3M 
solution of Mn(NO3)2 under vigorous stirring for 10 minutes. The obtained, dark product was kept in 
the reaction solution in room temperature for 24 hours. Afterwards, the precipitate was filtered, 
washed generously with distilled water and subsequently air dried in 80°C. Thereafter, the obtained 
products were heated at 4 oC/min and calcined in 450oC for 2 hours. The material reported as H-
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birnessite was obtained by ion exchange. In this case 3 g of synthetic Na-birnessite was stirred in an 
acidic solution (pH = 1) for 21 hours [33]. The product was then filtered, dried and annealed as above.  

2.2 Characterization methods 

The relative bulk concentration of elements was determined using an energy-dispersive X-ray 
fluorescence spectrometer (Thermo Scientific, ARL QUANT’X). In a typical measurement, an 85 mg 
sample was pressed under 6 MPa for 1 minute to form a pellet of 10 mm in diameter. X-Ray radiation 
in the range of 4-50 kV was generated by a Rhode anode, the collimator size was 1 mm and a, 3.5 mm 
Si(Li) drifted crystal with Peltier cooling detector were used. The XRD patterns were recorded by 
means of a Rigaku MiniFlex powder diffractometer with Cu Kα radiation (λCuKα = 0,15406 nm) at 40 
kV and 15 mA, 2θ step scans of 0.02° and a counting time of 0.8 sec. per step for the range of 10-55 
degrees. The Raman spectra were recorded in ambient conditions using a Renishaw InVia 
spectrometer equipped with a Leica DMLM confocal microscope and a CCD detector, with an 
excitation wavelength of 785 nm. The laser power at the sample position was 3 mW (1% of total 
power) with a magnification of 20x. Raman scattered light was collected in a spectral range of 100-
800 cm-1. At least 9 scans, 15 second each, were accumulated.  

Morphology and crystallinity of the synthesized catalysts were assessed by transmission electron 
microscopy (TEM) using a FEI Tecnai Osiris microscope equipped with an X-FEG Schottky high 
brightness electron source, operated at accelerating voltage of 200 kV. The TEM structural analysis 
was performed using Selected Area Electron Diffraction (SAED) pattern method. Samples for TEM 
characterization were placed on a lacey-carbon film supported on a Cu TEM grid. 

Thermal stability of the catalysts was determined by thermogravimetric measurements using a 
Mettler Toledo TGA/DSC instrument. In a typical measurement, approximately 5 mg of sample was 
placed in a 150 µl alumina crucible and heated in Ar flow (60ml min-1) in the temperature range of 30 

– 850oC with a 10oC min-1 heating rate. In parallel, a similar heating program was applied to follow the 
evolution of H2O, CO2 and O2 from the catalysts by using a mass spectrometer (SRS RGA200). 
Analysis of the TG and QMS results allowed for the determination of desorbing species responsible 
for the samples mass loss.  

Work function measurements (or more specifically contact potential differences) were investigated 
to evaluate electron-donor properties of materials using a Kelvin probe (McAllister KP6500 equipped 
with stainless-steel, reference electrode – d=3mm, Φref. = 4.32 eV). Typical measurements were carried 
out in a vacuum of 10-6 Pa using 0.1 g of sample, pressed under 6 MPa for 1 minute to form a pellet 
with a diameter of 10 mm. First, the sample was heated to 400oC and maintained for 15 minutes in 
such conditions to standardize the sample surface. Afterwards, the sample was cooled to 150oC and the 
CPD was measured.  

The catalytic activity of the synthesized catalysts was determined by performing soot, methane and 
propane oxidation tests. Catalytic activity in soot oxidation was determined by temperature-
programmed oxidation (TPO) using a model soot (Printex 80 Degussa). Measurements were 
conducted in different modes (loose or tight contact) and different composition of the flowing gas (5% 
O2 in He, 3.75% O2 + 0.25% NO in He). A loose contact mixture was prepared by shaking the soot 
and catalyst in a vial for 10 s, while tight contact was achieved through thorough grinding in an agate 
mortar for 10 minutes. The catalyst – soot mixture with mass ratio 8:1, was placed in a quartz fixed-
bed reactor was heated from room temperature to 700oC at 10oC min-1 while the proper composition of 
gases was passed through the reactor at a rate of 60 ml min-1. The activity of the materials in NO 
conversion to NO2 was tested by depositing the same amount of catalyst as in soot combustion tests 
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and washing it with a O2-NO mixture following the aforementioned heating program and flow rate. 
The progress of the reaction was tracked by a quadrupole mass spectrometer (SRS RGA200) 
following the lines for m/z = 18 (H2O), 28 (CO/N2), 30 (NO), 32 (O2), 44 (CO2) and 46 (NO2). The 
results were used to prepare conversion curves, which allow for reliable determination of the 
temperature of 50% soot conversion (T50%). 

The catalytic tests for methane and propane oxidation were carried out at atmospheric pressure in a 
fixed-bed stainless steel tubular flow reactor. 50 mg of the catalyst was placed between quartz wool in 
a steel rod. The gas mixture passed through the reactor contained 5%O2 + 0.4% CH4 and 5%O2 + 0.1% 
C3H8 for methane and propane respectively. The reaction temperature was increased from RT to 500 
°C (propane) or 600°C (methane) in incremental steps, allowing for the temperature to stabilize every 
50°C in order to measure the catalytic activity at steady state. The reactions were tracked by a Gasmet 
FT-IR following the products (H2O, CO, CO2), possible by-products (C3H6) and VOC gases (CH4, 
C3H8). CO2 was the major product observed in the oxidation of short chain alkanes with typical 
selectivity of over 99%. 

3. Results and discussion 
Diffractograms, Raman spectra and results of thermogravimetric analysis of the birnessite series 

containing different alkali cations are displayed in Fig 2, while Table 1 shows the corresponding 
elemental compositions (from XRF measurements). The diffraction patterns confirm the phase-purity 
of the prepared materials, as no other reflections, apart those assignable to birnessite, are present. A 
noteworthy difference between the diffractograms is the position of the first reflection at ~12 ° (Table 
1). The 2ϴ value of this line determines the separation of the layers in the birnessite phase, which is 
influenced by the introduced alkali cations. With the exception of H-birnessite, the introduction of 
cations with larger radii increasingly separates the layers.  

 

 

Fig 2. Diffractograms (A), Raman spectra (B) and mass losses determined by TGA (C) for 
birnessite series. 

Table 1. Position of the first reflection, calculated interlayer distance and elemental composition 
(assumed and experimental formula).  

Sample 
XRD Formula 

position 001 /o calculated d /Å Theoretical experimental 
H-bir 12.16 7.282 HMn4O8 n/a 
Li-bir 12.66 6.996 LiMn4O8 n/a 
Na-bir 12.44 7.119 NaMn4O8 Na1.39Mn4O8 
K-bir 12.24 7.235 KMn4O8 K1.17Mn4O8 
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Rb-bir 12.18 7.270 RbMn4O8 Rb1.63Mn4O8 
Cs-bir 11.86 7.466 CsMn4O8 Cs1.14Mn4O8 

 

According to the literature [36–38], Raman spectra of birnessite present bands at 280, 409, 477, 
506, 577, 634 and 728 cm−1. Analysis of the Raman spectra revealed similar spectra for the 
investigated samples. The most characteristic bands for birnessite, 634, 577 cm-1 are due to symmetric 
stretching vibration of MnO6 groups in the interlayer direction and the Mn−O vibration in the chain 
framework, respectively. The remaining bands can be assigned to the O-cation vibration. Raman 
spectra of the alkali modified birnessite are consistent with those found in literature and display no 
notable bands assignable to other phases. Of note are the changing intensities of the bands assigned to 
the cation-oxygen vibrations, most notably those of 280 and 409 cm-1. These bands vanish entirely for 
the H-bir, as the vibrations of O-H give weak Raman bands [39].  

The combined data from thermogravimetry and evolved-gas analysis revealed 3 zones in which 
mass loss occurred. In the first zone, between room temperature and ~200°C, the loss in mass was due 
to water desorption, probably both from the exposed surface and from the interlayer regions of the 
structures. In the second region, between 300 and 600°C, the mass loss was due to the evolution of 
oxygen, which in the case of the H, Li and Na samples was more pronounced than in the other 
samples. Accordingly, in the high temperature region, from 600 to 800°C, the K, Rb, and Cs modified 
birnessite samples lost more mass through oxygen evolution than the H, Li and Na samples. The total 
mass loss due to oxygen evolution followed the same sequence as the specific surface area of the 
catalysts (Table 2). While both the surface area and the amount of released oxygen diminish with the 
increasing size of the incorporated cation, they are not strictly proportional. While the surface area 
decreases from 60 m2 g-1 for H-birnessite to around 1 m2 for the Cs-birnessite, the oxygen-related mass 
loss decreases by only 50%. Thus, the amount of oxygen released from the various modified birnessite 
samples does not correlate proportionally with the surface area, but rather shows a dependence on 
chemical composition. 

Table 2. Specific surface area and total oxygen evolution for cation-incorporated birnessite. 

Sample 
TGA 

oxygen evolution per 
1 g catalyst /g(O2) 

BET 
SSA / m2 g-1 

H-bir 0.059 60 
Li-bir 0.052 53 
Na-bir 0.045 15 
K-bir 0.044 11 
Rb-bir 0.031 2 
Cs-bir 0.032 1 

 

Transmission electron microscopy of the prepared catalysts (Fig 3) show distinct differences in 
birnessite morphology depending on the type of bulk alkali cation present. The morphology varied 
from the 2D folded birnessite sheets in the loose structures of H-birnessite and Li-birnessite, to 
pronounced elongated and fragmented nanograins for Na-birnessite and K-birnessite, and 3D 
compacted and denser structures for Rb-birnessite and Cs-birnessite comprised of birnessite 
nanograins. The separate layers of MnO6 octahedra sheets of the birnessite structure can be discerned 
in all cases. (TEM overview images of the bulk alkali promoted birnessite catalysts are shown in Fig 
S1 in the supplementary information.) The corresponding SAED patterns shown in the Fig. 3 inserts 
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are consistent with the birnessite crystal structure, with the blurring of the polycrystalline concentric 
rings indicating that the nanocrystalline birnessite grain size was comparable (~10 nm) within all the 
birnessite catalysts.  

 

  

Fig 3. TEM detail aspect images of the cation-incorporated birnessite catalysts along with the 
corresponding selected area electron diffraction patterns (shown in the inserts).  

As previously shown [38,39], a correlation between work function of an oxide material and its 
catalytic activity in soot combustion can indicate the type of oxidation mechanism that takes place. For 
example, an inverse relationship would be consistent with electron transfer being a key step in the 
mechanism, such as when diatomic oxygen is activated to form reactive (electrophilic) species on the 
catalyst surface [40,41]. Therefore, our experiments using a Kelvin probe to measure work function 
were intended to provide an insight into the likely oxidation mechanism, for the birnessite catalysts. 
As can be seen in Fig 4, with the introduction of the alkali cations, the work function of the framework 
was drastically changed from the highest work function value, which was found for the H-birnessite 
sample (4.91 eV). The work function systematically decreases with increasing atomic mass of the 
cation, so that the lowest value of 4.49 eV was measured for Cs-birnessite. Therefore, the 
electrondonor properties of these materials depend greatly on the incorporated intra-layer cation, as 
their replacement can modify the electrondonor properties of the manganese dioxide framework by as 
much as 0.42 eV in the measured work function.  
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Fig 4. Influence of the cation, incorporated into the bulk, on the work function of the birnessite 
phase. 

The catalytic performance of the birnessite series for soot combustion in tight contact, loose 

contact and loose contact with NO addition can be found in Fig 5, which also includes conversion 
curves for the non-catalytic combustion of soot as performance benchmarks. As revealed by the 
results, the progress of soot combustion depends not only on the type of contact between soot and the 
catalyst, but also on the gas mixture and the nature of the alkali incorporated into the birnessite layers. 
Nevertheless, in all cases the investigated catalysts lowered the temperature of soot oxidation 
significantly compared to an uncatalyzed reaction. In tight contact (Fig 5A), the most active catalysts 
(H-, Li-, Na-birnessite) show similar activities, lowering the T50% by 200°C compared to the 
uncatalyzed reaction. The remaining K-, Rb- and Cs-birnessite, while still active, decrease the 
temperature by 120°C. Loose contact measurements (which are considered to be more indicative of 
catalytic performance in a soot filter revealed a change in the catalytic activity trend [29,42]. While H-
birnessite remained the most active (ΔT50% = 100°C), the Li- and Na-birnessite exhibited the lower 
activity (ΔT50% = 50°C), with K, Rb and Cs lying in between (Fig 5B). Upon NO addition to the gas 
mixture in loose contact, the order was returned to that of tight contact, with the sequence following: 
highest shift in T50% = 210°C for H- < Li- < Na- < K- < Cs- < Rb-birnessite to the lowest shift of T50% 
= 116°C (Fig 5C). In all cases, the H-birnessite catalyst was found to be the most active.  



9 

 

 

Fig 5. Conversion curves for birnessite series of catalysts mixed with soot in tight contact (A), 
loose contact (B) and loose contact with NO addition (C). 

In order to understand the underlying causes for the observed changes in activity, the soot 
conversion results were correlated with the physicochemical characteristics. One of the most 
significant results is that the expected correlation, based on literature findings [43,44], between soot 
oxidation activity and the electrondonor properties is completely reversed. The highest activity is 
observed for the birnessite material with the highest work function, indicating that the changes in 
activity within this series of catalysts is not primarily related to the ease of formation of electrophilic 
oxygen species via electron transfer. The most likely alternative reaction pathway involves the use of 
nucleophilic oxide ions from the crystal lattice of the catalyst, which is generally referred to as the 
Mars-van Krevelen mechanism [41]. In such a case, the activity should be related to the lattice oxygen 
mobility. Indeed, as can be clearly seen in Fig 6A and B, in both tight and loose contact + NO, there 
was a definite correlation between the soot-conversion activity and the proportion of catalyst mass lost 
by O2 evolution during thermogravimetric characterization. Thus, in both tight and loose contact + 
NO, the lowest soot-conversion activities were observed for the Cs-birnessite and Rb-birnessite 
samples, from which the smallest amount of oxygen desorbed, while H-birnessite was the most active 
and released the most oxygen. A similar correlation can be discerned for loose contact, as shown in 
the TG experiment (Fig 2C). In the high temperature regime, the most active catalysts (K-, Rb-, Cs-
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birnessite) release more oxygen than their counterparts (Li-, Na-birnessite) in the temperature range of 
the reaction (550 – 700°C).  

 

Fig 6. Experimental correlation of soot conversion at 500°C and O2 evolution in tight contact (A) 
and loose contact + NO (B) for birnessite series of catalysts. 

Furthermore, the available lattice oxygen in birnessite appears also to play a part in the soot-
conversion activity upon NO addition, which would be consistent with the lattice oxygen being 
consumed during the oxidation of NO to NO2. The latter could act as an oxygen carrier from the 
catalyst surface to the soot particles and facilitate combustion in loose contact conditions. This is due 
to the known superior oxidative properties of NO2 compared to O2 in the oxidation of soot [45,46]. 
The ability of the birnessite catalysts to oxidize NO is confirmed by Fig 7. The results clearly show the 
lowest NO-oxidation activities for birnessite with the larger intra-layer cations (Rb+ < K+ < Cs+) and 
much higher activities when the smaller cations were incorporated (Na+ < Li+ < H+). These trends 
translate to soot-conversion activity in loose contact + NO (Fig 7B), allowing the birnessite catalysts 
to achieve comparable performance to that under tight contact conditions.  

 

Fig 7. The conversion of NO to NO2 (A) and the resulting correlation between soot conversion and 
total NO2 concentration (B) for the investigated birnessite  
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For VOC combustion (as ascertained by testing under propane and methane), the differences in 
activity between individual catalysts in the birnessite series could again be easily distinguished. For 
both methane and propane oxidation, the H- and Li- intercalated materials exhibited much higher 
activities than their counterparts (Na-, K-, Rb-, Cs-birnessite). For propane oxidation, H-birnessite 
achieved 98% conversion at 400°C compared to 80% for Li-birnessite, and ~20% for the remaining 
materials (Fig. 8A). Comparing the two VOCs, the combustion process for methane is shifted to 
higher temperatures and results in lower conversions at each specific temperature, as expected. At 
600°C both H- and Li-birnessite converted ~40% of methane, Na- and K-birnessite ~10%, while Rb 
and Cs-birnessite converted negligible amounts of ~1.5% (Fig 8B).  

As the trend in catalytic activities of the catalysts for both methane and propane oxidation align 
with their specific surface areas, it is tempting to attribute their activity mainly to increasing active-site 
density per unit mass of catalyst. However, the highest surface area (found for H-birnessite) is 60 
times greater than the lowest in the series measured for Cs-birnessite (1m2/g), which is not associated 
with a 60-fold difference in oxidation activity. Furthermore, normalizing the conversion rate per unit 
surface area reveals that the specific-activity is highest for the Cs- and Rb-birnessite for both propane 
and methane oxidation. Significantly, the amount of oxygen evolved by H-birnessite during 
thermogravimetric characterization is twice that evolved by Cs-birnessite, which is comparable to their 
relative oxidation activities. Thus, similarly to soot combustion, the activity of the of the birnessite 
catalysts for VOC oxidation relates to the amount of oxygen that can be evolved. This is confirmed by 
Figs 8C and D for methane and propane oxidation as function of available oxygen, in which both plots 
follow a similar sequence and have a similar slope. The results support several scientific reports, 
where high lattice oxygen mobility is crucial for high activity of manganese oxide catalysts for VOC 
oxidation [47–49]. 

 

Fig 8. Methane (A) and propane (B) conversion plots for bulk alkali promoted birnessite and the 
resulting correlations of total O2 evolution and hydrocarbon conversion for methane at 600°C (C) and 
propane at 450°C (D) 
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4. Conclusions 
The incorporation of Group I cations between the MnO6 layers in birnessite substantially modifies 

its textural and electronic characteristics as well as its catalytic activity for complete oxidation. 
However, the changes in activity are not consistent with a simple model in which incorporation of the 
cations results in increasing active-site density (per unit mass of catalyst), while an inverse dependence 
on work function indicates that the reaction mechanism is not ruled by oxygen activation via electron 
transfer. Instead, the clearest correlation is between the activity (for all the oxidation reactions studied) 
and the proportion of oxygen that the birnessite materials evolve during temperature-programmed 
characterisation by thermogravimetry and evolved gas analysis. 

We conclude, therefore, that the reactive oxygen species are readily-accessible lattice oxide ions, 
which are subsequently replenished from the gas phase. The role of the incorporated cation is to 
increase the proportion of this reactive oxygen within the bulk of the catalyst, while allowing cycling 
between oxygen vacancy formation and lattice ion replenishment without compromising the layered 
birnessite structure. Finally, an important outcome of the performance enhancement gained by cation 
incorporation into birnessite is that the NO oxidation activity is also improved. Thus, the rate for soot 
combustion under realistic loose contact conditions can match the high rates achieved under the tight 

contact conditions often used in laboratory trials. 
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Abstract 

A series of catalysts based on the cryptomelane structure (AMn8O16) containing different alkali 

cations (A = H+, Li+, Na+, K+ or Rb+) was synthesized. The series was characterized and tested, 

revealing that the inclusion of alkali metal modified both the work function and the catalytic activity, 

such that the K-containing octahedral molecular sieve material (K-OMS) had one of the lowest work 

functions in the series and it was the most active in soot combustion. This material was then 

functionalized with 2 wt. % noble metal (Ag, Au, Pt) before its catalytic activity was evaluated for 

both soot and VOC combustion. The results show the superiority of Ag/K-OMS for soot oxidation, and 

Pt/K-OMS for hydrocarbon (methane and propane) combustion, suggesting that both will be 

required to achieve effective remediation of the reductant species in automotive exhaust gas.  

 

 

Highlights 

- The K-form of cryptomelane (K-OMS) is the most active for soot combustion. 

- Ag-promotion of K-OMS is most beneficial for further enhancing soot combustion 

- Pt-promotion of K-OMS has the largest effect on methane/propane combustion  

Keywords: soot; VOC; oxidation; cryptomelane; noble metals; alkali 
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1. Introduction 

Human life is dependent on different energy sources, among which carbonaceous fuels still play a 

crucial role as the power behind the transportation and energy sectors. The fuels are combusted to 

release the energy stored in chemical bonds, and numerous complications arise with this. Both 

pyrolysis and incomplete combustion of carbon-containing fuels ubiquitously take place, which can 

lead to the formation and emission of mutagenic and carcinogenic pollutants. These pollutants 

usually are mixtures of soot, NOx, volatile organic compounds (VOC) and polyaromatic hydrocarbons 

(PAH), which upon escaping into the environment can lead to the formation of smog and are 

detrimental to human well-being [1,2]. Soot composition varies greatly, as it forms in highly 

inhomogeneous and changing conditions from the coalescence of various half-products of the 

combustion process. The main components commonly found include amorphic carbon, graphite, 

fullerenes and many aliphatic and aromatic hydrocarbons [3]. Nanometric soot particles can easily 

escape into the environment, where they can become suspended in the air or penetrate into living 

organisms through the lungs or skin. Long term exposure to soot can lead to or aggravate a number 

of illnesses, including cancero- and mutagenic changes or lung and heart problems [4,5]. Volatile 

organic compounds are a group of substances characterized by high vapor pressure at low 

temperatures. The definition covers a wide range of substances, from simple alkanes to polycyclic 

aromatic hydrocarbons, of which many are hazardous to the environment or human health due to 

their toxicity or cancero/mutagenic properties [6,7]. Among the most harmful non-halogenic VOCs 

are benzene, benzopyrene, toluene, formaldehyde, propylene, acetone and styrene [8,9]. 

Combustion engines are a large source of both soot and VOC’s, where the complicated fuel 

combustion process leads to many parallel reaction pathways with numerous hazardous pollutants 

formed. One of the most effective ways to mitigate pollutant emissions from combustion engines is 

the use of supported catalytic materials in catalytic converters, which can lower the combustion 

temperature of soot, VOCs and PAHs, allowing for elimination before their escape into the 

environment [10,11]. Commonly used oxidation catalysts have a high content of expensive noble 

metals (Pt, Pd, Rh) dispersed over oxide supports (ceria, alumina) [8,11]. The limited availability and 

fluctuating costs of these materials present a motivation to search for more earth-abundant catalytic 

substitutes. Literature shows a wide spectrum of materials has been tested in this regard, ranging 

from simple oxides, mixed oxides, perovskites to spinels [5,12–15]. Notably, the catalytic activity of 

these systems is often augmented by surface or bulk promotion with transition and alkali metals, but 

can also be functionalized with noble metals [12,16–19].  

A promising candidate for substituting the currently used systems is cryptomelane (AMn8O16), a 

tunnelled potassium-manganese-oxide. Due to several possible oxidation states of manganese, this 

phase has been extensively exploited as a catalyst for redox reactions. Cryptomelane was first 

considered in environmental catalysis as an active phase for ozone removal [20]. The catalyst was to 

be coated onto car radiators with the aim of destroying ground-level ozone. Since then, 

cryptomelane has been the focus of numerous studies, as the material can be produced from 

inexpensive substrates, is environmentally safe and highly active in, among others, oxidation 

reactions. The octahedral molecular sieve (OMS-2) is formed from edge-sharing, double-wide 

columns of MnO6 octahedral units forming a square tunnel with dimensions of 4.6 Å x 4.6 Å [21]. The 

tunnel contains intercalated cations, which stabilize the tunnel structure and lower the average 

oxidation state of the manganese in the oxide framework to ~3.8. The high reactivity of 
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cryptomelane can be assigned to a combination of several features, such as nanorod morphology 

beneficial for soot capture, redox properties due to the mixed valence framework, and high oxygen 

mobility [21,22]. 

The aim of this work is to explore the synergistic effects between the alkali-containing manganese 

oxide support and noble metal nanoparticles for developing an efficient catalyst for low-temperature 

soot and VOC oxidation. First, different alkali cations (H+, Li+, Na+, K+ or Rb+) were intercalated into 

the tunneled cryptomelane matrix to determine the effects of the nanostructuration on the 

properties and catalytic activity in soot/VOC oxidation. Based on the results, the K-OMS catalyst was 

determined to be the most suitable catalyst for further tests with surface noble metal deposition, as 

it best fulfills the requirements of high activity, stability and low production cost. Therefore, the K-

OMS catalyst was used as a support for noble metal nanoparticles (Ag, Au, Pt) in order to study the 

modification of the support catalysts towards bifunctionality i.e. to maximize the catalytic activity in 

both soot and VOC oxidation reactions. The cryptomelane structure with the performed 

modifications can be found in Fig. 1. The series of prepared catalysts was tested in soot, methane 

and propane combustion. As NO is usually found in the exhaust of combustion engines, the ability of 

the materials to convert NO to NO2 was also investigated [23]. The effectiveness of NO conversion is 

desirable, as NO2 is a stronger oxidant than O2 and bridges the gap between tight and loose contact 

conditions [2,24]. Such investigations will aid in rational designing of a cost effective and efficient 

catalyst for low-temperature oxidation reactions.  

 

Fig. 1 Cryptomelane structure showing the two explored modifications towards enhancing the 

catalytic properties. 

2. Experimental 

2.1 Materials 

The cryptomelane catalysts with different intra-tunnel cations were prepared in a 3 step synthesis 

[25–27]. In a typical synthesis, 3.326 g of tetraethylammonium (TEA) bromide was dissolved in 20 ml 

of distilled water and added dropwise with stirring to a solution of 2.190 g KMnO4 in 50 ml distilled 

water. The mixture was left stirring overnight, with the resulting purple precipitate being filtered the 

following day and dried at room temperature. The dried precipitate was added to an intensively 

stirred mixture of 75 ml of distilled water and 30 ml of n-butanol and stirred for an hour. 
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Subsequently, the aqueous layer (bottom) was separated using a separatory funnel. The aqueous 

mixture was kept in a beaker capped by a watch glass sealed with parafilm, wrapped in aluminum to 

keep in the dark and aged at 60 °C for 24 hours to form a gel. Next, 50 ml of the gel was added to 200 

ml of a 1 M solution of the desired alkali nitrate ANO3 (A = NH4, Li, Na, K, Rb). This mixture was 

subjected to ultrasonic vibration for 10 minutes and then stirred using a magnetic stirrer for 1 hour. 

Finally, the precipitate was filtered and sealed in a Teflon lined autoclave and hydrothermally heated 

at 180-240 °C for 17 – 80 h. The final material was filtered, dried at 80 °C and calcined at 380 °C for 8 

h. The H-OMS catalyst is formed from the decomposing NH4-OMS sample. 

The noble metal promoted catalysts were prepared with a 2 wt. % loading of the metal 

nanoparticles. The Ag/ and Au/K-OMS catalysts were prepared through impregnation techniques. 

AgNO3 (0.032 g) and HAuCl4 (0.035 g) were dissolved in 10 ml of distilled water. The solutions were 

added dropwise to 0.98 g of K-OMS stirred and heated on a magnetic stirrer until the solution 

evaporated completely. The mixture containing gold was then calcined at 350°C for 2h in static air, 

while the complete decomposition of AgNO3 required a higher temperature and was calcined at 

500°C for 2h in static air. The Pt/K-OMS catalyst was prepared through chemical vapor impregnation 

(CVI). Here, 0.980 g of the K-OMS support was mixed with 0.040 g of Pt(acac)2 and transferred to a 

Schlenk flask. The physical mixture was heated to sublimation-deposition temperature (145°C) under 

continuous vacuum (~10-3 mbar) for 1 hour. The sample was cooled to ambient temperature and 

calcined at 350°C for 2h in static air.  

2.2 Methods 

The relative bulk concentration of elements was determined by means of Energy-Dispersive XRF 

spectrometer (Thermo Scientific, ARL QUANT’X). In a typical measurement, 85 mg of the sample was 
pressed under 6 MPa for 1 minute to form a pellet of 10 mm in diameter. X-Ray radiation in the 

range of 4-50 kV was generated by a Rhode anode, the collimator size was 1 mm and a, 3,5 mm Si(Li) 

drifted crystal with Peltier cooling detector were used. The XRD patterns were recorded using a 

Rigaku MiniFlex powder diffractometer with Cu Kα radiation (λCuKα = 0,15406 nm) at 40 kV and 15 mA, 

2θ step scans of 0.02° and a counting time of 0.8 sec. per step for the range of 10-55 degrees. 

Specific surface areas (SSA) were obtained by the five-point nitrogen adsorption method at liquid 

nitrogen temperatures using a Quantachrome Autosorb-1 automated gas sorption instrument. 

Samples were degassed at 180 °C under vacuum. Morphology and crystallinity of the synthesized 

catalysts were assessed by Transmission Electron Microscopy (TEM) measurements using FEI Tecnai 

Osiris microscope equipped with an X-FEG Schottky high brightness electron source, operated at 

accelerating voltage of 200 kV. The TEM structural analysis was performed using Selected Area 

Electron Diffraction (SAED) pattern method. Samples for TEM characterization were placed on a 

lacey-carbon film supported on a Cu TEM grid. 

Work function measurements were investigated to evaluate electro-donor properties of materials 

using a Kelvin probe (McAllister KP6500 equipped with stainless-steel, reference electrode – d=3mm, 

Φref. = 4.32 eV). Typical measurements were carried out under a vacuum of 10-6 Pa a vacuum using 

0.1 g of sample, which had been pressed under 6 MPa for 1 minute to form a pellet with a diameter 

of 10 mm. First, the surface of the sample was cleaned by heating to 400°C and maintained for 15 

minutes. Afterward, the sample was cooled to 150°C and the contact potential difference was 

measured, from which the work function was calculated as the difference between the measured 

CPD and the work function of the reference electrode.  



 1 

 2 

 3 

 4 

 5 

 6 

 7 

 8 

 9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 

55 

56 

57 

58 

59 

60 

61 

62 

63 

64 

65 

Soot, methane and propane oxidation tests were performed to determine the catalytic activity of 

the synthesized catalysts in oxidation reactions. A model soot, Printex 80, was used during 

temperature programmed oxidation (TPO) reactions to determine the catalytic activity in soot 

oxidation. The catalyst-soot mixture with a mass ratio of 8:1 was placed in a quartz fixed-bed reactor 

and heated from room temperature to 700°C at 10°C/min. The gas flow consisted of either 5% O2 in 

He or 3.75% O2 + 0.25% NO in He was passed through the reactor at a rate of 60 ml/min. The 

progress of the reaction was tracked by a quadrupole mass spectrometer (SRS RGA200) following the 

lines for m/z = 18 (H2O), 28 (CO/N2), 30 (NO), 32 (O2), 44 (CO2) and 46 (NO2). 

The catalytic tests for methane and propane oxidation were carried out at atmospheric pressure 

in a fixed-bed stainless steel tubular flow reactor. A catalyst sample (50 mg) was placed between 

quartz wool in a steel tube, through which a gas mixture (containing either 5% O2 + 0.4% CH4 or 5% 

O2 + 0.1% C3H8) was passed. The catalyst bed was heated from room temperature to 500°C (propane) 

or 600°C (methane) in incremental steps, allowing for the temperature to stabilize every 50°C in 

order to measure the catalytic activity at steady state. The reactions were tracked by a Gasmet FT-IR 

following the products (H2O, CO, CO2), possible by-products (C3H6) and VOC gases (CH4, C3H8). CO2 

was the major product observed in the oxidation of short-chain alkanes with typical selectivity of 

over 99%. 

3. Results and discussion 

X-Ray fluorescence measurements were used to confirm the chemical composition of the prepared 

catalyst series. The results confirmed no persisting impurities from the synthesis and verified the 

presence and loading of the noble metals (Ag, Au, Pt). X-Ray diffraction and Raman spectroscopy 

were used to confirm the phase purity of the OMS-2 series containing different cations (H+ to Rb+) as 

well as noble metal (Ag, Au, Pt) surface promoted K-OMS-2. The results showed the materials to be 

essentially monophasic, with no impurities of other manganese oxide forms. The H-OMS sample had 

the highest surface area (103 m2/g), while a significant drop was noted for Li-OMS (9 m2/g) followed 

by the gradual rising trend as the size of the alkali cations to 74 m2/g for Rb-OMS. The surface 

promotion of the K-OMS sample with noble metals did not drastically alter the SSA, with the 

measured value slightly increasing from 64 to 67 m2/g for Pt-OMS, dropping to 55 and 45 m2/g for 

Ag-OMS and Au-OMS, respectively. The variations in SSA are most likely due to the synthesis, as the 

material was impregnated and then calcined. As demonstrated elsewhere, the surface area of the 

alkali-promoted catalysts is typically not the determining factor for high activity in soot combustion. 
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Fig. 2 TEM detail aspect images of the bulk alkali promoted birnessite catalysts along with the 

corresponding selected area electron diffraction patterns shown in the insets. 

Transmission electron microscopy images were collected to assess the morphology and crystallinity 

of the prepared catalysts. The TEM overview images (Fig. 2 first column) show well-defined 

morphology of aggregated short nanorods of K-OMS with average length of about 50 nm and 10 nm 

width. The noble metal surface promoted K-OMS cryptomelane catalysts: Ag/K-OMS, Au/K-OMS, and 

Pt/K-OMS are showing more pronounced aspect ratio of aggregated nanorods while keeping uniform 

width of about 10-20nm. The detail aspect HRTEM images of catalyst nanorod bunches (Fig. 1 second 

column) reveal clearly cryptomelane parallel lattice fringes indicating high degree of crystal ordering. 

The corresponding polycrystalline experimental SAED patterns (Fig. 1 last column) consist of 

concentric rings of reflexes whose position corresponds to the cryptomelane tetragonal structure (I 

4/m space group). The JEMS software was used to simulate the polycrystalline electron diffraction 

ring patterns for the cryptomelane structure. The exemplary indexed SAED pattern intensity plot was 

adjusted on the experimental SAED pattern in order to show the KMn8O16 structure accordance. 

Noticeable longitudal stretch of SAED reflexes collected for the noble metal surface promoted K-OMS 
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cryptomelane catalysts: Ag/K-OMS, Au/K-OMS, and Pt/K-OMS reflect the nanorods elongated 

morphology in reciprocal space. 

To determine the most active cryptomelane phase containing different alkali cations both work 

function and catalytic activity in soot combustion were determined, performing tests in both tight 

and loose contact with soot. As demonstrated elsewhere [28], for alkali-promoted catalysts low work 

function can often be a determining parameter for high catalytic activity in oxidation reactions. This 

is due to the oxygen activation mechanism, in which low work function enables the facile transfer of 

an electron from the catalyst surface to oxygen molecules, creating reactive oxygen species (ROS), 

such as O2
2-, O2

- and O- [29]. These ROS migrate to soot or other reagents and initiate the combustion 

reaction. The catalytic activity tests revealed that, while all samples were catalytically active, with the 

introduction of alkali cations with lower ionization energy the catalytic activity increased. Thus, the 

H-OMS catalyst was the least active, while K- and Rb-OMS were the most catalytically active in both 

tight and loose contact with soot. Furthermore, the tight contact soot combustion results correlated 

with the work function of the catalysts, as the most active K- and Rb-OMS also had the lowest 

measured work functions (Fig. 3). This suggests the main mechanism of soot oxidation over the OMS 

catalysts to be that of oxygen activation, as in tight contact the migration distance of the ROS 

between catalyst and soot is minimal making the effect more pronounced. As the catalytic activity of 

K- and Rb-OMS were similar, the K-OMS catalyst was chosen for noble metal surface promotion, as 

potassium is much more earth-abundant than rubidium [30].  

  

Fig. 3 Experimental correlation between catalytic activity (as indicated by the temperature of 50% 

soot conversion) and work function for cryptomelane containing various bulk alkali. 

To evaluate the effects of the noble metal surface promotion on the catalytic activity of the 

cryptomelane catalysts in oxidation reactions the promoted and unpromoted K-OMS catalysts were 

subjected to soot, methane and propane oxidation tests. Soot combustion tests were performed in 

(i) tight contact, (ii) loose contact, and (iii) loose contact with NO addition to the gas feed. In tight 

contact, the reactivity of the catalysts was similar, lowering the temperature of 50% soot conversion 

(T50%) by ~300°C compared to the uncatalyzed soot oxidation reaction. What is more, the results also 

show a correlation with the work function measurements, supporting oxygen activation to ROS as a 
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key step in soot oxidation over noble metal promoted cryptomelane. For both loose contact 

reactions, the effects of the surface promotion varied. In loose contact (Fig. 4), while all catalysts 

were catalytically active, surface promotion with gold decreased catalytic activity when compared to 

the unpromoted K-OMS catalyst. With Pt/K-OMS, the activity was slightly increased, while Ag/K-OMS 

was the most active, lowering the T50% by ~180°C compared to uncatalyzed soot oxidation.  

 

 

Fig. 4 Soot conversion in loose contact over the unpromoted and noble metal promoted K-OMS. 

When the catalysts were tested in loose contact with NO addition to the gas feed (Fig. 5), the activity 

of Au/K-OMS was not changed, but there was an increase in activity to the remaining catalysts. Pt/K-

OMS remained slightly more active than the unpromoted cryptomelane catalyst, while Ag/K-OMS 

was once again the most active in soot combustion, lowering the T50% to 440°C (ΔT50% = 255°C 

compared to uncatalyzed soot oxidation). The similar activities of the platinum and unpromoted 

catalyst suggests the exceptional NO oxidation abilities of Pt do not come into effect, as in higher 

temperatures the NO oxidation is limited due to the thermal equilibrium: NO + ½ O2  NO2. The 

findings suggest, that nitrate species are formed over the catalysts surface with the accessible 

cations. The decomposition of platinum nitrates occur in temperatures too low to take part in the 

oxidation of soot, while KNO3 decomposes at significantly higher temperatures than the soot 

oxidation window. AgNO3 decomposition taking place at 450°C perfectly matches the desireable 

reaction conditions [31]. Thus, the results suggest that the NO2-assisted soot oxidation proceeds 

through competing reactions of gas phase NO to NO2  oxidation or from surface nitrate 

decomposition. Furthermore, Ag particles have been known to act as fixed active sites for the 

dissociation of O2 to reactive oxygen species, which can take part in the oxidation of either soot or 

NO to NO2 [32]. Silver has also been shown to alter the redox properties of cryptomelane support 

leading to redox transformation: Ag+ - O2- - Mn4+ ↔ Ag0 - Mn3+ + O2. The lattice oxygen anions are 
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then free to be activated and take part in oxidation reactions via the Mars-van Kreleven mechanism, 

while the vacancies are replenished by gaseous oxygen to close the redox cycle [33]. 

 
Fig. 5 Soot conversion in loose contact with NO addition over the unpromoted and noble metal 

promoted K-OMS. 

In methane oxidation (Fig. 6), the tendencies were somewhat changed. While Au/K-OMS remained 

less active than the unpromoted catalyst, so was the Ag/K-OMS catalyst. The unpromoted K-OMS 

catalyst achieved 70% conversion at 500°C, while both Au/ and Ag/K-OMS achieved ~60% 

conversion. The most active catalyst in methane oxidation was Pt/K-OMS, achieving total conversion 

at 450°C. For propane oxidation (Fig. 7), the Au/K-OMS catalyst was once more the least active, with 

total conversion at 450°C, followed by both Ag/K-OMS and K-OMS with total conversion at 400°C. 

Pt/K-OMS further lowered the total conversion temperature to 350°C. The high activity of the 

platinum promoted catalyst most likely stems from the ability of Pt to activate the C-H bond. In high 

O2/alkane ratios, C-H bond activation over nanoparticles is the kinetically-relevant step, as the 

catalyst surface is saturated with adsorbed O2 molecules [34]. Thus, as Pt particles are more active at 

activating the C-H bonds, the activity of Pt/K-OMS is the highest in the model VOC oxidation.  
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Fig. 6 Methane conversion over the unpromoted and noble metal promoted K-OMS. 

 

Fig. 7 Propane conversion over the unpromoted and noble metal promoted K-OMS. 

The results of the catalytic oxidation tests reveal the different functionalities of the noble metal 

promoters. For soot oxidation, the clearly most active catalyst is Ag/K-OMS, lowering the window of 

soot oxidation significantly compared to the uncatalyzed reaction. On the other hand, the silver 
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promotion was found to be slightly detrimental during methane oxidation and did not influence the 

activity during propane oxidation. In the case of the two model VOCs, the platinum promotion was 

the most beneficial, with Pt/K-OMS being significantly more active than the unpromoted K-OMS 

catalyst. The Au/K-OMS catalyst was found to decrease catalytic activity in all reactions in the current 

form of promotion. The activity of gold catalysts is known to depend critically on the size of the metal 

particles, and therefore future studies will examine the effect in crytpomelane catalysts [35]. 

Nonetheless, the results suggest the dual application of both Pt and Ag to cryptomelane is required 

to prepare a highly active catalyst in both soot and VOC oxidation reactions.  

4. Conclusions 

This paper presents the first comprehensive study of the functionalization of cation-exchanged 

cryptomelane with noble metal nanoparticles for environmental oxidation reactions, focusing on the 

catalytic combustion of soot and VOCs. First, the cryptomelane phase containing different alkali 

cations (H+, Li+, Na+, K+ or Rb+) was synthesised, tested and characterized to determine the most 

active and cost-effective cryptomelane catalyst. Based on the results, K-OMS was determined to be 

the most suitable for further functionalisation, as the material was consistently the most active and 

contains an earth-abundant alkali metal. The K-OMS was then surface-modified with Ag, Au and Pt 

nanoparticles, and assessed for changes in both soot and VOC oxidation activity. A correlation 

between work function and catalytic activity during soot oxidation in tight contact was found both 

for the alkali series and the noble metal catalysts, suggesting electron transfer to activate oxygen to 

reactive oxygen species as a as a key step in the mechanism for soot oxidation over cryptomelane-

based catalysts. Furthermore, the Ag/K-OMS catalyst was the most active in both contact modes and 

with the addition of NO. In fact, the addition of NO lowered the temperature of 50% soot conversion 

in loose contact from 520 to 440°C. The role of Ag particles in soot oxidation is proposed to be 

twofold: as an active site for the formation of reactive oxygen species and the utilization of NO by 

forming surface nitrates, which then decompose producing NO2, a favourable oxidation agent. In 

both methane and propane oxidation, the Pt/K-OMS catalyst was the most active, achieving total 

conversion at 450 and 350°C, respectively. The results reveal the deferent promotional role of the 

noble metals and suggest the simultaneous presence of platinum and silver will be required to 

produce a cryptomelane-based bifunctional catalyst that is highly active in both VOC and soot 

oxidation. 
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Abstract

Two nanostructured potassium–manganese oxides, with a layered (OL) and tunneled structure (OMS-2), were synthesized 
and their surface decorated with 1% Pd. All prepared samples were characterized by means of X-ray diffraction, Raman 
spectroscopy,  N2-BET specific surface area analysis, TPR, SEM/TEM. Catalytic activity in soot combustion in different 
reaction conditions was investigated (tight contact, loose contact, loose contact with NO addition). The obtained results 
revealed, that manganese oxides are highly catalytically active in soot combustion, shifting the reaction temperature window 
by 280 °C for OMS-2 and 300 °C for OL in comparison to the non-catalytic process. Furthermore, Pd promotion is beneficial 
in all cases, lowering the window of soot combustion compared to the unpromoted oxides, with the most significant effect 
for loose contact conditions. The difference in activity between tight and loose contacts can be successfully bridged in the 
presence of NO due to its transformation into  NO2. The particular activity of 1% Pd/OMS-2 and 1% Pd/OL pave the road for 
their further development towards catalytic system for efficient soot removal in the conditions present in diesel exhaust gases.

Graphical Abstract

Keywords Palladium supported on potassium–manganese oxides · OMS-2 · OL · Soot combustion · Diesel exhaust

1 Introduction

One common way to produce energy is the burning of car-
bon fuels. In ideal conditions the only products are water and 
 CO2. Unfortunately, in most mobile and stationary sources 
it is impossible to maintain ideal conditions, implying by-
products formation, usually of a pollutant nature. One such 
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source of pollutants are exhaust gases of diesel engines. 
Unfortunately, apart from numerous advantages, these 
engines have a large defect in the form of high emissions 
of nitrogen oxides (NOx) and particulate matter (PM). Soot 
nanoparticles formed during diesel engine operation are 
harmful for the environment, contributing to the greenhouse 
effect, but more importantly are highly hazardous for human 
health being both carcino- and mutagenic [1, 2]. Thus, emis-
sion thresholds were introduced and are being continuously 
tightened in the industrialized countries.

The use of diesel particulate filters (DPF’s), which is per-
meable to gases but not to solid fractions, can lower PM 
emission by up to 99%. The channeled filter typically has 
every second channel plugged on one side, at the source, 
with the other half of the channels plugged on the exit. This 
forces the gas to pass through the porous walls, leaving the 
particulate matter behind. Soot accumulated on the filter is 
burned either continuously or periodically in order to reduce 
the pressure drop and to increase the ability to trap addi-
tional PM. In order to burn the trapped soot a temperature 
of 600 °C is required, which is not available during normal 
engine operation and different methods must be used to arti-
ficially raise the temperature (post injection), or the channels 
can be coated with catalytically active materials, which can 
continuously regenerate DPFs in the temperature of exhaust 
gasses [3]. However, the efficiency of catalytically coated 
diesel particulate filters (CDPF) is related the tight contact 
between the soot molecules and the catalyst, whereas under 
practical conditions loose contact mostly predominates [4]. 
Thus, many of the catalysts tested in laboratory conditions in 
soot oxidation reactions are known to exhibit rather limited 
performance upon real driving scenarios.

A variety of catalytic materials, mainly transition metal 
oxides [5–9], spinels [10, 11], perovskites [12], mixed metal 
oxides [13, 14] and supported noble metals were reported 
to be active in soot oxidation [6, 15, 16]. Furthermore, pro-
motion by alkali metals is reported to increase the catalysts 
ability to activate oxygen (by lowering the work function 
of the catalysts surface) as well as to form compounds with 
low melting point temperatures. This is meant to increase the 
number of contact points between the catalyst surface and 
soot particles, which is essential for soot oxidation [17–20]. 
The class of compounds investigated in this context are 
mixed oxides built of d-metal cations (Fe, Mn, Co), which 
works as a redox center, and an alkali cation, most often 
potassium [21]. The combination of these elements can lead 
to the formation of nanostructured materials, where alkali 
cations are located in the tunnels or layers.

Cryptomelane (Fig.  1a) is a nanoscale alkali doped 
manganese octahedral molecular sieve (OMS-2). The high 
activity in oxidation reactions of Mn-based nanostructured 
materials is well known in heterogeneous catalysis [22–26]. 
Cryptomelane is a Hollandite type manganese oxide, with a 

tunnelled structure (OMS-2) nanostructured by alkali. The 
tunnels are built up of four double-wide (2 × 2) slabs of 
octahedral  MnO6 units, connected by edges, forming tunnel 
dimensions of 4.6 × 4.6 Å [27]. Similarly, octahedral layered 
birnessite (OL-1) is formed from edge-sharing  MnO6 octa-
hedral units forming a two-dimensional (2D) layered struc-
ture (Fig. 1b). The layers can contain different exchangeable 
cations (e.g.  K+) as well as molecules in the interlayer space 
(7 Å) [28]. Their high reactivity can be assigned to a com-
bination of several features, such as beneficial porous struc-
ture, redox properties due to the mixed valence framework, 
and high oxygen mobility [29–32].

The aim of this work is to explore the synergistic effects 
between the potassium containing manganese oxide support 
and palladium nanoparticles for designing an efficient cata-
lyst for low temperature soot oxidation. The two investigated 
ternary oxide supports both contain potassium and manga-
nese cations in either a tunneled or layered nanostructure, 
on which the Pd nanoparticles are dispersed. Furthermore, 
the effect of NO, which is present in the diesel gas stream, is 
evaluated as an effective way to transfer oxygen (in the form 
of  NO2) from the catalyst to soot particles, bridging tight and 
loose contact conditions.

2  Experimental

2.1  Catalyst Preparation

OMS-2 materials were prepared by a modified sol gel 
method, first developed by Duan et al. [33]. In a typical 
preparation, 12.65 g  KMnO4 (0.08 mol; Alfa Aesar) were 
dissolved in 800  ml deionized water at room tempera-
ture and stirred with an overhead stirrer. To this solution, 
3.09 g maleic acid (0.027 mol; Sigma-Aldrich) was gradu-
ally added. The resultant mixture was stirred for 1 h. After 
1 h the resultant gel was washed four times with deionized 
water. The gel was then filtered and vacuum dried for 1 h, 

Fig. 1  Structures of the investigated supports: OMS-2 (a) and OL (b)
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before it was transferred to an oven for overnight drying at 
110 °C, followed by subsequent calcination in the flow of 
air at 450 °C for 4 h.

OL materials were prepared by a modified sol gel method 
[34]. In a typical preparation, 7.49 g  KMnO4 (0.05 mol; Alfa 
Aesar) were dissolved in 150 ml deionized water. A second 
solution of 0.7 g KOH (0.012 mol; Sigma-Aldrich) dissolved 
in 50 ml deionized water and 50 ml ethanol. The first solu-
tion was added to the second solution and stirred for 1 h. 
After 1 h, the resultant mixture was transferred to a Teflon 
reactor and aged at 80 °C in an oven for 48 h. The product 
was then washed with deionized water until a pH under 9 
was achieved. The resultant gel was then dried overnight at 
110 °C, followed by subsequent calcination in the flow of 
air at 400 °C for 2 h.

1% Pd/OMS-2 and 1% Pd/OL was prepared by incipient 
wetness impregnation using palladium nitrate (assay 39%, 
Alfa Aesar) as palladium precursor. After impregnation the 
catalyst was dried at 120 °C for 12 h and calcined at 450 °C 
for 4 h.

2.2  Physicochemical Characterization

X-ray diffraction measurements were made with CuKα 
radiation (1.5405 Å) by using a PANalytical X’PERT PRO 
MPD diffractometer equipped with reflection geometry, a 
NaI scintillation counter, a curved graphite crystal mono-
chromator and a nickel filter. All measurements were carried 
out ex situ using a spinning stage. The diffractograms were 
recorded from 5° to 70° with a step size of 0.017°.

The micro-Raman spectra were recorded in ambient con-
ditions using a RenishawInVia spectrometer equipped with 
a Leica DMLM confocal microscope and a CCD detector, 
with an excitation wavelength of 785 nm. The laser power 
at the sample position was 1.5 mW (0.5% of total power) 
with a magnification of × 20. The Raman scattered light was 
collected in the spectral range of 100–1000 cm−1. At least 
six scans, 10 s each, were accumulated to ensure a sufficient 
signal to noise ratio.

H2-TPR measurements were performed in a u-shape 
quartz flow reactor (diameter ca. 5 mm) in the 20–600 °C 
temperature range. About 0.025 g of sample was used for 
TPR experiments. All samples were pretreated in a stream 
of helium for 1 h at a temperature of 120 °C to remove physi-
cally adsorbed water. Upon cooling to room temperature, 
the TPR analysis was performed with a temperature ramp 
of 10 °C min−1 and a reducing gas mixture of 5%  H2 in Ar 
flowing at 30 cm3 min−1. The TPR profiles were recorded 
using a TCD detector.

The surface area, total pore volume and average pore 
diameter were measured by  N2 adsorption–desorption iso-
therms at 77 K using Micromeritics ASAP 2020. The pore 
size was calculated on the adsorption branch of the isotherms 

using Barrett–Joyner–Helenda (BJH) method and the sur-
face area was calculated using the Brunauer–Emmett–Teller 
(BET) method. Metal analysis was performed using a Per-
kin–Elmer Optima 4300 ICP-OES to check the metal load-
ing on Pd supported on OMS-2 and OL catalysts.

SEM images were obtained using a Quanta FEG 250 
Scanning Electron Microscope. The samples were prepared 
sonicating the material for 15 min then mounting on a speci-
men stub equipped with double sided tape. SEM analysis 
was then carried out under high vacuum and images of the 
sample recorded.

TEM images were obtained using a Philips Tecnai F20D 
spectrometer with a field emission gun. The accelerating 
voltage was 200 kV and the resolution was 0.2 nm. Samples 
were prepared by dispersing in methanol and sonicating for 
15 min. They were analyzed on holey carbon film copper 
grids.

Temperature programmed oxidation (TPO) experiments 
were used to determine the catalytic activity of the received 
sample. The reactions were performed in both tight and 
loose contact conditions. Both reaction mixtures were pre-
pared by weighing 50 mg of the catalyst mixed with soot 
(Degussa - Printex 80) in an 8:1 ratio. The mixture was 
then ground for 10 min in an agate mortar (tight contact) or 
shaken in a plastic container for 10 s (loose contact). During 
the experiments a gas mixture consisting of 5% oxygen in He 
as well as 3.75%  O2, 0.25% NO in He, both at a 60 ml min−1 
flow was passed through the reactor. The reactor was heated 
by a ceramic oven from room temperature to 800 °C at a 
rate of 10 °C min−1. Changes in gas concentrations of the 
reactants were monitored by a QMS (SRS RGA 200) using 
the following mass to charge ratios: m/z = 32 (O2), m/z = 44 
 (CO2); 28 (CO); 18  (H2O) (as well as m/z = 2 (H2); 16 (O/
O2) for control purposes). The conversion of soot was calcu-
lated by the integration of the QMS signal from  CO2.

3  Results and Discussion

The surface area and pore volumes of the catalysts obtained 
by BET  N2 isotherm are shown in Table 1. The metal load-
ing of all the catalysts prepared (with the nominal wt% 

Table 1  Physical properties of manganese oxide catalysts

Catalyst Surface area Metal content (%)

BET surface 
area  (m2 g−1)

Pore volume 
 (cm3 g−1)

Pd K Mn

OMS-2 104 0.2 0 9.3 62.2
OL 122 0.2 0 10.3 54.4
1% Pd/OMS-2 30 0.09 0.58 8.5 59.1

1% Pd/OL 48 0.1 0.62 9.6 51.4
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loadings given in the catalyst descriptor) was determined 
by ICP-OES analysis (Table 1). The results showed decrease 
in the surface area of the catalyst after metal deposition, and 
metal loadings were measured to be on the lower side of the 
expected 1 wt% loading.

XRD measurements for OMS-2, OL, Pd/OMS-2 and 
Pd/OL are shown in Fig. 2. The diffractograms showed the 
materials to be essentially monophasic with no impurities of 
other manganese oxide forms. It was observed that the cal-
cination in the flow of air after immobilization of Pd nano-
particles to OL induced a partial solid-state phase transition 
from OL to OMS-2 as evidenced by the appearance of char-
acteristic peaks for OMS-2 (i.e. at 18°) in the XRD pattern 
for Pd supported on OL.

Raman spectra obtained for investigated samples were 
shown in Fig. 3. Bands at 186, 285, 393, 479, 514, 582, 
639 cm−1 were visible on the OMS-2 spectra. The two most 
intense bands on the OMS-2 spectra, 582 and 639 cm−1, 
can be assigned to vibrations of the tetragonal structure in 
the interstitial space of the tunnels. The first is due to the 
movement of oxygen atoms relative to the manganese atoms 
along the  MnO6 octahedral chain while the latter are due 
to the oxygen movement in a perpendicular motion to the 
chain. The band at 186 cm−1 can be assigned to the trans-
lational movement of the  MnO6 octahedra, while the band 
at 393 cm−1 can be attributed to the bending vibrations the 
Mn–O bond. The remaining bands are unassigned in the 
found literature. On the OL spectra, bands at 280, 409, 477, 
506, 577, 634 cm−1 are present. The most characteristic 
bands for birnessite, 634, 577, are due to Mn–O bond of the 
 MnO6 groups in the interlayer direction and the Mn–O–Mn 
vibration in the chain framework, respectively. The bands 
at 280 and 409 cm−1 can be assigned to the K–O vibration 
in the interlayer space while the remaining were unassigned 
in literature [35–38]. The unpromoted OL differs slightly 
from Pd/OL, confirming the results of the XRD tests. The 

band near 185 cm−1 is shown to appear and the intensity of 
the band near 577 cm−1 is shown to increase in comparison 
with the band near 639 cm−1, signaling the partial forma-
tion of the OMS-2 phase. Both spectra for OMS-2 and Pd/
OMS-2 do not differ from one another, in line with the XRD 
evidence of the structural integrity of OMS-2. A comparison 
of the effect of Pd deposition on OL and OMS-2 reveals that 
the noble metal-oxide interaction is much stronger for the 
layered OL material, resulting in its partial transformation 
into the tunneled OMS-2.

Temperature programmed reduction in  H2 was performed, 
with the results presented in Fig. 4. The unpromoted cata-
lysts both gave profiles showing one wide consumption peak 
with the maxima placed at 429 and 403 °C for OMS-2 and 
OL, respectively. The broad profile of these maxima can 
be attributed to the two-step reduction process of the cata-
lysts:  MnO2 → Mn3O4 and further  Mn3O4 → MnO at higher 
temperature, marked in Fig. 4 by green and blue shadow-
ing, respectively [39]. The addition of Pd results in a more 
complicated reduction profile. Two peaks for low and high 
temperature reduction can be easily distinguished, for both 

Fig. 2  XRD patterns for OMS-2, OL, Pd/OL and Pd/OMS-2

Fig. 3  Raman spectra of tested Pd-doped and undoped OL and 
OMS-2 catalysts

Fig. 4  TPR-H2 of tested Pd-doped and undoped OL and OMS-2 cata-
lysts
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Pd supported catalysts. For Pd/OMS-2 the low temperature 
reduction is shifted down to 75–300 °C, while the second 
remains in the 300–500 °C range. In the case of Pd/OL 
the low temperature peak occurs in the 230–340 °C range, 
while the high temperature one is shifted to a higher range 
of 340–480 °C, the higher range being similar to the second 
reduction peak of OMS-2, once again showing the partial 
transformation to OMS-2. The low temperature reduc-
tion most likely occurs due to the hydrogen activation and 
spillover effect, which is widely described for palladium 
nanoparticles.

From SEM and TEM images (Fig. 5.) we can see the 
well-defined nanorod structure of OMS-2 and Pd/OMS-2. 
While for OL the SEM and TEM images revealed the char-
acteristic layered material of OL. SEM and TEM images of 
Pd/OL confirm the phase transition observed by XRD. The 
layered material of OL has underwent a phase transition, 
revealing a well-defined nanorods structure, characteristic 
morphology, shown by OMS-2 materials. XRD showed 
peaks corresponding to remaining OL in XRD pattern, this 
is also evident from SEM where layered material can also 
be observed alongside the nanorods. From SEM, TEM and 
XRD analysis we can confirm there is no structural change 
upon immobilization of Pd nanoparticles to OMS-2. The 
OMS-2 material is stable and remains unchanged with well-
defined nanorods visible in both OMS-2 and Pd/OMS-2.

Results from the catalytic activity tests are shown in 
Fig. 6. As can be inferred from the shift in soot conver-
sion curves, palladium promotion had a promotional effect 
on catalytic activity. This effect is observed for both OL 

and OMS-2 supports independently of the test conditions. 
However, the most pronounced effect is observed for loose 
contact conditions. Whereas in tight contact the addition 
of 1% Pd on manganese oxide lowered the soot oxidation 
temperature  (T50%) by a mere 10 °C (OL) and 5 °C (OMS-
2) in loose contact, the shift reaches 65 and 60 °C, respec-
tively. The most essential results concern the addition of 
NO, greatly bridging the gap between tight and loose contact 
conditions. It is worth noting, that the lowering of the soot 
oxidation window in comparison to the uncatalyzed reaction 
is > 250 °C. The significance of these results is in achiev-
ing the thermal conditions relevant for soot combustion in 
the temperature of real Diesel exhaust gases. The observed 
activity of the catalysts is comparable or better than found 
in literature [24, 40, 41]. In all tested conditions Pd/OL was 
the most active catalyst, achieving 50% soot conversion at 
385, 450 and 541 °C for tight, loose + NO and loose contact 
conditions.

4  Conclusions

The paper presents comprehensive studies concerning the 
synergistic effects in catalytic soot oxidation between the 
potassium containing manganese oxides and palladium 
nanoparticles. The research presented in the paper reveals 
evidence of strong metal-support interaction leading to a 
partial phase transition upon 1% Pd decoration of OL, while 
the OMS-2 structure remains intact. The results show the 
highly beneficial effect of palladium on the catalytic activity 

Fig. 5  TEM images of a OMS-2, b OL, c Pd/OMS-2, d Pd/OL and SEM images of e OMS-2, f OL, g Pd/OMS-2, h Pd/OL
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of the two supports, especially in more realistic loose contact 
conditions, increasing the catalytic activity of the support in 
all cases. The 1% Pd surface promotion of OL is the most 
beneficial of the two. Compared to the non-catalytic soot 
combustion, the temperature of 50% soot conversion was 
shifted down by 315, 250 and 160 °C in tight, loose + NO 
and loose contact conditions, respectively, lowering the reac-
tion window to temperatures relevant for soot combustion in 
Diesel exhaust engines.
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