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 The research work presented here is focused on designing and 

characterizing new synthetic techniques for transition metal oxide nanomaterials 

as efficient sorbents and highly active catalysts and investigating carbon 

structure-oxidation activity correlations for diesel particulate filter optimization. 

This thesis is delineated into three parts. 

 The first part describes the synthesis of mesoporous cobalt oxides (M-Co-

X, X=150, 250, 350, 450ºC) with tunable porosity, and crystallinity based on an 

inverse micelle soft template method and investigation of the M-Co-X materials 

as desulfurizing sorbents in a fixed bed reactor in the temperature range of 25-

250ºC. A considerably high sulfur sorption capacity was observed even at room 

temperature (13.4 g S/ 100 g sorbent) and very high values were observed in the 

temperature range of 175-250ºC (65.0-68.9 g S/ 100 g sorbent). The sulfided 

materials were further analyzed with LA-XRD, WA-XRD, N2 sorption studies, 
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FESEM, FESEM-EDX, TEM, FETEM-EDX, TGA, and TPO.  The M-Co-250 

material reached 100% theoretical sulfur capacity at 150ºC. The presence of 

interconnected intraparticle voids and surface exposed particles were found to be 

the critical factors determining the ability of H2S to diffuse in the sorbent. The 

mesostruture of the M-Co-X material was preserved even after sulfidation. Other 

mesoporous metal oxides synthesized by the same method (Cr2O3 (UCT-37), 

CuO (UCT-11), Mn2O3 (UCT-1), and Fe2O3 (UCT-5)) also showed sulfur 

capacities of 2-200 times more than the corresponding nonporous materials.  

 The second part presents a microwave assisted hydrothermal synthesis 

and characterization of cobalt doped cryptomelane type manganese oxide (K-

OMS-2) microwires. Their catalytic activity was tested in an oxidation reaction 

with benzyl alcohol as the substrate and the cobalt doped OMS-2 materials 

showed 100% selectivity towards benzyl aldehyde with a conversion of 55%.  

The cobalt doped OMS-2 materials were also investigated as a desulfurization 

sorbent in a fixed bed reactor at 250ºC where high sulfur sorption capacities 

(49.4 g sulfur/100 g sorbent) were observed. Here, the structure controlled 

synthesis was performed using a facile one step microwave assisted 

hydrothermal method (MWHY) associated with a rapid temperature ramping 

(200ºC/min). The structural effects induced by the compositional control of 

transition metal dopants on the cryptomelane (space group I4/m) body centered 

tetragonal structure were identified with X-ray diffraction (XRD) and transmission 

electron microscopy (TEM). The XRD and TEM results showed that the 

systematic variance of the cobalt content was accompanied by a stepwise lattice 
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expansion of (110) plane from 6.70 to 7.43 Å. The XRD, high resolution TEM 

(HRTEM)/TEM, Raman spectroscopy, Fourier transform infrared (FTIR) 

spectroscopy, thermogravimetric analysis (TGA), and X-ray photoelectron 

spectroscopy (XPS) data suggested that the as-synthesized cobalt doped OMS-2 

materials were also crystalline with no segregated metal oxide impurities. The 

uniform morphology of the metal doped OMS-2 materials was observed by the 

field-emission scanning electron microscopy (FESEM), whereas energy-

dispersive X-ray (EDX) analysis confirmed the successful incorporation of metal 

dopant into the OMS-2 structure. Inductively coupled plasma atomic emission 

spectroscopy (ICP-AES) showed a higher degree of doping (Co/Mn = ~0.26) 

associated with MWHY method over conventional methods.  On the other hand, 

TGA demonstrated that the as-synthesized materials were more thermally 

unstable than their undoped counterparts. The observed structural and chemical 

characteristics upon doping with some metal cations were explained by the Jahn-

Teller distortion.  

 The third part demonstrates a comprehensive investigation of structure-

activity relationships for a diesel engine soot sample (Corning) and ten 

commercially available carbon black samples. Particle sizes were determined 

using Scanning Electron Microscopy (SEM) and Transmission Electron 

Microscopy (TEM); specific surface area was determined by nitrogen sorption 

studies; while the microstructure was investigated by X-ray Diffraction (XRD) 

peak profile analysis, Raman spectroscopy, and TEM. Oxidation activity of these 

samples was studied using Thermo Gravimetric Analysis (TGA) under an 
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oxidative (10% O2) environment consistent with the typical oxygen levels in the 

diesel engine exhaust. Various structural parameters, such as the average 

particle size, specific surface area, degree of organization, and average 

crystallite stacking height, were correlated with the TGA oxidation activity data. In 

general, samples with low particle size, high surface area, highly amorphous 

nature (low degree of organization), and low crystallite stacking height showed 

high oxidation activity. A second diesel engine soot sample (Corning), which was 

collected at different operating conditions, was used to validate the obtained 

structure-activity correlations. Overall, our rigorous analysis for a large number of 

samples with multiple techniques has indicated unique and novel correlations 

between soot structure and reactivity. 
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CHAPTER I. LOW TEMPERATURE DESULFURIZATION OF H2S: HIGH 

SORPTION CAPACITIES BY MESOPOROUS COBALT OXIDE 

VIA INCREASED H2S DIFFUSION. 

 

1.1. Introduction 

Sulfur containing compounds (Such as H2S, COS, dimethyl sulfide (DMS), 

and CS2) are considered as the naturally occurring contaminants in hydrocarbon 

feedstock, natural gas, and coal gas.1-6 The removal of sulfur containing 

impurities are economically beneficial to avoid corrosion, catalyst deactivation, 

and electrode poisoning. From an environmental point of view, the emission of 

sulfur compounds into the atmosphere causes acid rains. Among the above 

mentioned sulfur containing impurities, H2S has drawn special attention not only 

due to being hazardous, toxic, and corrosive but also its wide occurrence both 

naturally and in industrial processes.1-3 Condensation, oxidation, catalytic 

combustion, and acid gas treatments are the widely used methods for H2S 

removal.7-11 Among them, H2S adsorption has been widely preferred due to high 

efficiency, reliability, and availability of wide range of sorbents and low working 

temperatures. Common sorbents are activated carbon, zeolites, modified 

alumina, clays, metal oxides or mixed metal oxides.2,3 Among these, the mixed 

metal oxides have become more popular in desulfurization processes due to a 

wide range of working temperatures (300-800ºC) and viability of compositional 

changes.7,12 Zinc, manganese, copper, iron, cobalt, nickel, chromium, and 

calcium based oxides are the most extensively studied oxides for desulfurization 
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in solid-gas reactions due to their high affinity to S (Eq. 1.1)7,9,13-17 where MxOy 

and MxSy are the initial metal oxide sorbent and the metal sulfide after the 

reaction  

                                       (1) 

 Thus far, zinc oxide based sorbents with high sulfur affinity for 

desulfurization and high thermal stability have been proven to be practically 

applicable and as potential materials for H2S removal. However, desulfurization 

processes by zinc oxides require high temperatures for efficient removal. 

Therefore, recently much attention has been drawn in developing low cost 

sorbents with lower operation temperatures. Recent thermodynamic studies 

indicate that sorbents based on transition metal oxides such as oxides of Co, Cu, 

Mn, Cr, Fe, Ni, and W are possible candidates for low temperature 

desulfurization.18-20,20-24 Among them, cobalt oxide based sorbents are found to 

be very promising with higher degree of H2S removal rates and subsequent 

metal sulfide conversions obtained with different cobalt oxide based sorbents.9 

However, in these studies cobalt is not the major component of the designed 

sorbents. These materials also suffer from the limitations for lowering of the 

desulfurization operating temperatures (<400 ºC) while maintaining satisfactory 

sulfur sorption capacities.  

 The diffusion of H2S through the material is critical for reaching the 

active sites to obtain a high efficiency. Therefore, the physicochemical properties 

(surface area, porosity, morphology, and pore volume) of sorbents play a crucial 

role.25,26 These properties are known to be directly correlated to the 



3 
 

desulfurization efficiency. In this work, we report a low temperature and efficient 

desulfurization (H2S removal) by novel mesoporous cobalt oxide materials 

(University of Connecticut, UCT mesoporous materials). The materials are 

prepared by a recently developed inverse micelle templating sol-gel route.27 The 

method allows one to prepare thermally stable and high surface area 

mesoporous transition metal (TM) oxides with tunable mesopore sizes and 

volumes. With the method, it is also possible to evaluate the role of the 

physicochemical properties on the desulfurization performances. Unlike 

traditional mesoporous materials, these UCT materials are formed by randomly 

packed monodispersed nano-particles and mesopores are formed by connected 

intraparticle voids.28,29,30 The tested mesoporous cobalt oxides show significantly 

higher sulfur sorption capacity even at room temperature. The highest H2S 

removal can be reached at temperatures as low as 175ºC. Moreover, the 

performances of mesoporous cobalt oxides are almost 60 times higher than their 

nonporous analogues. The mesoporosity of the material is modulated by varying 

the calcination temperatures of the materials.  The chemical, structural, and 

morphological changes due to sulfidation of cobalt oxides were closely monitored 

by numerous characterization techniques (LA-PXRD, WA-PXRD, N2 sorption, 

EDX, XPS, TPO, TGA). In addition to the mesoporous cobalt oxide, several other 

mesoporous materials (Mn, Ni, Cr etc.) prepared with the same approach were 

also tested for desulfurization. The sulfur sorption capacities of their respective 

commercially available nonporous counterparts were also tested for better 

evaluation of the removal performances. 
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 1.2. Experimental Section 

 

1.2.1. Materials 

 
Cobalt(II) nitrate hexahydrate (Co(NO3)2·6H2O > 98.0%), 1-butanol 

(anhydrous, 99.8%) and Poly (ethylene glycol-block-Poly(propylene glycol)-block-

Poly(ethylene glycol) PEO20-PPO70-PEO20 (Pluronic P123) were purchased from 

Sigma Aldrich. Concentrated nitric acid (HNO3, 68-70%) was purchased from J.T. 

Baker. All chemicals were used without further purification. 

 

1.2.2.  Synthesis of mesoporous cobalt oxide 

Co(NO3)2·6H2O (0.02 mol) was dissolved in a solution containing 0.23 mol 

of 1-butanol, 0.038 mol of HNO3 and 4.31 × 10-4 mol of P123 surfactant in a 150 

mL beaker at room temperature (RT) and under magnetic stirring. The obtained 

clear gel was place in an oven at 120ºC for 12 h. The obtained powder was 

washed several times with ethanol. Then, the powder was dried in a vacuum 

oven overnight and the dried powder was calcined at different temperatures 

(150-450ºC) in order to achieve the desired crystal structure and mesopore size 

distribution.  The samples were labeled as M-Co-X where X is the final 

calcination temperature. 
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1.2.3.  Catalyst Characterization 

 

1.2.3.1. X-Ray Powder Diffraction Studies 

The powder X-ray diffraction (XRD) studies were performed with a Rigaku 

Ultima IV diffractometer using Cu Kα (λ = 0.15406 nm) radiation. Beam voltage 

and beam current of 40 kV and 44 mA were used respectively. The data were 

collected in the 2 theta ranges, 2 to 8º for low angle (LA) XRD studies (scan rate 

= 0.5º/min.), and 5 to 75º for wide angle (WA) XRD studies (scan rate = 

2.0º/min.). The XRD patterns of samples were collected on a glass sample 

holder. Determination of crystallite size of the cobalt oxide materials was done 

using the Debye-Scherer equation.  

 

   1.2.3.2. Scanning Electron Microscopy and Energy Dispersive X-ray 

Spectroscopy 

Morphological characterization of the synthesized materials was done 

using a FEI Nova NanoSEM FE-SEM with a beam current of 1.0 mA and a 

Schottky emitter operating at 2.0 kV. FESEM sample preparation was done by 

suspending the samples in absolute ethanol and then a drop of the suspension 

was dispersed on Au coated silicon chips mounted onto stainless-steel sample 

holders with double-sided carbon tape.  Prior to the analysis all the samples were 

dried under vacuum. The EDX analysis was done using an Oxford X-max80 EDX 

analyzer operating at an electron accelerating voltage of 10 kV. 
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1.2.3.3. Transmission Electron Microscopy and Focused Ion Beam 

Technology 

Transmission electron microscopy (TEM) and high-resolution transmission 

electron microscopy (HRTEM) studies were done with a JEOL 2010 UHR 

FasTEM operating at an accelerating voltage of 200 kV, equipped with an energy 

dispersive       X-ray analysis (EDS) system. The sample preparation was done 

by suspending the material in 2-propanol and then a drop of the suspension was 

placed onto a carbon-coated copper grid and allowed to dry under infrared light. 

Focused ion beam (FIB) technology was performed using a FEI Strata 400S dual 

beam FIB system. 

 

 1.2.3.4. N2 Sorption Studies 

The nitrogen sorption experiments were done using a Quantachrome 

Autosorb iQ2 surface area system. Prior to the experiments all samples were 

degassed at 150°C for 12 h. The Brunauer−Emmett−Teller (BET) method was 

used to determine the specific surface area of samples. 

 

1.2.3.5. Thermo Gravimetric Analysis  

Thermal stability studies were conducted by thermogravimetric analysis 

(TGA) using a Hi-Res TGA 2950 thermogravimetric analyzer. The temperature 

ramp for TGA was 10ºC/min in nitrogen atmosphere. 
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1.2.3.6. X-ray Photoelectron Spectroscopy  

XPS analyses were performed using a PHI model 590 spectrometer with 

multiprobes, using Al Kα radiation (λ=1486.6 eV) as the radiation source. 

 

1.2.3.7. Temperature programmed oxidation-mass spectrometry 

Temperature programmed oxidation (TPO)-mass spectrometry analyses 

were performed with a home-made set-up and an MKS-UTI PPT quadrupole 

mass spectrometer. Sulfided M-Co-250 (100 mg) was packed in a quartz tube 

and the tube was placed in a horizontal tubular furnace. The loaded sample was 

heated from room temperature to 700ºC with a 5ºC/min heating rate under a 200 

sccm air/H2 (1:1) gas mixture. 

 

1.2.4. Sulfidation reactor and sulfur sorption capacity 

The sulfur sorption experiments were carried out in the range from room 

temperature (RT) to 300 ºC. The laboratory scale sulfur sorption apparatus is 

shown in Scheme 1.1.  The fixed bed tubular reactor made of quartz with an 

internal diameter of 2 mm was oriented vertically in a tube furnace with PID 

control. In each experiment, 0.05 g of mesoporous materials and 0.05 to 0.20 g 

of commercial materials were packed in the reactor supported by quartz wool. A 

J-type thermocouple was placed at the top of the sorbent bed. Prior to each 

experiment, the sorbent was heated to the analysis temperature and held for 1 hr 

with a He flow of 36 SCCM. Gaseous samples were analyzed for sulfur using the 

analytical comprised of a SRI 8610C GC equipped with a GS-GasPro capillary 
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column (30 m × 0.32 mm I.D.) and a flame photometric detector (FPD). Helium 

served as the carrier gas and a 10 port sampling valve with an electronic actuator 

was used to make automatic injections into the GC every 10 min. Tubing and 

fittings were stainless steel throughout. The flow rates, feed, and composition 

were controlled using mass flow controllers (MFCs) (MKS model 1479A, 20 

SCCM + 1% full scale and Alicat Scientific, 200 SCCM + 0.2 % full scale). The 

sulfidation reactions were carried out using a certified gas mixture (Scott 

Specialty Gases, 1 % H2S in He) and the weight hourly space velocity was fixed 

at ~ 60 L h-1 g-1. 

 

Scheme 1.1. Schematic representation of the experimental set-upa 

aGC: Gas chromatograph, FPD: Flame photometric detector, MFC: Mass flow 

controller, TC: Thermocouple, 3WV: 3-Way valve, CV: Check valve, M: 

Manometer. 

The sulfur sorption capacities (SC) of materials sulfided at different temperatures 

were calculated according to the Eq. 1.2. 

    
        

             
         

 

    
                

 

 
    (2) 

Where WHSV is weight hourly space velocity in mL h-1 g-1, M is the atomic 

weight of sulfur (32 g mol-1), Vmol is the molar volume in L mol-1 under standard 
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conditions of 298 K and 1 atm (24.5 L mol-1), Cin and Cout are the inlet and outlet 

concentrations (%), respectively, and t is the breakthrough time (BT) in hours. 

The BT is defined as the time when the outlet concentration reached 50 ppm. 

1.3. Results 

 

1.3.1.  Physiochemical properties of commercial and mesoporous 

cobalt oxide materials 

Figure 1.1a shows the low-angle powder X-ray diffraction (PXRD) lines for 

commercial (C-Co) and mesoporous cobalt oxide materials (M-Co-X, where 

X=150, 250, 350, and 450ºC) heated to different final temperatures (150 to 

450oC). The low angle diffraction lines were observed only for M-Co-150, M-Co-

250, and M-Co-350 indicating the presence of an ordered mesostructure. The 

low angle diffraction line positions are almost the same for M-Co-150 and M-Co-

250 (9.6 and 9.1 nm, respectively) but shifted to 11.8 nm by increasing the final 

heat treatment to 350ºC (Table 1.1). The commercial cobalt oxide and M-Co-450 

did not show any low angle diffraction.  
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Figure 1.1. (a) Low angle and (b) High angle PXRD patterns (c) Nitrogen 

sorption isotherms and (d) BJH desorption pore size distributions of commercial 

cobalt oxide (C-Co) and mesoporous cobalt oxides (M-Co-X, X=150, 250, 350, 

450ºC) (e) Low resolution and (f), (g) high resolution FESEM images of M-Co-
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250 which contains micron sized openings which enhances the diffusion of 

reactant species. 

The wide-angle PXRD pattern of M-Co-150 was clearly different from 

those observed for the commercial cobalt oxide and other M-Co-X materials 

(Figure 1.1b). The diffraction lines of the M-Co-150 material can be assigned to 

cobalt acetate hydrate, C4H6CoO4·4H2O (ICSD no. 00-025-0372) without any 

impurity peaks. The PXRD patterns of other M-Co-X could be indexed to the 

cubic phase of Co3O4 (ICSD no. 01-071-4921). The wide angle PXRD lines 

intensities were gradually increased as the calcination temperature was 

increased from 250 to 450ºC. However, the intensities of diffraction lines for 

commercial cobalt oxide were the highest; hence they have the highest 

crystallinity.  

Figure 1.1c shows the N2 sorption isotherms of mesoporous cobalt oxides. 

M-Co-250 and M-Co-350 materials showed characteristic Type IV adsorption 

isotherms suggesting an ordered mesoporous structure (Figures 1.1c and 1.1d). 

Commercial cobalt oxide has the lowest surface area (3 m2/g). M-Co-150 shows 

the lowest BET surface area (23 m2/g) among the M-Co-X materials but 

increased to 143 m2/g when the calcination temperature was raised (250ºC). 

However, the surface area decreases upon further increase of the calcination 

temperature. M-Co-350 and M-Co-450 have surface area values of 99 and 38 

m2/g, respectively (Table 1.1).  The change in Barrett-Joyner-Halenda (BJH) 

desorption pore volumes also follow a similar pattern, whereas, commercial 

cobalt oxide (0.01 cc/g) and M-Co-150 (0.05 cc/g) have the lowest pore volumes. 
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M-Co-250 shows the highest pore volume of 0.30 cc/g and decreased to 0.21 

cc/g when the calcination temperature was increased to 450ºC (M-Co-450) 

(Table 1.1). On the other hand, BJH desorption pore diameter increases (from 

3.4 to 17.2 nm) in the order of its non porous material, M-Co-150, M-Co-250, M-

Co-350, and M-Co-450 (Table 1.1). Figure 1.1e shows the low resolution field-

emission scanning electron microscopy (FESEM) images for M-Co-250 where 

spherical particles are sized between 1.4-2.8 µm. As shown in Figures 1.1f and 

1.1g, these particles contain micron sized openings which enhance the diffusion 

of reactant species. 

Table 1.1. Structural parameters of mesoporous cobalt oxide materials before 

and after sulfidation. 

 

NA = Not applicable 
*SX = Sulfided at XºC 
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1.3.2.  Desulfurization performances of commercial and mesoporous 

cobalt oxide materials  

The breakthrough curves for commercial cobalt oxide (C-Co) and M-Co-X 

materials are presented in Figure 1.2a. The temperature inside the catalyst bed 

was maintained at 200ºC throughout the process. The C-Co showed the lowest 

BT of 0.28 h. The mesoporous cobalt oxide materials have BT times of 1.06, 

17.02, 17.80, and 5.69 h for M-Co-150, M-Co-250, M-Co-350, and M-Co-450, 

respectively. Sulfur sorption capacities were determined according to Eq. 2 and 

are presented in Figure 1.2b. The sulfur sorption capacity varied from 1.4 to 69.2 

g S/ 100 g sorbent where commercial cobalt oxide had the lowest (1.4 g S/ 100 g 

sorbent) and M-Co-250 and M-Co-350  showed the highest (66.7 and 69.2 g S/ 

100 g sorbent, respectively).  M-Co-150 and M-Co-450 show moderate sulfur 

sorption capacities; 4.3 and 22.2 g S/ 100 g sorbent, respectively. 

Figure 1.2c shows the breakthrough curves for M-Co-250 sulfided at 

different temperatures ranging from room temperature (25°C) to 250ºC. 

Interestingly, M-Co-250 showed a significant BT (3.44 h) even at room 

temperature. When the sulfidation temperature was gradually increased up to 

175°C, the BT also increased from 3.44 to 16.72 h and then remained almost the 

same (BTs of 17.05 and 17.58 h at 200°C and 250°C, respectively). The sulfur 

sorption capacities of M-Co-250 at different temperatures are demonstrated in 

Figure 1.2d which follow the same trend as the BTs. At RT M-Co-250 showed the 

lowest sulfur sorption capacity of 13.4 g S/100 g sorbent. The capacity increased 
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up to 65.0 g S/ 100 g sorbent at 175°C.  At 200 and 250°C sulfur sorption 

capacities of 66.7 and 68.9 g S/ 100 g sorbent were observed, respectively.    

 

 

Figure 1.2. (a) Breakthrough curves and (b) Sulfur sorption capacities of 

commercial cobalt oxide (C-Co) and mesoporous cobalt oxides (M-Co-X, X=150, 

250, 350, 450ºC) after sulfidation at 200 ºC. Mesoporous cobalt oxide materials 

calcined at 250 and 350ºC show the highest breakthrough times and the highest 

sulfur sorption capacities. (c) Breakthrough curves and (d) Sulfur sorption 

capacities of mesoporous cobalt oxide (M-Co-250) after sulfidation at different 

temperatures. Mesoporous cobalt oxide materials sulfided at temperatures above 
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175°C show the highest breakthrough times and the highest sulfur sorption 

capacities. 

 

1.3.3.  Comparison of physiochemical properties of M-Co-250 before 

and after sulfidation at 200ºC 

 

Figure 1.3. (a) Low angle PXRD patterns (b) High angle PXRD patterns (c) 

Nitrogen sorption isotherms and (d) BJH desorption pore size distributions of 

mesoporous cobalt oxide (M-Co-250) before and after sulfidation at 200 °C. 

Cobalt oxide is converted to cobalt sulfide retaining its mesoporous nature. 
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Due to the presence of a low angle diffraction line, the low-angle PXRD 

studies suggest that the mesoporosity of M-Co-250 was retained even after 

sulfidation at 200°C. A remarkable observation is that during desulfurization, the 

low-angle diffraction line position of M-Co-250 shifted from 9.1 to 10.3 nm (Figure 

1.3a). As shown in Figure 1.3b, upon sulfidation at 200°C most of the original 

cobalt oxide PXRD peaks disappeared. Instead cobalt sulfide peaks (ICSD no. 

01-074-6715) immerged along with a few unassigned peaks. Figure 1.4 shows 

the wide-angle PXRD patterns for M-Co-250 sulfided at different temperatures. 

When the sulfidation temperature was gradually increased, the intensities of 

peaks assigned for cobalt oxide were gradually decreased while those for cobalt 

sulfide are gradually increased.  These observations suggest that most of the 

oxygen in the cobalt oxide structure was replaced by sulfur to give a mesoporous 

cobalt sulfide structure.   

 

Figure 1.4. Wide-angle PXRD patterns of (a) M-Co-250 and after sulfidation at 

(b) 25ºC (c) 100ºC (d) 175ºC and (e) 200ºC. 
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The characterization of surface properties of the sulfided materials is 

shown in Figures 1.3c and 1.5a. The observed N2 sorption isotherms for all 

sulfided M-Co-250 at all the temperatures give characteristic Type IV adsorption 

isotherms (Figure 1.5a), indicating the existence of a mesoporous structure. 

However, M-Co-250 material sulfided at 200ºC adsorbed the highest volume of 

N2 gas among the sulfide materials and its isotherm shows the closest 

relationship in shape to that of its unsulfided counterpart (Figure 1.3c). The pore-

size distributions for each of the sulfided M-Co-250 materials are given in Figure 

1.5b and all the materials showed monomodal pore sizes, in the range of 3.4-3.8 

nm. However, the average pore sizes of all the sulfided materials were lower 

than that of the unsulfided M-Co-250 (4.8 nm). The M-Co-250 sulfided at 200°C 

showed the highest porosity and the most uniform pore size distribution. The 

smaller pore size after sulfidation might be due to increase in size of 

nanoparticles during the sulfidation (Figure 1.3d).  

 

 

Figure 1.5. (a) Nitrogen sorption isotherms and (b) BJH pore size distributions of 

M-Co-250 before and after sulfidation at different temperatures. 
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The particles were spherical in shape and contain micron sized openings 

in the structure. However, the particle sizes were slightly increased (1.6-3.0 µm). 

Furthermore, Figure 1.6a shows that the sizes of the openings in the material 

also have increased compared to Figure 1.1g. Figure 1.6 shows the a) FESEM 

image, and b) Co c) S d) O FESEM-EDX elemental map data obtained for M-Co-

250 sulfided at 200ºC. The cobalt oxide aggregate shown in the images clearly 

demonstrates the high amount of sulfur present in the material with respect to 

oxygen. The relative amount of oxygen is much lower compared to cobalt and 

sulfur, indicating that the oxygen in the cobalt oxide structure is replaced by 

sulfur. The presence of sulfur in the sulfided material was also analyzed by 

FESEM-EDX line analysis from point A to B (Figure 1.7a). As Figure 1.7b shows 

both cobalt and sulfur signals are high while the oxygen signal is very low in 

intensity.  

 

Figure 1.6. (a) Low resolution and High resolution (inset) FESEM images, 

FESEM-EDX elemental maps for (b) Co, (c) S, and (d) O, (e) TEM image, and 
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FETEM-EDX elemental maps of the cross-sectional view of isolated microsphere 

for (f) Co (g) S (h) O for mesoporous cobalt oxide (M-Co-250) after sulfidation. 

 

 

 

Figure 1.7. (a) FESEM image of M-Co-250 after sulfidation at 200ºC (b) FESEM-

EDX line analysis from point A to B for cobalt, oxygen, sulfur and silicon. 
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Figure 1.8. FESEM-FIB images of (a) Pt coating and (b) cross sectional view of 

M-Co-250 sulfided at 200ºC. 

However, FESEM-SEM analysis gave no clue about the fractional 

coverage of sulfur in the mesoporous cobalt oxide particle. Therefore, the cross-

section of a single particle was analyzed by HRTEM and FETEM-EDX. Figure 

1.8a shows the platinum coated sulfided M-Co-250 microspheres and Figure 

1.8b shows the vertically sliced mesoporous cobalt oxide material by focused ion 

beam (FIB) methods where the cross sections of microspheres are exposed.  As 

shown in Figure 1.6e, the HRTEM image cross section of the single M-Co-250 

microsphere suggests the idea of an interconnected mesoporous structure. 

Figures 1.6f-h show the elemental maps for the cross section of sulfided M-Co-

250 microspheres which were obtained by FETEM-EDX map analysis and they 

provide clear evidence for the extremely high fractional coverage of sulfur inside 

the microspheres. On the other hand, the elemental analysis for oxygen shows 

that its abundance is very low inside the microsphere with respect to those for 

cobalt and sulfur. However, a slightly high abundance of oxygen was observed 

closer to the surface of the microsphere. These data suggest that hydrogen 

sulfide gas not only reaches all the particles in an aggregate, but also shows a 

very high degree of diffusion inside the mesopores. The chemical fate of sulfur in 

the sulfided materials was analyzed with XPS studies (Figures 1.9a and 1.9b) 

and the major species is S2- (162.0, 163.4 eV) which exists as Co3S4. In addition, 

sulfur is present in the form of elemental sulfur (164.7, 166.6 eV), and SO4
2- 

(168.9, 170.5 eV).  
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Figure 1.10a shows the TGA analysis data for M-Co-250 and the material 

sulfided at 200°C, both under air and nitrogen. The unsulfided M-Co-250 shows a 

high thermal stability until 800°C. However, when the sulfided material was 

analyzed with air, two slight drops in weight percent were seen; one drop of 5% 

from room temperature to 120ºC and another of 2.5% from 120 to 340ºC. The 

mass then increased until 760ºC followed by a drastic weight drop of 37% and 

this was observed during the oxidation of cobalt sulfide due to the formation of 

intermediate compounds in the temperature range of 340-760ºC. Under inert 

atmosphere (N2), the same pattern was followed until 460ºC and then cobalt 

sulfide starts to get reduced. Removal of trapped sulfur and sorbent structure 

regeneration was studied by TPO. At around 395ºC O2 was consumed and SO2 

was evolved (Figure 1.10b). No other gases were evolved between room 

temperature and 700°C. The sulfur sorption capacity of the regenerated M-Co-

250 was tested at 200°C.  Interestingly, this material showed a sulfur sorption 

capacity of 33.7 g S/100 g sorbent after regeneration at a high temperature as 

400°C under air (Figure 1.11). 

 

Figure 1.9. XPS data (a) before and after sulfidation at 200ºC and (b) S 2p 

region of sulfided M-Co-250. 
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1.3.4.  Desulfurization activities of other mesoporous (UCT) 

materials 

Other mesoporous metal oxides (UCT materials), Cr2O3, CuO, Mn2O3, and 

Fe2O3 were synthesized by the same synthetic method as M-Co-X materials 

according to the procedure of Poyraz et al. and they were also analyzed for their 

potential applications as desulfurization sorbents (M-Y-X, where Y represents the 

metal and X represents calcinations temperature). Desulfurization by their 

nonporous counterparts were also studied as control experiments. All the studied 

mesoporous materials showed significantly high specific capacities compared to 

the nonporous materials at 200°C. As Table 1.2 shows mesoporous Mn2O3 (M-

Mn-250) showed the highest activity with a sulfur sorption capacity of 43.1 g 

sulfur/100 g sorbent, while mesoporous Cr2O3 (M-Cr-250) showed the lowest 

activity (19.6 g S/100 g sorbent). Interestingly, their desulfurization performances 

were 2 (by M-Fe-250)-200 (by M-Mn-250) times higher than those obtained by 

the nonporous metal oxides (C-MOx). Mesoporous Co lies in between the hard 

bases and soft bases in the periodic table, showing considerably high specific 

capacities compared to other mesoporous metal oxides. Being neither a strong 

hard base nor soft base, Co can easily break Co-O bonds and make Co-S 

bonds. Moreover, that helps in regenerating the sorbent by breaking Co-S bonds 

at low temperatures.  
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Figure 1.10. (a) Thermogravimetric analysis of mesoporous cobalt oxide 

calcined at 250ºC before and after sulfidation and (b) Temperature programmed 

oxidation (TPO) of mesoporous cobalt oxide after sulfidation. 

 

Figure 1.11. Breakthrough curves of fresh M-Co-250 and regenerated M-Co-250 

for sulfidation at 200°C. The mesoporous cobalt oxide can be regenerated at 

400°C under air without a significant loss in its sulfur sorption capacity. 
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Table 1.2. The sulfur sorption capacities of mesoporous and nonporous MOx 

materials 

 

   1.4. Discussion 

 

The well ordered mesoporous cobalt oxide materials were synthesized by 

carefully controlling the nature of the reaction medium and the interactions 

between the reagents as proposed in the literature.27-32 In contrast to the 

traditional synthetic routes for the preparation of mesoporous metal oxides, the 

mesoporous materials prepared by the inverse micelle packing method in this 

study (UCT materials) consist of a low angle XRD peak where its position 

corresponds to the average sizes of the nanoparticles (Figure 1.1a).27 The 

intraparticle voids of the nanoparticles connect with each other to form the 

mesoporous structure. The commercial cobalt oxide contains no mesoporous 

structure. When the calcination temperature is increased to 250ºC the sizes of 

the nanoparticles, hence the sizes of the interparticle voids for M-Co-350, 
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increase due to the sintering of Co3O4 nanoparticles. This observation is in good 

agreement with the BJH pore size distribution data where a concomitant variation 

in the pore diameter is observed with increasing the calcination temperature. 

When the calcination temperature is further increased to 450ºC the 

mesostructure collapses and no low angle peak is observed. As shown in Figure 

1.1b, the Co3O4 phase is formed via a hydrated cobalt acetate phase. Once 

Co3O4 phase is formed its crystalline nature increases with temperature as 

explained in Figure 1.1b. However, commercial cobalt oxide possessed a higher 

crystallinity compared to all the M-Co-X materials. The effect of nanocrystallinity 

is well reflected by the N2 sorption data. The lower the crystallite size is, the 

higher the exposed surface area is, and hence the higher the volume of gas 

adsorbed. In addition, the commercial cobalt oxide (C-Co) did not show a Type 

IV isotherm indicating the lack of mesoporosity (Figures 1.1c and 1.1d).27 Table 

S1 shows that the surface area place an important role in determining the sulfur 

sorption capacity.  Therefore, the presence of surface exposed particles and 

interconnected intraparticle voids are responsible for having high sulfur sorption 

capacities by mesoporous cobalt oxide materials compared to the non porous 

cobalt oxide. 

As shown in Figures 1.2a and 1.2b, M-Co-250 and M-Co-350 materials 

gave significantly high BTs and sulfur sorption capacities at temperatures as low 

as 200ºC in contrast to the materials published in the literature where high 

temperatures (>400 ºC) are required in order to obtain considerable sulfur 

sorption capacities.20,22,32-36 However, the materials are in good agreement with 
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the data observed in the literature in terms of the shape of the breakthrough 

curve.13 Here, although the M-Co materials are highly active in sulfur sorption 

and the conversion of oxide to sulfide continues after the breakthrough, once BT 

is obtained, they lose the ability to remove H2S efficiently. The slopes of the 

breakthrough curves depend on the nature and the surface morphology of the 

sorbent. This effect is well reflected in Figure 1.2a, where M-Co-250 and M-Co-

350, which possess very high mesoporosity, have breakthrough curves with 

lower slopes compared to the other materials. Hence, in these materials 

sulfidation after the BT is more effective compared to materials with either low or 

no porosity.25,26  

The sulfidation is a radial property and the extent of sulfidation of a 

material is controlled by the ability of the H2S molecules to diffuse inside the 

material. Therefore, the conversion of the oxide to the sulfide is governed by two 

major factors. The first is the temperature at which the sulfidation takes place, 

where the kinetic energy of the H2S molecule, hence the diffusion rate is 

increased with temperature.  The metal oxide to metal sulfide conversion with 

temperature could be seen in the sequence of PXRD patterns in Figure 1.4 and 

total conversion is obtained by 200ºC (Figure 1.3b).37,38 The second factor 

involves surface properties of the material. The higher the amount of surface 

particle is, the easier the H2S molecules to reach all the particles in an 

aggregate. This is clearly reflected in the FESEM-EDX data presented in Figures 

1.6a-d. The EDX elemental maps show that H2S reaches all the particles in an 

aggregate and O is replaced by S. This emphasizes the role of mesoporosity. 



27 
 

Hence, these materials can be considered as a surface active sorbent rather 

than a bulk material. Another important property of the sorbent is its high porosity 

(Figures 1.1e and 1.1f). As seen in Figure 1.6e, the cross section of an individual 

particle shows that the material consists of interconnected pores which is a 

critical factor in determining the extent of diffusion of H2S molecules inside the 

particles.25 This phenomenon is well supported by the FETEM-EDX maps shown 

in Figures 1.6f-h where sulfur has a uniform distribution throughout the particle 

while oxygen is mainly seen on the particle surface due to adsorbed species 

between the time of sulfidation and the time of FETEM-EDX analysis. This is 

further shown by the FESEM-EDX line analyses across a single particle (Figures 

1.7a and 1.7b) where oxygen amount is greatly suppressed by sulfur.  

The morphology evolution after sulfidation for M-Co-250 (Figure 1.6a) 

showed that sintering is not taking place; hence, the mesoporosity was retained. 

Interestingly, the LA-PXRD data agree with the fact of retaining the 

mesostructure by the existence of a low angle diffraction line after sulfidation.27 

However, the crystal structure analysis shows that the low-angle peak position is 

increased upon sulfidation indicating an increase in the particle sizes as the 

crystal radius of S2-(1.70 Å) is larger than that of O2- (1.21 Å). The N2 sorption 

data further suggest the mesoporous nature of the sulfide materials with the 

existence of a Type IV isotherm, and a uniform BJH pore size distribution curve 

in which the pore diameter is reduced upon sulfidation due to swelling of 

individual particles (Figures 1.3c and 1.3d).  
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Although the weight loss of the fresh sample under air is negligible, under 

N2 atmosphere a weight drop around 800ºC is observed due to the reduction of 

the material (Figure 1.10a).13 The initial mass loss of the sulfided material both 

under air and nitrogen might be due to adsorbed moisture and physisorbed H2S. 

However, the weight increase of the sulfide material under air is due to formation 

of cobalt sulfate. This might take place by the reaction between SO2 and the 

regenerated material (Co3O4).
13 The idea was confirmed by the TPO data (Figure 

1.10b) where sulfur dioxide is evolved (395ºC) just before the weight increase 

starts in the TGA data. 

Other mesoporous metal oxides synthesized with the same approach as 

UCT mesoporous materials, were tested for low temperature (200ºC) H2S 

removal under the same conditions and showed relatively low H2S uptakes 

compared to M-Co materials (Table 1.2). However, the UCT materials showed 

significantly higher activities compared to their analogous nonoporous materials 

due to their mesostructure consists of interconnected intraparticle voids which 

increases the diffusion of H2S(g).
14,39,40 Based on the high activity data observed 

for mesoporous Mn2O3 materials, further studies are being carried out in our 

laboratories. 

 

 

1.5.  Conclusion 

The mesoporous cobalt oxide materials synthesized by the inverse micelle 

templating method were used as sorbents for the removal of H2S at low 
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temperatures (25-250ºC). The mesoporous materials showed superior activity 

even at room temperature and reached 100% theoretical sulfur capacity (52.5 g 

S/100g sorbent) at a very low temperature as 150ºC. The sulfur sorption capacity 

increased as the sulfidation temperature was increased and the maximum sulfur 

capacities (65-68.9 g S/100g sorbent) were reached in the range of 175-250ºC. 

According to the literature, even though the sulfidation at low temperatures is 

kinetically slow, the mesoporous cobalt oxide materials showed high sulfur 

capacities and reached high oxide to sulfide conversions. Other mesoporous 

materials (Cr2O3, CuO, Mn2O3, and Fe2O3) also showed superior activities 

compared to their nonporous analogues (as high as 200 times). Based on the 

data observed, due to the presence of surface exposed particles and the 

interconnected intraparticle voids, the diffusion of H2S in the sorbent is greatly 

enhanced providing high sulfur capacities. 
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CHAPTER II.  MICROWAVE ASSISTED HYDROTHERMAL SYNTHESIS OF 

α-MnO2: LATTICE EXPANSION VIA RAPID TEMPERATURE 

RAMPING AND FRAMEWORK SUBSTITUTION. 

 

2.1. Introduction 

 
 Manganese oxide octahedral molecular sieves are porous inorganic 

nanostructures,1 with an excellent catalytic activity2 due to their mixed valent 

lattice structure3 consisting of Mn2+, Mn3+ , and Mn4+ and they also possess good 

semiconducting properties.4 Among the class of manganese oxide octahedral 

molecular sieve material (OMS), the most extensively studied is cryptomelane-

type OMS material which is composed of edge shared MnO6 octahedra forming a 

2 × 2 (0.46 nm × 0.46 nm) 1-D  tunnel structure5 (Figure 2.1). OMS-2 material is 

environmentally benign and relatively cheap and has found a wide range of 

applications in the fields of environmental,6 sustainable energy research,7 battery 

materials,8 gas sorption,9 energy storage,10 oxidation catalysis,11 and pollution 

control.6 The chemical composition of OMS-2 material is KMn8O16·nH2O, where 

Mn2+, Mn3+, and Mn4+ reside in the framework sites resulting in an average 

oxidation state of 3.8+, while K+ resides in the tunnel sites compensating the 

charge imbalance due to the reduction of Mn4+.2,12 Introduction of a metal ion/ 

metal ions, either into the OMS-2 tunnels or to the framework could be used to 

tune the structure, morphology, and lattice parameters, which offer  novel 

chemical and physical properties. 
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Figure 2.1.  Polyhedral representation of the crystal structure of α-MnO2 type 

materials. The structure is viewed down the c-axis of the tetragonal unit cell. 

Potassium atoms are shown in grey and MnO6 octahedra are shown in brown. 

 

The morphology, chemical and physical characteristics, and hence the 

applications of OMS-2 materials also depend on the synthetic route. Chen et al. 

successfully prepared and characterized manganese oxide OMS-2 materials with 

different metal cations doped into the structure using a reflux method.13  In this 

study an aqueous solution of  the metal cation dopant (Cu2+, Zn2+, Ni2+, Co2+, 

Al3+, or Mg2+) was added to the refluxing mixture and these foreign metal cations 

mostly resided in the framework sites. In addition, Co has found to be at the 

highest levels (Co/ Mn atomic ratio = 0.097) inside the OMS-2 structure. 

However, this work suffers from low doping levels.  

In another study, King’ondu et al. synthesized novel, multidoped 

cryptomelane self-assembled hollow nanostructures using Mo6+, V5+, Cu2+, and 

Fe2+ as the dopant cations. Here, the authors were able to tailor the morphology, 

particle size, crystal system, and surface area of OMS-2 materials through 
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multiple substitutions using the reflux method.14 Metal cation doped OMS-2 

materials have also been used in specific applications, such as microwave field 

assisted synthesis of vanadium doped OMS-2 for Li-ion intercalation,8  

hydrothermal, and reflux synthesis of Ag–OMS-2 for electrochemical studies,12 

hydrothermal synthesis of Cu doped OMS-2 for their X-ray absorption and cyclic 

voltammetric studies,10 increased thermal stability of Co and Sn doped OMS-2,15 

framework doping of Fe in cryptomelane tunnel structures for higher thermal 

stability and increased basic sites,16  hydrothermal synthesis of In doped OMS-2 

materials for electrocatalytic reduction of oxygen,17 reflux synthesis of W-

framework doped for OMS-2 for tuning conductivity,18 higher valency ion (V and 

Nb) substitution into OMS-2 framework via an hydrothermal synthesis in order to 

obtain increased electrical resistivity,19 and reflux synthesis of Mo doped OMS-2 

materials for green decomposition of organic dyes.20 However, the afore-

mentioned studies have used longer reaction times (90 min to 4 days) at 

elevated temperatures (above 100 ºC) during the synthesis of the metal doped 

OMS-2 materials, therefore have high energy consumption.  

Due to its wide applicability, short reaction times, and unique properties, 

microwave assisted synthesis routes have widely been used in the preparation of 

inorganic materials.21-27 Unlike conventional oil bath heating, in microwave 

processing, an inverted temperature gradient takes place. The rapid dielectric 

heating is generated internally within the material due to applied microwave 

radiation with a commonly used frequency of 2.45 GHz.22,24  Mohajerani et al. 

discussed the effect of kinetic conditions of the primary solution in determining 
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the final morphology of the products,22 while Cheng et al. studied the increased 

crystal growth rates under microwave electromagnetic fields.28 Researchers have 

achieved rapid temperature ramps in their syntheses by using microwave heating 

systems with sealed vessels.  

During the synthesis of organic compounds using microwaves under 

sealed conditions, Gadye et al. discovered that faster heating rates can be 

obtained in the presence of ions in the reaction mixture.27 Moreover, Liu et al. 

synthesized gold nanorods with a high aspect ratio influenced by the rapid 

microwave heating.26 They also studied the relationship between the temperature 

ramp and the physical characteristics (size and the shape) of the gold 

nanoparticles. In 2010, Huang et al. introduced a rapid process to synthesize 

cryptomelane type pristine manganese oxide OMS material using microwave 

assisted hydrothermal (MWHY) techniques.29  In their study, the synthesis was 

carried out at 200ºC  and 15 bar in a very short reaction time (5 min), but most 

importantly, the temperature ramp and the pressure ramp were extremely high 

(200ºC/min and 15 bar/min, respectively) compared to those of conventional 

methods.  

 In this work, we report a facile synthesis of novel metal doped 

cryptomelane ([M]-K-OMS-2, where M denotes the dopant metal) self-assembled 

microwires synthesized via a rapid MWHY method. The effects of reaction 

temperature ramp are systematically studied and compared using a Biotage 

Initiator microwave apparatus and conventional heating methods. The 

microfibers have been synthesized by a template free reaction using Ag+, Ce3+, 
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Co2+, Cu2+, Ni2+, Sr2+, V4+, and Zn2+ as the dopant cations. In this work we have 

focused on the physiochemical characterization of the [Co]-K-OMS-2 materials 

and its catalytic activity in the oxidation of benzyl alcohol to benzyl aldehyde. 

Moreover, by altering the Co to Mn ratio, we observed a concomitant variance in 

the lattice structure. Gas phase H2S desulfurization was used as a model 

experiment, in order to study the effects by the size of its one dimensional tunnel 

and the presence of dopants. Based on these observations we propose a 

technique which can be adopted for large scale synthesis of doped K-OMS-2 

with controlled structural properties. The fundamental studies involving the 

impact of the tunnel size, and the growth direction, on the degree freedom of a 

guest molecule (H2S(g)) inside its 1-D tunnels are also discussed. 

 

2.2.  Experimental  

 2.2.1. Materials 

 Potassium sulfate, K2SO4, potassium peroxydisulfate, K2S2O8, 

manganese(II) sulfate monohydrate , MnSO4·H2O, cobalt(II) nitrate hexahydrate, 

Co(NO3)2·6H2O and other metal precursors were purchased from Sigma-Aldrich. 

The solvents used in this work were purchased from commercial sources. All 

reagents were purchased from Aldrich and used as received, unless otherwise 

indicated.  
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 2.2.2. Catalyst Preparation 

 In a typical synthesis, K2SO4 (0.418 g, 0.2387 mol/L), K2S2O8 (0.648 g, 

0.2387 mol/L), MnSO4·H2O (0.270 g, 0.159 mol/L), and a known amount of 

dopant precursor were dissolved in 10.0 mL of distilled, deionized water (DDW). 

The aqueous reaction mixture was prepared in a 20 mL quartz reaction vial 

equipped with a magnetic stirrer, and then sealed with a cap. The synthesis was 

carried out in the Biotage Initiator microwave synthesizer programmed to heat up 

to 200ºC with a hold time of 10 min. All x[M]-K-OMS-2 materials (where M stands 

for metal dopant including Ag, Ce, Co, Cu, Ni, Sr, V, and Zn while x, ranging from 

0.05 to 1.00, stands for M to Mn initial molar ratio) were washed with DDW 

several times to remove any possible impurities and then dried at 120ºC for 24 h. 

Table S1 shows the precursors used for the syntheses. 

 

 2.2.3. Catalyst Characterization 

 

 2.2.3.1. X-Ray Powder Diffraction Studies 

 X-ray diffraction studies were carried out for the samples prepared to 

confirm the structure and phase purity using a Rigaku Ultima IV diffractometer 

with Cu Kα radiation (λ = 0.15406 nm). A beam voltage of 40 kV and beam 

current of 44 mA in a continuous scan mode with a scanning rate of 2.0 deg s-1 in 

the 2θ range from 5° to 70º was used. The phases identified using The 

International Center for Diffraction Data (ICDD) database. 
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 2.2.3.2. Scanning Electron Microscopy and Energy Dispersive X-ray 

Spectroscopy 

 Morphologies of the materials were studied using Zeiss DSM 982 

Gemini emission scanning microscope equipped with a Schottky Emitter at an 

accelerating voltage of 2 KV having  a beam current of 1 mA. The samples were 

dispersed in ethanol then were coated on a silicon wafer and kept under vacuum 

overnight to dry prior to analysis. The EDX analyses were carried out with an FEI 

Nova NanoSEM 450 SEM equipped with an Oxford X-max80 EDX analyzer 

operating at an electron accelerating voltage of 10 kV. 

 

 2.2.3.3. Transmission Electron Microscopy  

 Micromorphology was studied by using transmission electron 

microscopy (TEM) and high resolution transmission electron microscopy (HR-

TEM). TEM and HR-TEM studies were done with a JEOL 2010 UHR FasTEM 

operating at an accelerating voltage of 200 kV. The sample preparation was 

done  by suspending  the material in 2-propanol and then a drop of the 

suspension was placed onto a carbon-coated copper grid and allowed to dry. 

 

 2.2.3.4. Fourier Transformation infra Red (FT-IR) Spectroscopy  

 Fourier transformation infra red (FT-IR) spectra were obtained, using a 

Thermo-Scientific Nicolet FT-IR Model 8700 (in the range 4000−400 cm-1) 

equipped with a DTGS detector. The dark brown manganese oxide powders 
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were ground with dry KBr at a ratio of 1:100 and then pressed into self supporting 

pellets at about 10 000 psi. 

  

 2.2.3.5. Thermo Gravimetric Analysis  

 Thermal stability studies of the materials were carried out by 

thermogravimetric analysis (TGA) using a Hi-Res TA instrument Model 2950. 

The temperature ramp for TGA was 20º/min in nitrogen atmosphere.  

 

 2.2.3.6. N2 Sorption Studies 

 The nitrogen sorption experiments were carried out using a 

Quantachrome Autosorb iQ2 surface area system.  All samples were  degassed 

at 150 °C for 12 h before the analysis. Determination of specific surface area was 

done using the Brunauer−Emmett−Teller (BET) method. 

 

 2.2.3.7. Raman Spectroscopy 

 Raman measurements were taken at room temperature on a Renishaw 

2000 Ramascope attached to a charge-coupled device (CCD) camera, with an 

Ar+ ion laser (514.4 nm) as the excitation source. Before each measurement was 

taken, the spectrometer was calibrated with a silicon wafer. 
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 2.2.3.8. Inductively Coupled Plasma-Atomic Emission 

Spectroscopy 

 ICP-AES analyses were performed with a Thermo Jarrell Ash ICAP 61e 

Trace Analyzer. The standard solutions for ICP-AES were purchased from Alfa 

Aesar. 

 

 2.2.3.9. X-ray Photoelectron Spectroscopy 

 XPS analyses were carried out using a PHI model 590 spectrometer 

with multiprobes, using Al Kα radiation (λ=1486.6 eV) as the radiation source. 

 

 2.2.4. Catalytic Performance 

 Liquid phase benzyl alcohol oxidation was selected as a probe reaction 

which has been investigated by manganese oxide materials as catalysts. Benzyl 

alcohol (1 mmol) was dissolved in 15 mL of toluene in a 50 mL round bottomed 

flask charged with 50 mg of OMS-2 catalyst. The reaction mixture was stirred 

using a magnetic stir bar and refluxed in an oil bath for 2 h under air atmosphere 

(Scheme 2.1). Pristine K-OMS-2MWHY and 0.50[Co]-K-OMS-2 prepared from the 

conventional hydrothermal method (0.50[Co]-K-OMS-2HY) were also studied 

under the same conditions as control reactions. 

 

Scheme 2.1.  Selective oxidation of benzyl alcohol to benzyl aldehyde. 
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 2.2.5. Desulfurization Performance 

 The H2S sorption experiments were carried out at 250ºC in a vertical fixed 

bed reactor made out of a quartz tube with an internal diameter of 2 mm. Prior to 

the desulfurization reactions, the sorbents were heated to 250ºC with a He flow 

of 10 standard cubic centimeters per minute (SCCM) and held for 1 h with a He 

flow of 36 SCCM. The outlet gas was analyzed with an analytical system 

comprised of a SRI 8610 GC equipped with a flame photometric detector (FPD) 

(Scheme 2.2). The separation was done using a GC-GasPro capillary column (30 

m × 0.32 nm I.D.). The desulfurization reactions were carried out using a certified 

gas mixture (Scott Specialty Gases, 1 % H2S in He). The sulfur sorption 

capacities were calculated according to Eq. 1. 

    
        

             
         

 

    
                

 

 
    (1) 

 Where WHSV is weight hourly space velocity in L h-1 g-1 (60 L h-1 g-1), M 

is the atomic weight of sulfur (32 g mol-1), Vmol is the molar volume in L mol-1 

under standard conditions of 298 K and 1 atm (24.5 L mol-1), Cin and Cout are the 

inlet and outlet concentrations (%), respectively, and t is the breakthrough time 

(BT) in hours. The BT is defined as the time when the outlet concentration 

reached 50 ppm. 
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Scheme 2.2.  Schematic representation of the experimental set-up. GC: Gas 

chromatograph, FPD: Flame photometric detector, MFC: Mass flow controller, 

TC: Thermocouple, 3WV: 3-Way valve, CV: Check valve, M: Manometer. 

 

 2.3.  Results 

 

 2.3.1. Microwave assisted hydrothermal (MWHY) synthesis of K-

OMS-2 and metal doped K-OMS-2 nanomaterials ([M]-K-OMS-2) and the 

effects of the reaction parameters on the lattice parameters 

 PXRD patterns obtained for the OMS-2 materials doped with different 

metal cations (Ag+, Ce3+, Co2+, Cu2+, Ni2+, Sr2+, V4+, and Zn2+) were used to 

identify the phase of the products, to determine the maximum amount of dopants 

which can be incorporated into OMS-2 materials without destroying the lattice 

structure, and to compare the relative peak intensities and the peak positions 

between different [M]-K-OMS-2 materials. As shown in Figure 2.2, the patterns 

agree with the natural tetragonal cryptomelane (space group I4/m) with chemical 

composition of KMn8O16. The diffraction patterns showed no additional peaks 

corresponding to segregated crystalline phases of the oxides of doped metals.   
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As observed in Figure 2.2, [Co]-K-OMS-2, [Cu]-K-OMS-2, and [Ni]-K-OMS-2 

showed an increase in intensity of (110) peak (Figure 1b) and (220) peak, while 

the others did not show such effect. Furthermore, (110) and (220) peaks of both 

[Co]-K-OMS-2 and [Cu]-K-OMS-2 showed a shift towards lower 2θ values, while 

the rest of the peaks remained at the same position. All the other [M]-K-OMS-2 

materials, except [Ce]-K-OMS-2, showed broad and less intense peaks as 

compared to pristine K-OMS-2.  

Figure 2.3a shows the XRD patterns of pristine K-OMS-2 synthesized by a 

microwave assisted hydrothermal (K-OMS-2MWHY) method, and 0.50[Co]-K-OMS-

2 was synthesized by a reflux method (0.50[Co]-K-OMS-2REF) (100ºC, 24 h, 1 

bar), a microwave reflux method (0.50[Co]-K-OMS-2MW-REF) (100ºC, 90 min, 1 

bar), a conventional hydrothermal method (0.50[Co]-K-OMS-2HY) (200ºC, 10 min, 

22 bar), and a microwave assisted hydrothermal method (0.50[Co]-K-OMS-

2MWHY) (200ºC, 10 min, 22 bar). All the other XRD patterns except that for [Co]-K-

OMS-2MWHY showed peaks which could be indexed to a pure cryptomelane 

phase with no shifts in peak positions. Only the peaks indexed as (110) and 

(220) of [Co]-K-OMS-2MWHY were shifted towards lower 2θ values with increased 

relative intensities. 
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Figure 2.2.  XRD patterns of different [M]-K-OMS-2 materials synthesized by 

MWHY method where Mn+/ Mn2+ initial molar is 0.50. 

 

 The effect of initial Co2+ to Mn2+ molar ratio  on the [Co]-K-OMS-2MWHY 

structure was studied, by using  different initial [Co2+]/[Mn2+] in the reaction 

mixture. Figure 2.4a shows the XRD patterns of [Co]-K-OMS-2MWHY where 

[Co2+]/[Mn2+] = x = 0.01, 0.03, 0.05, 0.07, 0.10, 0.50, 0.70, and 1.00 (x = Initial 

molar ratio between Co2+ and Mn2+). As Figure 2.4a shows, with higher x, a 

gradual shift for (110) peak and (220) peak towards lower 2θ values was 

observed up to x = 0.70. The intensities of the afore-mentioned peaks were also 

progressively increased, while that of the other peaks decreased. Figure 2.4b 

shows that 0.01[Co]-K-OMS-2MWHY consists of a d(110) of 6.80 Å, while the d 

spacing increases up to 7.43 Å upon the gradual increase of x. 
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Figure 2.3.  (a) XRD patterns of 0.50[Co]-K-OMS-2 materials synthesized by 

different methods (b) A perspective drawing of the solid state crystal structure of 

K-OMS-2, showing octahedrally coordinated porous framework  and the 

imaginary (110) plane: red, O; grey, Mn; purple, K. 

 

 

Figure 2.4.  (a) XRD patterns of [Co]-K-OMS-2MWHY at different initial Co2+/Mn2+ 

initial molar ratios (b) Change in d-spacing with Co2+/Mn2+ initial molar ratio. 
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 2.3.2. Effect of cobalt doping on the shape evolution of [Co]-OMS-

2MWHY nanowires 

 

Figure 2.5.  FE-SEM images of (a) K-OMS-2MWHY (b) 0.50[Co]-K-OMS-2MWHY (c) 

0.50[Co]-K-OMS-2REF and (d) 0.50[Co]-K-OMS-2HY. 

 

 Figure 2.5 shows the typical morphologies of as-synthesized K-OMS-

2MWHY and [Co]-K-OMS-2 synthesized by different synthetic routes, obtained by 

FESEM. The pristine K-OMS-2MWHY shows the typical fibrous morphology of K-

OMS-2 synthesized by MWHY method at 200ºC in the previous studies (Figure 

2.5a).29  0.50[Co]-K-OMS-2REF (Figure 2.5c) consists of microwires (> 1 µm) with 

a narrow width.  0.50[Co]-K-OMS-2HY (Figure 2.5d) consists of shorter fibers 

(~700 nm) compared to 0.50[Co]-K-OMS-2REF. However, in both the cases fiber 
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length was higher than that of pristine K-OMS-2 (Figure 2.5a). In contrast to [Co]-

K-OMS-2 obtained by the conventional methods, the materials obtained by a 

MWHY method consist of long microwires (Figure 2.5b). The diameters of the 

fibers/microwires range between 12 to 16 nm. 

 

 2.3.3. Effect of reaction parameters on the extent of cobalt doping 

 The cation compositions of undoped K-OMS-2MWHY and [Co]-K-OMS-2 

synthesized by different methods were determined by ICP-AES elemental 

analysis (Figure 2.6a).  The potassium to manganese atomic ratio (K/Mn) in 

undoped K-OMS-2MWHY was 0.122. The K/Mn atomic ratios in 0.50[Co]-K-OMS-2 

were increased in the order of reflux method (0.115), conventional hydrothermal 

method (0.132), and microwave hydrothermal method (0.172). The same trend 

was observed in Co/Mn atomic ratio. In contrast to the reflux (Co/Mn = 0.053) 

and conventional hydrothermal (Co/Mn = 0.085) methods, MWHY method 

showed a very high cobalt content. (Co/Mn = 0.259). 

 EDX was used to analyze the atomic percentage of K, Co, and Mn in the 

bulk material with increasing initial Co2+ to Mn2+ molar ratio (Figure 2.6b). The 

potassium amount initially remained almost constant, but slightly increased with 

higher cobalt amounts. The cobalt amount was gradually increased from 2.6 to 

26.0% while manganese amount was decreased from 84.3 to 58.9% with 

increasing x in the initial reaction mixture. The elemental maps shown in (Figure 

2.7) suggest that there are no segregated cobalt oxide impurities, and both the 

Mn and Co species are well dispersed throughout the sample. 
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Figure 2.6.  (a) Co/Mn and K/Mn molar ratios of K-OMS-2REF and 0.50[Co]-K-

OMS-2 synthesized with different synthesis methods, obtained by ICP-AES 

analysis (b) Change in composition of Mn, Co, and K with increasing cobalt 

amount obtained by EDX analysis. 

 

 2.3.4. Effect of cobalt doping on the microstructure 

 The microstructure of cobalt doped cryptomelane was confirmed by 

crystal structure studies carried out by TEM and HRTEM. As shown in Figures 

2.8a, 2.8b and 2.8c, undoped K-OMS-2MWHY method shows the typical fiber-like 

morphology of the OMS-2 materials. In contrast to its undoped counterpart, [Co]-

K-OMS-2MWHY showed long microwires with an average length of >1 µm. HRTEM 

images of undoped K-OMS-2MWHY materials show periodic lattice fringes of 6.80 

Å (Figure 2.9a) corresponding to the interplanar spacing of (110) planes (d(110)). 

d(110) of 0.50[Co]-K-OMS-2MWHY and 0.70[Co]-K-OMS-2MWHY were 7.30 Å (Figure 

2.9b) and 7.45 Å (Figure 2.9c), respectively. The d(110) values were comparable 

with the data obtained from XRD. 
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Figure 2.7.  (a) FE-SEM image and EDX elemental maps of (b) oxygen (c) 

potassium (d) manganese and (e) cobalt in 0.50[Co]-K-OMS-2MWHY. 
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Figure 2.8.  TEM images of (a) K-OMS-2MWHY (b) 0.50[Co]-K-OMS-2MWHY and (c) 

0.70[Co]-K-OMS-2MWHY. 

 

 

Figure 2.9.  TEM and HRTEM images of (a) K-OMS-2MWHY (b) 0.50[Co]-K-OMS-

2MWHY and (c) 0.70[Co]-K-OMS-2MWHY. 
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 2.3.5. Effect of cobalt doping on the surface properties, surface 

structure and composition 

 

Figure 2.10.  N2 adsorption/ desorption isotherms and Barrett-Joyner-Halenda 

(BJH) desorption pore size distribution curves (inset) of (a) K-OMS-2MWHY (b) 

0.50 [Co]-K-OMS-2HY and (c) 0.70 [Co]-K-OMS-2MWHY. 

 

 As shown in Figure 2.10, the undoped K-OMS-2MWHY and the [Co]-K-OMS-

2MWHY materials showed Type-IV N2 adsorption/desorption isotherms (IUPAC 

classifications). These observations confirm that the as-synthesized materials are 

porous. The N2 adsorption at low relative pressures suggest that monolayer 
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formation is the prevailing process, while at high partial pressures multi-layer 

formation takes place. The adsorption/desorption isotherms of the undoped K-

OMS-2MWHY and 0.50[Co]-K-OMS-2MWHY were similar to those observed for K-

OMS-2 materials prepared by other synthetic methods.14,29  In contrast, the N2 

adsorption/desorption isotherm of 0.70[Co]-K-OMS-2MWHY was quite different 

from those reported for regular K-OMS-2 materials. Compared to the reported 

hysteresis loops which occur at relative pressures (P/P0) which are close to 

saturation, the observed hysteresis loop for 0.70[Co]-K-OMS-2MWHY was fairly 

large and occurred at relatively low relative pressure values (0.45-0.80) which 

are far from saturation.29 The BJH pore radii distribution curve for undoped K-

OMS-2MWHY was broad and centered at 15.6 nm which was consistent with the 

observed pore size distribution curves for similar materials.29 In addition, 

0.50[Co]-K-OMS-2MWHY showed a narrow peak emerging at a lower pore radius, 

1.9 nm. Interestingly, with increasing the cobalt amount, 0.70[Co]-K-OMS-2MWHY 

showed only narrow peak centered at 1.9 nm. 

 The BET surface area of 0.50[Co]-K-OMS-2MWHY was found to be higher 

than that for its undoped counterpart (124 over 101 m2/g). On the other hand, 

0.70[Co]-K-OMS-2MWHY showed a lower surface area of 71 m2/g. These results 

agree with the TEM data in terms of the particle size. When the material consists 

of significantly large particles, the surface area is decreased.  In addition to the 

surface area, the pore volume of the as-synthesized materials follows the same 

trend. 0.50[Co]-K-OMS-2MWHY shows a higher pore volume (1.18 cc/g) compared 
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to the undoped K-OMS-2MWHY (1.06 cc/g), while 0.70[Co]-K-OMS-2MWHY consists 

of the lowest (0.25 cc/g) (Table 2.1). 

 

Table 2.1. BET surface area of as synthesized OMS-2 materials. 

 

 

  

Figure 2.11.  FTIR spectra of (a) K-OMS-2MWHY  (b) 0.50[Co]-K-OMS-2MWHY. 
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 The FTIR spectrum of the as-synthesized undoped K-OMS-2MWHY (Figure 

2.11) showed the features similar to those previously reported.2,30,31 The broad 

band observed at about 3440 cm-1 and the band at 1634 cm-1 are identified as 

stretching and bending vibrations of adsorbed water molecules. Absorption 

bands were observed at around 729, 524, and 466 cm-1. In 0.50[Co]-K-OMS-

2MWHY, the band at 729 cm-1 shifted towards lower wavelength (719 cm-1) 

whereas the peak at 466 cm-1 decreased in intensity (Figure 2.12a).  

 

Figure 2.12.  (a) FTIR spectra and (b) Raman spectra of K-OMS-2MWHY  and 

0.50[Co]-K-OMS-2MWHY. 

 

 Due to the sensitivity of FTIR towards short and long-range orders of 

materials, the observed FTIR spectra were analyzed for the probable segregated 

phases of cobalt oxide impurities in the as-synthesized [Co]-K-OMS-2 materials. 

However, no segregated cobalt oxide impurities were detected in the samples 

analyzed. 

 The Raman scattering spectrum (Figure 2.12b) of the pristine K-OMS-

2MWHY featured four main contributions at 183, 387, 580, and 636 cm-1 along with 

weak bands at 270, 467, 512, and 745 cm-1. The 0.50[Co]-K-OMS-2MWHY also 
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showed four main peaks along with three weak bands at the same peak 

positions, while the weak band at 467 cm-1 was absent. The four Raman peaks 

around 183, 387, 580, and 636 cm-1 were relatively broader and less intense for 

the doped K-OMS-2MWHY. In addition, 0.50[Co]-K-OMS-2MWHY showed a lower 

intensity ratio between the bands at 580 and 636 cm-1 (I580/I636) compared to that 

of undoped K-OMS-2MWHY. The well-defined Raman spectra obtained are in good 

agreement with the reported structural studies and the XRD data. 

 

 

Figure 2.13.  XPS spectrum of 0.50[Co]-K-OMS-2MWHY. 

 

 XPS was used to analyze the binding energies of different elements 

present in pristine and cobalt doped K-OMS-2 materials.  Figure 2.13 shows the 

full XPS spectra of undoped K-OMS-2MWHY and 0.50[Co]-K-OMS-2MWHY. In 

addition to the peaks that appear in undoped K-OMS-2MW-HY material, two peaks 

were observed in 0.50[Co]-K-OMS-2MWHY, which could be assigned to 2p3/2 and 
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2p1/2 transitions of Co species. No other peaks were observed except for those 

assigned for C, Mn, O, and Co, suggesting the absence of impurity phases.  The 

oxidation state of materials Co species in 0.50[Co]-K-OMS-2MWHY was elucidated 

from the binding energy values corresponding to 2p3/2 and 2p1/2 transitions. Both 

peaks were deconvoluted into two peaks corresponding to two oxidation states of 

cobalt species according to their peak positions. The peaks at 779.6 and 795.5 

eV correspond to the 2p3/2 and 2p1/2 transitions of Co3+, while the peaks at 781.3 

and 797.4 eV were assigned to 2p3/2 and 2p1/2 transitions of Co2+ respectively 

(Figure 2.14a). There was no peak observed at 778.1 eV, showing the absence 

of elemental Co metal and this observation suggests that all the cobalt is present 

as Co2+/Co3+ species inside the OMS-2 structure. 

 

Figure 2.14.  (a) XPS spectrum of Co 2p region of 0.50[Co]-K-OMS-2MWHY (b) 

thermogravimetric analysis profiles of K-OMS-2MWHY, 0.50[Co]-K-OMS-2MWHY and 

0.70[Co]-K-OMS-2MWHY. 

 



61 
 

The O 1s core level spectrum (Figure 2.15) consists of a main peak at 528.8-

528.9 eV which is corresponding to the binding energy (BE) of lattice oxygen. 

The undoped K-OMS-2MWHY material showed two additional peaks appear at 

around 531.1 and 532.8 eV.  The peak at 531.1 eV could be ascribed to the 

surface adsorbed O, OH- groups on the surface and O vacancies while the high 

BE peak at 532.8 eV is ascribed to adsorbed molecular H2O. The O 1s spectrum 

of 0.50[Co]-K-OMS-2MWHY also showed three distinct peaks, along with an 

additional peak at around 530.2 eV ascribed to the binding energy of oxygen 

belonging to the Co-O bond in the framework of K-OMS-2 material.  

 

 Figure 2.15.  XPS spectra of O 1s region of (a) K-OMS-2MWHY  (b) 0.50[Co]-K-

OMS-2MWHY. 

 

 In the XPS analyses, slight peak shifts were observed in the binding 

energies corresponding to Mn 2p3/2 and Mn 2p1/2 transitions (Figure 2.16) for 

0.50[Co]-K-OMS-2MWHY. The observed BE values for both Mn 2p3/2 (642.4 eV) 

and Mn 2p1/2 (653.8 eV) of 0.50 [Co]-K-OMS-2MWHY were higher than those of 
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undoped K-OMS-2MWHY (641.7 and 653.1 eV, respectively). According to the 

literature, corresponding BE for Mn4+ is 642.4 eV which suggests that, the 

relative concentration of Mn4+ ions present on the surface of 0.50[Co]-K-OMS-

2MWHY was higher than that on the pristine material. 

 

Figure 2.16. XPS spectrum of Mn 2p region of 0.50[Co]-K-OMS-2MWHY. 

 

 2.3.6. Effect of cobalt doping on the Thermal stability 

 The TGA profiles, which were carried out under nitrogen atmosphere, of 

undoped K-OMS-2MWHY, 0.50[Co]-K-OMS-2MWHY, and 0.70[Co]-K-OMS-2MWHY 

are shown in Figure 2.14b. The weight losses observed are in good agreement 

with the previous studies.32,33 Four major losses were identified in both the 

undoped and doped materials.  The thermal stability of the undoped material was 

found to be greater than that of the doped materials, and the thermal stability was 

decreased with increasing cobalt concentration. The first weight loss was 
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observed between room temperature and 150ºC and the cobalt content had a 

great impact on this particular weight loss. The second weight loss was observed 

in the region of 150-550ºC. The third weight loss occurred between 580-610ºC 

for the undoped material, while weight loss started at 550 and 540ºC for 

0.50[Co]-K-OMS-2MWHY and 0.70[Co]-K-OMS-2MWHY, respectively. The fourth and 

final weight loss was observed between 710-740ºC. 

 

 2.3.7. Selective oxidation of benzyl alcohol to benzyl aldehyde 

 The catalytic performances of the synthesized materials were analyzed 

by their reactivity towards the selective oxidation of benzyl alcohol. The reactions 

were carried out in a conventional reflux system under atmospheric conditions 

using atmospheric air as the only oxidant. In a typical reaction, 50 mg of catalyst, 

1 mmol of benzyl alcohol, and 15 mL of toluene were reacted in a 50 mL round 

bottomed flask (Scheme 2.1). An aliquot from the reaction mixture was withdrawn 

after 2 h, diluted with toluene and was analyzed using GC-MS.  As the results 

shown in Table 2.2, benzyl aldehyde was observed as the only product, hence; 

selectivity of all the catalysts was 100%. The conversions obtained by the K-

OMS-2REF, and K-OMS-2MWHY were 21 and 24% respectively. The 0.50[Co]-K-

OMS-2HY afforded 29% conversion. On the other hand, [Co]-K-OMS-2MWHY 

materials gave very high conversions; 49% by 0.70[Co]-K-OMS-2MWHY, and 55 % 

by 0.50[Co]-K-OMS-2MWHY.  The spent catalyst was recovered by centrifugation 

followed by drying at 200ºC for 12 h. The recovered catalyst was used in a 

successive reaction in order to test the catalytic stability and reusability. As Table 
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2.2 shows the recovered catalysts have no significant loss activity.  Possible 

leaching of the catalyst was tested by removing the catalyst from the reaction 

mixture after 2 h and continuing for 24 more hours under the same reaction 

conditions. The absence of a change in conversion suggested that no 

homogeneous catalysis took place due to catalyst leaching. 

Table 2.2. Selective oxidation of benzyl alcohola. 

 

 aReaction conditions: 50.0 mg of catalyst, 1 mmol of benzyl alcohol, 

reaction time = 2 h, T = 110 ºC, and 15 mL of solvent. bConversion (%): based on 

substrate = [1 – (concentration of substrate left after reaction) × (initial 

concentration of the substrate)-1] × 100. cSelectivity: based on benzyl aldehyde. 

dTON: moles of substrate converted per mole of catalyst. eFirst recovery: mass of 

the catalyst recovered was 40 mg. fCalculated conversion for fresh catalyst. 

 2.3.8. Desulfurization performance for the removal of hydrogen 

sulfide 

    X-ray diffraction analyses performed on the samples after sulfidation at 

250ºC are shown in Figure 2.17. Sulfidation of any K-OMS-2 material leads to a 

transformation of the tetragonal cryptomelane (space group I4/m) phase into a 
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mixture of cubic α-MnS and hexagonal γ-MnS phases. No other peaks from β-

MnS were observed in the XRD pattern.  

 The EDX elemental maps (Figure 2.18) showed the sulfur distribution in 

the sulfided 0.50[Co]-K-OMS-2MWHY material. The breakthrough curves are 

presented in Figure 2.19a. The undoped K-OMS-2MWHY, 0.50[Co]-K-OMS-2HY, 

and 0.50[Co]-K-OMS-2MWHY showed breakthrough (BT) times of 5.0, 5.1, and 

12.8 h, respectively.  Commercial MnO2 did not show any significant activity 

towards H2S sorption. The sulfur sorption capacity was calculated according to 

Eq. (1) and the values are compared in Figure 2.19b. 

 

Figure 2.17. XRD pattern of 0.50[Co]-K-OMS-2MWHY after sulfidation at 250ºC. 
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Figure 2.18. (a) FE-SEM image and EDX elemental maps of (b) oxygen (c) 

sulfur (d) manganese and (e) cobalt in 0.50[Co]-K-OMS-2MWHY  after sulfidation at 

250ºC. 
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Figure 2.19. (a) Breakthrough curves (b) sulfur sorption capacities for K-OMS-

2MWHY , 0.50[Co]-K-OMS-2HY and 0.50[Co]-K-OMS-2MWHY and (c) possible H2S(g) 

sorption mechanism by K-OMS-2: white, H; red, O; yellow, S; grey, K. 
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 2.4. Discussion 

 

 In this work, K-OMS-2 and [M]-K-OMS-2 nanomaterials were prepared 

using a microwave assisted synthetic route in aqueous media under 

hydrothermal conditions.  The precursors used for the synthesis of K-OMS-2MWHY 

consist of K2S2O8 as the oxidant which possesses a standard reduction potential 

of 2.01 V for the S2O8
2-/SO4

2- couple. Since the standard reduction potential of 

MnO2/Mn2+ couple is 1.23 V, a redox potential of 0.78 V exists between the 

S2O8
2-/SO4

2- and MnO2/Mn2+, hence a spontaneous reaction takes place. On the 

other hand, in the presence of Co2+ where the standard reduction potential of 

Co3+/Co2+ couple is 1.99 V, the oxidation of Co2+ to Co3+ is less favorable 

compared to the oxidation of Mn2+. 

During the initial phase of the reaction, a microwave induced nucleation 

takes place between the reactants which is achieved by a rapid temperature 

ramping or an instantaneous heating step.  The temperature increases to 200ºC 

within 1 min and this rapid heating process gives rise to products with unique and 

novel chemical and physical characteristics. This rapid temperature ramp 

provides enough energy for cobalt ions to get inserted into the cryptomelane 

lattice structure. Hence, a higher amount of Co (51.8% doping) could be found in 

the structure compared to conventional reflux (10.6% doping) and hydrothermal 

(17.1% doping) methods (Figure 2.6a).  Co species residing in framework sites, 

as shown in EDX elemental maps (Figure 2.7), are uniformly distributed 

throughout the final material with no segregated phases. The rapid heating 
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process is powered by a microwave power of 350-400 W. The quality of the final 

product depends on the careful control of temperature throughout the reaction. 

Therefore, the temperature inside the reaction vessel was maintained at 200ºC, 

forming a uniform thermal field during the growth phase.  

 During this stage the microwave power was maintained at a constant 

value around 50 W in order to eliminate uncontainable growth of the 

nanoparticles. The nanoparticle growth was governed by the Ostwald ripening 

mechanism under these conditions. The reaction was quenched rapidly after 10 

min using a N2 flow. The pressure inside the reaction vessel followed the same 

path as the temperature profile by reaching high pressures during the initiation 

step and by maintaining a constant value throughout the reaction process. Since 

ions in solution increase the absorption of microwave energy, the maximum 

pressure increased slightly (16 to 22 bar) with the increase of initial cobalt 

concentration.27 Rapid super heating was not observed with water due to a 

relatively moderate dielectric loss tangent (tan δ) of 0.12. 

 In elucidating the final state of Co species, three possible mechanisms 

were identified. Co species could form oxides outside the K-OMS-2 nanoparticles 

and exist as a secondary phase. Since the characterization data, such as XRD, 

FESEM, TEM, FTIR spectroscopy, Raman spectroscopy, and TGA, for [Co]-K-

OMS-2MWHY strongly suggest that the product consists of a single phase, and the 

possibility of having a second phase of cobalt oxide could be ruled out. Two other 

possibilities could be taking place during the nucleation and growth processes 

where Co species is found inside the structure of K-OMS-2 materials. Cobalt ions 
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could substitute for K+ in the VIII-fold tunnel sites maintaining the structural 

integrity which should result in a gradual loss in K+ with increasing the Co 

amount. On the other hand, Co species can compete with Mn and obtain a VI-

fold site in the framework of OMS-2 material. Considering the crystal radii (CR) of 

Co2+ (0.79 Å) and Co3+ (0.685 Å), which are significantly lower than that of K+ 

(1.65 Å), it is difficult for Co species to occupy VIII-fold coordination sites. 

However, VI-fold coordination is possible according to Pauling’s coordination 

principle.   

Co CR are also very close to those of VI fold coordinated Mn3+ low spin 

(LS) (0.72 Å), VI fold coordinated Mn3+ high spin (HS) ( 0.785 Å), and VI fold 

coordinated Mn4+ (0.67 Å). Therefore, it is highly possible for Co to reside in the 

framework sites rather than in tunnel sites. Hence, Co is doped into the 

framework by substituting for Mn species. At the same time, ICP-AES and EDX 

data (Figures 2.6a and 2.6b, respectively) independently show that the amount of 

K in the structure does not decrease. Instead the K amount is increased while the 

amount of Mn is significantly decreased with higher Co amount.  

 This strongly suggests that Co resides at the framework sites which 

would potentially be occupied by Mn. The slight increase of K+ with higher cobalt 

amount compensates the charge balance lost due to substitution of higher valent 

Mn3+ and Mn4+ by lower valent Co2+ and Co3+. Since Co species reside in the 

framework sites, as suggested by EDX elemental maps, (Figure 2.7) they are 

uniformly distributed throughout the final material without being segregated. The 

compositions of the Co are significantly affected by the applied synthesis 
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method. When x = 0.50, a Co to Mn atomic ratio of 0.26 in the final material was 

observed with the MWHY method, while only 0.05 and 0.08 Co to Mn atomic 

ratios (by ICP-AES) were observed with conventional reflux and hydrothermal 

methods, respectively (Figure 2.6a). 

 The differences in the XRD patterns observed for Co2+(d7), Cu2+(d9), and 

Ni2+(d8) doped materials from the other doped materials were associated with a 

lattice expansion of (110), and (220) planes and preferential growth along the 

[110] direction (Figure 2.2). However, the effects identified were more prominent 

with Co and Cu doped materials compared to that of Ni doped material. Further 

analyses of the electronic environments of these particular cations suggest that, 

these three dopant cations possess unequal electron occupancy of the d-orbitals 

that consist of the formal eg set of the undistorted precursor. Although in the 

presence of an oxidant (S2O8
2-), according to Co 2p core level XPS spectra 

(Figure 2.14a), there is more than 25 % of initial Co2+ present in the final material 

with respect to the total Co2+ and Co3+ amount.  

The characterization data collectively suggest that Co resides in the 

framework sites and both Pauling’s rules and the literature suggest that Cu2+,and 

Ni2+ also reside in framework sites.34 Hence, low spin Co2+ (t2g
6eg

1), Cu2+ (t2g
6eg

3), 

and low spin Ni2+ (t2g
6eg

2) cause tetragonal distortions of their respective MO6 

octahedra. This effect is induced by the Jahn-Teller effect, which in turn causes 

distortions in the lattice structure of metal doped K-OMS-2 nanomaterials. 

Although starting with the same Co2+ to Mn2+ molar ratio, the doping method 
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plays a significant role in determining the crystal structure of the final material 

(Figure 2.3a).  

The MWHY and the conventional HY methods reached the same final 

temperature, pressure, and reaction time. However, the MWHY method 

possesses a very high T ramp (200ºC/min), hence the high pressure ramp (22 

bar/min) compared to those of the conventional HY method (2.8 ºC/min and 0.3 

bar/min respectively). The 0.50[Co]-K-OMS-2 material synthesized by reflux and 

microwave reflux methods were also analyzed as control experiments. Only [Co]-

K-OMS-2MWHY expressed a lattice expansion accompanied by a preferential 

growth along a particular direction (Figure 2.3a) suggesting that, not only high 

pressures and high temperatures, but also temperature ramps are responsible 

for such a pronounced effect. According to Figure 2.6a (ICP-AES data), the 

MWHY method showed the highest percentage of initial Co content in the final 

material. This could be due to the selective heating and rapid temperature ramp 

provided by the MWHY method as compared to conventional heating.   

Both lattice expansion and preferential growth become more prominent 

with increasing Co concentration (Figure 2.4a) suggesting that, the afore-

mentioned effects are determined by the amount of Co. The gradual expansion 

of the d(110) spacing (calculated using Debye-Scherrer equation) observed by 

XRD analysis (Figure 2.4b) further validates the assumption of framework 

doping. Conversely, if Co occupies the tunnel sites, such a gradual expansion of 

a particular plane may not be observed. The d(110) values observed with HRTEM 

are in accordance with those measured with XRD (Figure 2.9a, Figure 2.9b, 
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Figure 2.9c). The EDX data strongly suggests that it is Mn, but not K+ in the 

tunnel sites, which gets substituted by Co since the Mn amount is greatly 

reduced while the Co amount is increased with increasing the initial Co2+ to Mn2+ 

molar ratio (Figure 2.6b).  

 Contrary to the fiber like morphology obtained for pristine K-OMS-2MWHY, 

0.50[Co]-K-OMS-2HY  and  0.50[Co]-K-OMS-2REF, a homogenous microwire like 

morphology was observed with 0.50[Co]-K-OMS-2MWHY  (Figure 2.5). Huang et al. 

proposed a mechanism for the synthesis of K-OMS-2 with the microwave 

assisted hydrothermal method where manganese oxide octahedral unit (MnO6) 

formation is followed by their aggregation forming flake like nanoparticles.29 

According to this model, at this stage, both the MnO6 and CoO6 octahedra are 

present in the reaction medium. During the course of the reaction these 

octahedral MnO6 and CoO6  units will aggregate and assemble into sheet like 

structures,  which become slightly distorted due to the Jahn-Teller effect caused 

by Co. Due to the high pressure applied, the microwires start splitting apart 

(stress induced splitting) from the sheets (Figure 2.9b) while maintaining its 

longitudinal structural order. The lattice distortions originating due to Co make the 

splitting process easier with respect to the undoped K-OMS-2MW-HY. Hence, in 

contrast to the nanofibers obtained by the other methods studied, Co-K-OMS-2 

gives rise to longer microwire like morphologies.  

 The spectral features observed in the FTIR spectra can be ascribed to the 

Mn-O lattice vibrations of the MnO6 octahedra and could be used to probe the 

effects caused by changes in the lattice structure. Since the local environment of 
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oxygen coordination is affected by the substitution of Mn which in turn affects the 

lattice vibrations, there are peak shifts and changes in intensities of their FTIR 

spectra.16,35 Although α-MnO2 type phases could be diagnosed by absorption at 

~310 cm-1, they are not observed in this study due to the limitation of the FTIR 

detection range. The observed FTIR spectrum for 0.50[Co]-K-OMS-2MWHY shows 

a considerable peak shift of the band at 729 cm-1 (Figure 2.12a). Furthermore, a 

significant contribution from the tunnel cations in the FTIR spectrum should not 

be observed36 hence the changes in the FTIR spectrum of [Co]-K-OMS-2MWHY 

with respect to its undoped counterpart are entirely due to framework doping of 

cobalt.    

Regular K-OMS-2 belongs to the space group I4/m and its factor group 

analysis leads to the following irreducible representations which could be 

attributed to the Mn-O lattice vibrations; 

ΓMn-O = 6Ag + 6Bg + 3Eg + 2Au + 3Bu + 5Eu (2) 

where Ag, Bg, and Eg (doubly degenerated) modes are Raman active, the Au, and 

Eu modes are IR active and the Bu mode is silent. In Raman spectra of both the 

as synthesized pristine K-OMS-2MWHY and [Co]-K-OMS-2MWHY materials, all the 

predicted Raman active modes were not expressed. The reason might be the low 

polarizabilities and low resolutions of some of the modes. The bands at 580 and 

636 cm-1, which arise due to symmetric Mn-O vibrations assigned to the Ag 

mode, are indicative of the well developed tetragonal structure of MnO6 

octahedral chains containing 2 × 2 tunnels.  The band at 636 cm-1 is considered 

to be related to the Mn-O vibrations perpendicular to the direction of octahedral 
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double chains while the band at 580 cm-1 is considered to be responsible for the 

Mn-O vibrations along the direction of the octahedral chain. Hence, the relative 

intensities between these two bands indicate a change in structural parameters. 

In this study, a decrease of I580/I636 is observed with cobalt doped material 

compared to undoped K-OMS-2, suggesting a deviation of the lattice structure 

with cobalt doping (Figure 2.12b). Furthermore, the band at 387 cm-1 is attributed 

to Mn-O bending vibrations while the band at 745 cm-1 is ascribed to 

antisymmetric stretching vibrations.  

 The TGA data show that the cobalt doped materials possess a lower 

stability compared to its undoped counterpart which is in good agreement with 

the work done by King’ondu et al. (Figure 2.14b).14 The first weight loss (room 

temperature to 150ºC) occurs due to desorption of physisorbed water molecules 

and other gaseous molecules. Here, the doped materials show a greater weight 

loss compared to the undoped material and becomes more significant with 

increasing cobalt amount. This observation might be related to the tunnel size of 

the OMS material. The higher the cobalt amounts and larger the tunnel size are, 

the higher the amounts of physisorbed water and other gaseous species are. The 

K+ amount slightly increases as the dopant concentration increases (see EDX 

data) and a small amount of Co2+/Co3+ species might reside in the tunnel sites. 

These factors also increase the amount of physisorbed water due to electrostatic 

attraction.  The second weight loss (150 -550 ºC) is due to the chemisorbed 

water and gaseous species such as oxygen. The third major weight loss (550 or 

580-610ºC) occurs due to the evolution of lattice oxygen leading to a lattice 
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decomposition of the OMS structure forming Mn2O3. The reason for the lattice 

oxygen evolution from the doped materials at a lower temperature than the 

undoped material might be related with the lattice vacancies created by the 

substitution with lower valent cobalt ions and the lattice constraints caused by the 

slight difference in crystal radii. The fourth weight loss (710-740ºC) is due to the 

phase transformation from Mn2O3 phase to the Mn3O4 phase with the loss of 

framework oxygen. The TGA data suggests that with Co doping the M-O (where 

M = Co or Mn) bonds get weakened due to increased bond lengths. This results 

in more labile lattice oxygen and larger tunnel sizes with increasing the amount of 

Co. 

 The as-synthesized [Co]-K-OMS-2 materials showed excellent catalytic 

activity toward the selective oxidation of benzyl alcohol to benzyl aldehyde (Table 

2.2). The undoped K-OMS-2REF showed an activity which is in agreement with the 

previous data.2 The catalytic activity of 0.50[Co]-K-OMS-2MWHY (55% conversion) 

is more than twice the catalytic activity shown by the undoped K-OMS-2REF (21% 

conversion) and K-OMS-2MWHY (24% conversion). The higher activity of 0.50[Co]-

K-OMS-2MWHY as compared to 0.70[Co]-K-OMS-2MWHY might be due to the higher 

surface area (Figure 2.10) of the former (124 vs.71 m2/g). According to the Mars 

van Krevelen mechanism, where substrates get adsorbed, activated, and 

desorbed, the oxygen vacancies created by low valent metal substitution have a 

pronounced effect on the catalytic activity. In addition with increased tunnel sizes 

and change in growth direction, the diffusion barrier for substrates to reach active 

sites is overcome in this study. 
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 At 250ºC 0.50[Co]-K-OMS-2MWHY shows a significantly high sulfur 

adsorption capacity compared to the commercial manganese oxide, K-OMS-

2MWHY and 0.50[Co]-K-OMS-2HY. The initial metal oxide was converted to sulfide 

and the EDX data show evenly distributed sulfur in the OMS-2 materials (Figure 

2.18).  Since, H2S has to diffuse further into the material as the sulfidation 

progresses, this process is controlled by the nature of the surface and the 

diffusion barrier for sulfur to reach the active sites. During the adsorption and 

diffusion of hydrogen sulfide into the OMS-2 tunnel, potassium ions residing in 

the tunnel sites restrict their further movement. Hence, for an efficient sulfidation 

mechanism to take place either potassium ions have to move slightly off the 

centerline or the tunnel has to be increased (Figure 2.19c). Figure 2.20 shows 

the EDX spectra of the sulfided material, in which the Co to Mn atomic ratio is not 

affected but the S content is significantly high (Table 2.3). In this study, cobalt 

doped K-OMS-2 provides microwires with a larger tunnel size where H2S 

molecules (kinetic diameter = 3.6 Å) can diffuse easily since the displacement of 

potassium ions is minimized. The basic desulfurization reaction for metal oxides 

is identified as follows; 

 

MOx(s) + xH2S(g)             MSx(s) + xH2O(g)  (3) 

 where MOx(s) and MSx(s) are initial metal oxide sorbent and final sulfide material 

respectively. Therefore H2O(g) is produced and leaves the K-OMS-2 tunnel as the 

sulfidation proceeds (Figure 2.19c). Metal substitution creates oxygen vacancies 

(see TGA data) which enhance the number of adsorption sites. Also, the lattice 
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constraints of the doped materials make the process of oxygen substitution by 

sulfur, more feasible. 

 

Figure 2.20. EDX spectrum of 0.50 [Co]-K-OMS-2MWHY after sulfidation. 

Table 2.3. Average weight and atomic percentages of elements in 0.50[Co]-K-

OMS-2MWHY after sulfidation.  

Element  Weight 

%  

Atomic 

%  

O  8.98  22.0  

S  27.36  33.4  

Mn  49.65  35.4  

Co  13.39  9.0  
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 2.5. Conclusion 

 A fast, facile, and simple route for the synthesis of metal doped K-OMS-

2 has been proposed and its lattice parameters, morphology, and growth 

direction have been carefully tailored by altering the dopant amount using 

microwave irradiation under hydrothermal conditions. Cobalt doped K-OMS-2 

micro wires with d(110) ranging from 6.80 to 7.43 Å were synthesized for the first 

time using the MWHY method. The lattice spacing could be easily tuned by 

altering the Co amount. The dopant effect on the catalytic activity was studied 

based on benzyl alcohol oxidation to benzyl aldehyde where high catalytic 

performances were observed with a conversion of 55% and selectivity of 100%. 

By tuning the tunnel size, the as-synthesized materials were successfully 

evaluated as sorbents for removal of H2S. The [Co]-K-OMS-2MWHY material 

showed superior sulfur adsorption capacities (49.4 g sulfur/100 g sorbent) at 

temperatures as low as 250ºC where high conversions of oxide to sulfide were 

observed. 
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CHAPTER III.  STRUCTURE AND OXIDATION ACTIVITY CORRELATIONS FOR 

CARBON BLACKS AND DIESEL SOOT 

 

 3.1. Introduction 

 Atmospheric aerosol particles are considered as air pollutants 1,2 

due to their impact on the environment, climate, and public health, including in 

vitro mammalian cell chromosomal and DNA damage activities.3 Among these 

pollutants, Diesel Particulate Matter (DPM) or soot – primarily composed of 

carbon – has significant adverse impact on global warming and health issues.1,4 

DPM is typically trapped using Diesel Particulate Filters (DPFs), which are 

periodically regenerated to oxidize the accumulated soot particulates.1 Due to the 

highly complex nature,5,6 ambiguity, and unpredictability of the multi-component 

soot structure, as well as varying diesel engine operating conditions, optimized 

DPF operation and regeneration is a challenging task.7 Since the DPF 

regeneration behavior is highly dependent on the oxidation reactivity of soot, 

several studies have been conducted to explore the effect of structure on the 

soot oxidation activity.1,8,9 

In the previous studies, structure and activity of diesel soot and other 

carbonaceous materials have been investigated using various characterization 

techniques. Su and colleagues used High Resolution Transmission Electron 

Microscopy (HRTEM) and Thermo Gravimetric Analysis (TGA) to study the 

relation between microstructure and oxidation behavior of soot from exhausts of 

different heavy duty diesel engines and discovered the microstructure-controlled 
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oxidation behavior of diesel soot.10 Boehman et al. also used Transmission 

Electron Microscopy (TEM) and HRTEM along with TGA and Differential 

Scanning Calorimetry (DSC) to study the relationship between soot 

nanostructure and oxidation reactivity, and thereby the DPF regeneration 

behavior.11 In addition to the TEM/HRTEM and TGA studies, Muller et al. used 

Diffuse Reflectance Infra-red Fourier Transform Spectroscopy (DRIFTS) to 

correlate the reactivity with oxygen containing functional groups and 

nanostructure of spark discharge soot, soot from a heavy duty diesel engine, 

soot from a diesel engine in black smoking, and furnace carbon black.12 They 

concluded that the amount of defects and types of functional groups are 

important in determining the reactivity. Muller and colleagues also studied the 

relation between the oxidative behavior and the microstructure of black smoke 

soot using a diesel engine soot sample (P1 soot) and a commercial carbon black 

sample (Lamp black), and discovered that P1 soot is more aromatic and contains 

higher surface functionality with lower oxidation temperatures than lamp black.9 

Song et al. used various characterization techniques, such as TEM/HRTEM, X-

Ray Diffraction (XRD), Electron Energy Loss Spectroscopy (EELS), Fourier 

Transform Infrared (FT-IR) spectroscopy, Raman spectroscopy, and TGA, and 

determined correlations between some structural properties, such as degree of 

organization and number of stacking, and the oxidation rate constants. They also 

studied the oxidation mechanism of one of the soot samples describing the 

importance of presence of surface oxygen groups in addition to the initial 

structure and pore size distribution.8 Both Knauer et al. and Schmid et al. studied 
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the soot structure and reactivity correlations mainly with Raman spectroscopic 

studies and temperature programmed oxidation studies using various soot 

samples from different engine conditions as well as commercial carbon black 

samples.4,13 These two groups respectively discussed how the dispersive 

character of Raman “D mode” can be used in structural analysis of carbonaceous 

material, and how the multi wavelength Raman microscopy (MWRM) can be 

applied in the prediction of diesel soot oxidation behavior. Lapuerta et al. studied 

the effect of the different engine conditions on soot structural characteristics, 

such as primary particle size, Raman band area ratios (AD1/AG, AD3/AG) and 

intensity ratios (ID1/IG, ID3/IG), crystallite stacking height (Lc), and crystallite length 

(La), using a biodiesel soot and a diesel soot with three different loading modes. 

Their studies revealed that biodiesel soot is higher in oxidation activity than 

diesel soot, and suggested the internal graphitic structure of biodiesel soot alone 

does not describe its oxidation behavior, but other analyses are needed for a 

satisfactory explanation .14 

The aforementioned literature studies have focused on limited structural 

characterization of diesel soot formed under various diesel engine operating 

conditions,4,8,14,15 as well as of commercially available carbon black 

materials.9,10,13 However, a fundamental understanding about the direct 

correlations between the important structural parameters and the reactivity under 

oxidative environments using a large number of samples and multiple 

characterization methods is lacking. To address this gap, we focus on structural 

characterization of two different diesel engine soot samples and ten commercial 
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carbon black samples using six techniques, viz., Scanning Electron Microscopy 

(SEM), TEM/HRTEM, nitrogen sorption, Raman spectroscopy, XRD, and TGA.  

Use of microscopic studies such as Field Emission Scanning Electron 

Microscopy (FE-SEM) and TEM is quite common in studies on soot and other 

carbonaceous materials. These techniques have been used to study the 

aggregation patterns and the morphology of primary particles, to calculate the 

average primary particle size, to analyze the microstructure of primary particles, 

etc.4,6,16,17 Nitrogen sorption methods, such as total surface area, pore 

structure,18 and pore size distribution,19 morphological changes upon chemical 

modification,20 and defects on carbon surfaces,21 have been widely used in 

structure related studies of diesel soot and commercial carbon blacks. Raman 

spectroscopy is a promising and sensitive technique for the analysis of crystalline 

long range order (e.g., graphitic materials),22 as well as molecular structures with 

a short range order (e.g., amorphous carbon or disturbed graphitic lattices).23 In 

the previous studies on soot using Raman spectroscopy, the structure has been 

described considering either the relative D band (stands for “defect”) and G band 

(stands for “graphitic”) intensities or the relative D band and G band areas.8,13 

These ratios have been quantitatively analyzed, since they reflect the structural 

defects in the basal planes of graphene layers.14 XRD profile analysis for carbon 

blacks has been used in earlier studies to obtain two structural parameters, 

crystallite stacking height (Lc) and the interplanar distance.24 The bands 

observed in the XRD patterns for diesel soot and other carbonaceous materials 

have been identified as (002), (100), (004), and (110); and the (002) band has 
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been used to calculate both the interplanar layer spacing (d002) of crystallites 

composed of stacked graphene layers using Bragg’s law,14 and the average 

crystallite height (Lc) using the Debye-Scherrer equation.25 Finally, TGA has 

been widely applied in determining structural stability and direct studies on the 

kinetics of diesel soot oxidation, based on the change in weight of the 

carbonaceous material.6,7,9  

 Based on the SEM, TEM/HRTEM, nitrogen sorption, Raman 

spectroscopy, XRD, and TGA analyses, we present four structure-activity 

correlations in this work, viz., (i) light-off temperature vs. SEM particle size, (ii) 

light-off temperature vs. surface area, (iii) light-off temperature vs. Raman D1/G 

peak ratio, and (iv) light-off temperature vs. XRD crystallite height. These 

structure-activity correlations could be critical for the improved design and 

operation of DPFs. 

 

 3.2.  Experimental Section 

 3.2.1 Materials  

 The two diesel engine soot samples (diesel soot-1 and diesel soot-2) were 

provided by Corning (see Table 3.1 for engine operating conditions), whereas ten 

carbon black samples (Mogul-E, Monarch 280, Monarch 1300, Monarch 1400, 

Printex-G, Printex-U, Printex-XE2B, Regal 330R, Regal 400R, and Vulcan XC 

72R) were obtained from various manufacturers/suppliers. Table 3.2 shows the 
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physical properties and oxidation activity data for all the samples, based on the 

characterization techniques described next.  

Table 3.1. Engine operating conditions during diesel soot sampling. All soot was 

collected under steady-state operating conditions. 

 

 

Table 3.2. Physical properties and oxidation activity data for carbon black and 

diesel soot samples. 
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 3.2.2. Material Characterization 

 3.2.2.1. X-Ray Powder Diffraction Studies 

 XRD studies were performed on the carbon black and diesel soot samples 

to investigate the structure. The patterns were analyzed with a Rigaku Ultima IV 

diffractometer using Cu Kα (λ = 0.15406 nm) radiation. The phases were 

identified by using the International Center for Diffraction Data (ICDD) data base. 

Average crystallite height (Lc) of the carbon black and diesel soot samples was 

determined using the Debye-Scherrer equation based on the (002) peak.  
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 3.2.2.2.  Scanning Electron Microscopy (SEM) 

 Morphological and particle size analyses of the carbon black materials and 

diesel soot samples were carried out using a Zeiss DSM 982 Gemini FE-SEM 

with a beam current of 1 mA and a Schottky emitter operating at 2 kV. FE-SEM 

sample preparation was done by suspending the samples in absolute ethanol 

and then a drop of the suspension was dispersed on Au coated silicon chips 

formerly mounted onto stainless-steel sample holders with double-sided carbon 

tape. The average primary particle size of carbon black and diesel soot samples 

was determined using FE-SEM images obtained under 50,000 and 100,000 

magnifications, by measuring the diameter of nearly 200 particles for each 

sample. The standard deviation for each sample is listed in Table 3.2. 

 3.2.2.3. Transmission Electron Microscopy (TEM) 

 The HRTEM studies were carried out using a JEOL 2010 instrument with 

an accelerating voltage of 200 kV. The samples were prepared by dispersing the 

material in ethanol. A drop of a homogeneous like dispersion was loaded on to a 

carbon coated copper grid and allowed to dry before analysis. The obtained TEM 

images were used to analyze the microstructure of carbon black and diesel soot 

samples.  

 3.2.2.4. N2 Sorption Studies  

 The nitrogen sorption experiments were conducted using a Quantachrome 

Autosorb iQ2 surface area system. Prior to the experiments, all samples were 
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degassed at 200 °C for 12 h. The Brunauer−Emmett−Teller (BET) method was 

used to determine the specific surface area of carbon black samples from data 

obtained at P/Po between 0.05 and 0.30. The pore size distribution and the pore 

volume were calculated from the desorption data using the BJH method. 

 3.2.2.5. Raman Spectroscopy 

 Raman measurements were taken at room temperature on a Renishaw 

2000 Ramascope attached to a CCD camera, with an Ar+ ion laser (514.4 nm) as 

the excitation source. Before each measurement was taken, the spectrometer 

was calibrated with a silicon wafer. Curve fitting for the determination of spectral 

parameters was performed with the software program GRAMS/32. 

 3.2.2.6. Thermo Gravimetric Analysis 

 TGA experiments were performed in 10% O2 atmosphere (balance Ar) 

using a TGA Q5000 IR analyzer from TA instruments. The temperature ramp rate 

was 5 C/min. Light-off temperatures corresponding to 10% and 50% conversion 

are denoted as T10 and T50, respectively. 

  

 3.3.  Results 

 3.3.1. Effect of particle size on oxidation activity 

 FE-SEM images (Figure 3.1) of some carbon blacks (Monarch 

1400, Monarch 280, Printex-U) and diesel soot-1 show the agglomerates, which 
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are composed of their fundamental units called primary particles.7 The average 

particle size (diameter) was estimated by analysis of nearly 200 particles in the 

FE-SEM images. The average particle size of all the samples varied between 20 

nm and 74 nm. Monarch 1400 (Figure 3.1a) and Monarch 1300 (not shown) had 

the smallest average particle sizes (20.9 nm and 21.5 nm, respectively). On the 

other hand, Monarch 280 (Figure 3.1b) and Printex-G (not shown) had the 

largest particle sizes (73 nm and 74 nm, respectively). Printex-U (Figure 3.1c) 

and diesel soot-1 (Figure 3.1d) had almost the same average particle sizes (68.5 

nm vs. 68.6 nm, respectively), supporting the idea of morphological similarity 

between the two materials.26 

 

Figure 3.1. FE-SEM images for (a) Monarch 1400, (b) Monarch 280, (c) Printex 

U, and (d) diesel soot-1. 
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As the samples selected in our work had a broad distribution of average 

particle sizes, the oxidation activity data obtained from TGA were correlated with 

the average particle sizes, as shown in Figure 3.2. Even though the data did not 

follow a clear correlation for all the points (e.g., Vulcan XC 72R and Printex-

XE2B were outliers), a general trend that the oxidation activity decreases (i.e., 

the light-off temperatures T10 and T50 increase) as the average particle size 

increases was observed, consistent with the literature studies.1  

 

Figure 3.2. Correlation for oxidation activity with the average initial particle size. 

Panels a and b correspond to the light-off temperatures T10 and T50, respectively. 
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 The average particle size of diesel soot-2 (Figure 3.3) was 40.5 nm, 

composed of smaller particles than diesel soot-1. To validate the structure-

activity correlations in Figure 3.2, we also included the diesel soot-2 sample in 

the plot, which showed that the diesel soot-2 sample was very close to the 

correlation trend line.  

 

Figure 3.3. FE-SEM image for diesel soot-2. 

 3.3.2. Effect of surface area on oxidation activity 

Figures 3.4a and 3.4b show the variation of light-off temperatures T10 and 

T50, respectively, with the specific surface area. The general trend was that the 

oxidation activity increased (i.e., T10 and T50 decreased) as the specific surface 

area increased. The correlation for T10 was better than that for T50, which was 

expected since after a 50% mass loss, the significance of surface area should be 

lower due to less contribution by the inner coagulated crystallites to the total 

surface area.27 The specific surface area of diesel soot-1 and carbon blacks 

ranged between 45 m2/g and 1005 m2/g, with Printex-G and Printex-XE2B 

showing the lowest and highest surface areas, respectively. In the correlation 

plots, Vulcan XC 72R was again identified as an outlier. Diesel soot-1 had a 
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moderate specific surface area of 155 m2/g; and correspondingly had a moderate 

oxidation activity.  

 

Figure 3.4. Correlation for oxidation activity with the specific surface area. 

Panels a and b correspond to the light-off temperatures T10 and T50, respectively. 
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in Figures 3.4a and 3.4b, we also included diesel soot-2 in the plots, which 

showed that diesel soot-2 was reasonably close to the correlation trend line. 

 3.3.3. Effect of degree of organization on oxidation activity 

 

Figure 3.5. Raman spectra for carbon blacks and diesel soot-1. 

 

Raman spectra (λ= 514 nm) shown in Figure 3.5 for carbon blacks and 

diesel soot-1 consisted of two overlapping bands, one around 1600 cm-1 (G 

band) and the other around 1350 cm-1 (D band). The curved fitted spectra (not 

shown) showed the presence of five bands (G, D1, D2, D3, and D4 around 1580, 

1345, 1620, 1500, and 1200 cm-1, respectively). From these spectra, a ratio of 

the intensity of the D1 and G band peaks could be used as a measure of the 

relative degree of organization, i.e., amorphous nature. Figure 3.6 shows the 

variation of T50 with the D1/G intensity ratios of carbon blacks and diesel soot-1. 
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The nearly linear relationships clearly indicated a strong dependence of the 

oxidation activity on the degree of organization of the carbonaceous material. 

Samples with higher D1/G intensity ratios had lower T50 and vice versa. Here, the 

D1/G intensity ratio varied between 0.75 and 2.13, with Printex-G and Monarch 

1300 having the lowest and highest ratios, respectively. The D1/G intensity ratio 

for diesel soot-1 was 1.39, which was considered as a moderate value of the 

series, corresponding to moderate oxidation activity. 

 

Figure 3.6. Correlation for oxidation activity with the intensity ratio of the Raman 

D1 and G peaks. 

 

 Raman spectrum of diesel soot-2 (Figure 3.7) had a D1/G intensity ratio of 

1.67. To validate the structure-activity correlation in Figure 3.6, we also included 
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the correlation trend line. 
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Figure 3.7. Raman spectrum (λ=514 nm) for diesel soot-2. 

 

 3.3.4. Effect of crystallite stacking height on oxidation activity 

Figure 3.8 shows the XRD patterns observed for commercial carbon 

blacks and diesel soot-1. The patterns consisted of two broad diffuse peaks, one 

indexed as the crystalline reflection (002) and the other as two dimensional 

lattice reflections (10l), which could be considered as a poorly crystalline graphite 

X-ray pattern.  

Figure 3.9 shows the variation of T50 with crystallite stacking height (Lc). 

Samples with a lower Lc showed a higher oxidation activity and vice versa. Here, 

Lc ranged between 10.4 Å to 18.5 Å, with Monarch 1300 and Printex-G showing 

the lowest and highest Lc, respectively. Diesel soot-1, which showed good 

agreement with the observed trend, had crystallites with an average height of 

11.7 Å and might be composed of 4 graphene layers (d002 = 3.62 Å).  
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Figure 3.8. XRD patterns for carbon blacks and diesel soot-1. 

 

 

Figure 3.9. Correlation for oxidation activity with the crystallite stacking height. 

 

 The crystalline reflection (002) of the XRD pattern of diesel soot-2 (Figure 

3.10) showed Lc of 7.7 Å (d002 = 3.60 Å), which was the smallest of the series 

and outside of the range for the ten carbon blacks and diesel soot-1. To validate 

450

500

550

600

650

700

750

6 9 12 15 18 21

T
5
0
 [

o
C

]

Vulcan XC 72R

XRD crystallite height [
o
A]

Printex-XE2B

diesel soot-1

5

4

8

9

11

10
1

7
2

3

6

Blue: all samples

Green: diesel soot

Red: Outliers

12

diesel

soot-2

(validation)



104 
 

the structure-activity correlation in Figure 3.8, we also included diesel soot-2 in 

the plot, which showed that the diesel soot-2 did not lie close to the correlation 

trend line. This indicates that the correlation of oxidation activity with Lc is the 

poorest of the four correlations presented in this work. 

 

Figure 3.10. XRD spectrum for diesel soot-2. 
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 3.4. Discussion 

 The morphology and the microstructure of carbon black and diesel soot 

samples, along with their correlations with the oxidation behavior in Figure 3.2 

can be explained with a careful analysis of their TEM and HRTEM images. As a 

general trend, smaller particles show lower T10 and T50 values with higher 

oxidation activities, whereas the larger particles show higher T10 and T50 values 

with lower oxidation activities. Spillover of oxidant onto soot surface followed by 

adsorption at the active carbon sites are found to be important in many oxidation 

mechanisms proposed for soot oxidation.28 Hence, smaller particles, having a 

larger surface area to volume ratio, should have better contact with the oxidant, 

resulting in higher oxidation activity. The average particle size influences the 

oxidation activity, but is not a very clear descriptor in such correlations; therefore, 

additional structural features are also studied and described next. 

Even though the carbon gasification mechanism is quite complex,29 

influence of surface area on the oxidation behavior of carbon black and diesel 

soot samples is expected to provide important insights, as the chemisorption of 

oxidant on the active surface sites and the subsequent formation of oxygen 

surface complexes are expected to strongly depend on the specific surface area. 

In Figure 3.4, we proposed a correlation for oxidation activity vs. BET surface 

area. To explain the trend and the low vs. high surface areas of certain samples 

(e.g., Printex-G vs. Printex-XE2B), we propose that the primary particles are 

composed of two major parts, as shown in Figure 3.11: (i) an inner core made 

out of several fine particles and several carbon layers with distorted structure, 
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and (ii) an outer shell made out of micro crystallites with periodic orientation of 

planar graphene layers.17  

 

Figure 3.11. Proposed structure of carbon black. 

The HRTEM image of Printex-G (Figure 3.12) shows the microstructure of 

individual primary particles. Lattice fringe contrast from the stacking of the 

graphene units is clearly visible in the shell of the primary particle. Both the shell 

and the outer surface of the particle show long range ordered contrast, indicating 

a highly dense shell and a less defected surface, and hence a very low surface 

area (45 m2/g). The low surface area of Printex-G results in  one of the samples 

with very low oxidation activity.  

 On the other hand, the overview HRTEM image of Printex-XE2B (Figure 

3.13a) reveals the microstructure of the primary particle shell in which the lattice 

fringes are clearly visible but they are with weak long range order. The curved 
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graphene layers form a less dense shell, whereas shells of the neighbouring 

particles appear to be merged, forming a continuous surface with a large number 

of small crystallites (Figure 3.13b). A higher amount of crystallites confirms the 

presence of a higher number of crystallite edges, which in turn result in a higher 

density of surface active sites. The high surface area of Printex-XE2B is 

responsible for the highest oxidation activity. 

 

Figure 3.12. Overview HRTEM image of Printex-G. 

 

Figure 3.13. (a) Overview and (b) enlarged HRTEM images of Printex-XE2B. 
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The agglomerated primary particles are comprised of graphite-like 

crystalline and amorphous domains;23 and carbon blacks change into 

coagulations of crystallites as oxidation proceeds.27 Therefore, it is important to 

understand the microstructure of the carbonaceous materials. As mentioned 

earlier, Raman spectroscopy can be used for the analysis of crystalline long 

range order (e.g., graphitic materials)22 as well as molecular structures with a 

short range order (e.g., amorphous carbon or disturbed graphitic lattices).23 The 

curve fitted Raman spectra in Figure 3.5 for carbon blacks and diesel soot-1 

contain one first order band at around 1585 cm-1 (G band) and four additional 

bands (D1, D2, D3, and D4 bands, represented by D band), which are 

characteristic for disordered graphite structure. The G band stands for the in-

plane bond-stretching motions of the sp2 hybridized carbon atoms of graphene 

plane, which has the E2g symmetry.4 The D1 band, which appears at around 

1345 cm-1, is associated with the graphitic lattice motions with A1g symmetry of 

carbon atoms from graphene layers close to the lattice disturbances.23 

In the correlation for oxidation activity vs. degree of organization (Figure 

3.6), Monarch 1300 had the highest D1/G intensity ratio, and hence the lowest 

degree of organization. The HRTEM image of Monarch 1300 in Figure 3.14 

shows twisted ribbon-like molecular units in addition to the basic structural units 

of graphene; they are strongly curved, indicating less dense and highly 

disordered crystalline (highly amorphous) structure. In some areas, the 

crystallites are not clearly observed due to the presence of disordered, 
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amorphous carbon. This structural feature of Monarch 1300 brings about a faster 

gasification mechanism, and hence a high oxidation activity.  

 

Figure 3.14. Overview HRTEM image of Monarch 1300. 

 

On the other hand, Printex-G had the lowest D1/G intensity ratio, and 

hence the highest degree of organization. The HRTEM image of Printex-G in 

Figure 3.12 consists of more pronounced long-range ordered onion-like 

graphene structures with very low curvature for the graphitic sheets. The highly 

dense, less spaced, and ordered structure limits the gasification process and 

leads to low oxidation activity.  

 Both diesel soot-1 and diesel soot-2 have moderate D1/G intensity ratios 

(1.4 and 1.67, respectively); hence they show moderate oxidation activities. The 

HRTEM image of diesel soot-1 in Figure 3.15 shows the presence of primary 

soot particles with different shapes as well as dark particles of metal oxides with 

clearly observed lattice fringes. Overall, the D1/G intensity ratio based on Raman 
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spectroscopy is an excellent descriptor for the oxidation activity of the carbon 

black and diesel soot samples. 

 

Figure 3.15. Overview HRTEM image of diesel soot-1. 

The carbon black particles are composed of densely packed stacks of 

almost perfect graphite layers;24 and it is important to identify the effect of 

structural parameters of a single crystallite on the oxidation behavior. XRD profile 

analysis for carbon blacks has been used in the past studies to obtain two 

structural parameters, crystallite stacking height (Lc) and the interplanar 

distance.24 The XRD patterns consist of two broad diffuse peaks, one indexed as 

the crystalline lattice reflection (002) and the other as two dimensional lattice 

reflections (100)/(101).30 The absence of (hkl) peaks indicates random orientation 

around the layer normal and lack of three dimensional order.24  

Diesel soot-2 had the lowest Lc, whereas Printex-G had the highest Lc. 

HRTEM image of diesel soot-2 in Figure 3.16 shows that the primary particles 

have highly curved graphene layers, which are loosely stacked on each other. 

The curvature, formed due to a less sp2 character of the graphene layers, 
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discourages the formation of a higher number of stacks per crystallite, which 

increases its oxidation activity by inducing a faster gasification mechanism. 

Similar features are observed from the HRTEM image of Monarch 1300 in Figure 

3.14.  

 

 

Figure 3.16. (a) TEM and (b) HRTEM images of diesel soot-2. 

 

 On the other hand, the HRTEM image of Printex-G in Figure 3.12 shows 

the closely packed graphene layers with a very low curvature, indicating a higher 

sp2/sp3 hybridized carbon ratio. Overall, larger crystallite stacking height is 

associated with smaller amount of surface carbons being exposed to the oxidant; 

therefore more energy is needed to dissociate the graphene planes from the 

crystallite, resulting in elevated oxidation temperatures (i.e., low oxidation 

activity). 

In the aforementioned structure-activity correlations, Vulcan XC 72R and 

Printex-XE2B were determined as the most common outliers. Here, we provide a 

possible explanation for the different behavior of these two samples.  



112 
 

Vulcan XC 72R (the first outlier) is much more difficult to oxidize compared 

to the predicted oxidation activity based on the correlations. The HRTEM images 

of Vulcan XC 72R in Figure 3.17 confirm the presence of three types of primary 

particles: first being the smallest (~10 nm) and composed of curved, more 

spaced graphene layers and agglomerated in-order to form chain like structures, 

second being the most abundant and middle sized (~39 nm) (Figure 3.17a), and 

third being the largest (~84 nm) and the least abundant (Figure 3.17b). Both 

middle sized and large particles are composed of planar, closely packed 

graphene layers. Although the relative abundance of middle sized (~39 nm) 

particles in the sample is the highest, the smallest (~10 nm) and more 

amorphous particles may have been more observed in Raman and XRD studies. 

Due to its amorphous nature, the smaller primary particles may have a higher 

surface area, which results in a moderate surface area value (213 m2/g) for 

Vulcan XC 72R. Since, both the XRD peaks and Raman peaks become narrower 

with the development of crystallographic structures,31 the peaks originating from 

larger, more crystalline primary particles may have been obscured inside the 

broad peaks arising due to the smallest (~10 nm), more amorphous particles. 

Hence, a larger D1/G intensity ratio and a lower Lc value are observed for Vulcan 

XC 72R. 
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Figure 3.17. HRTEM images of (a) the smallest (~10 nm) and middle sized (~39 

nm), and (b) the largest (~84 nm) particles of Vulcan XC 72R. 

 On the other hand, Printex-XE2B (the second outlier) is easier to oxidize 

compared to the predicted oxidation activity based on the correlations. The TEM 

image of Printex-XE2B in Figure S8b shows that the shell of the primary particle 

is very narrow, and the core has an amorphous nature. Although the Raman and 

XRD data analyses give information about the crystallinity of the shell, they do 

not represent depth analyses. Hence, the T50 value of Printex-XE2B, which 

includes both shell and amorphous core oxidation, is lower than expected. Also, 

the very high surface area observed for Printex-XE2B (1005 m2/g), observed due 

to the high concentration of surface active sites, might be responsible for its low 

T10 and T50 values. 

 We combine the aforementioned structure-activity correlations in Figure 

3.18, which presents an overall summary schematic of the dependence of 

oxidation activity on the structure for all the samples considered in this work. A 

general trend could be explained from most of the samples. Carbonaceous 
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materials with smaller particle sizes, higher surface areas, lower degree of 

organization, and lower crystallite stacking heights are easier to oxidize and vice 

versa. 

 

Figure 3.18. Summary of the variation of oxidation activity as correlated to 

particle size, surface area, degree of organization, and crystallite stacking height. 

 

 3.5. Conclusions 

 Our comprehensive investigation of ten commercial carbon black samples 

and two diesel engine soot samples has provided novel and clear insights that 

explain the origin of their oxidation activity linked to their structural 

characteristics. Four structure- activity correlations were identified by analyzing 

their structural characteristics, such as initial primary particle size, specific 

surface area, degree of organization (amorphous nature), and crystallite stacking 
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height, and their oxidation activity using a diesel engine soot sample (diesel soot-

1) and ten commercial carbon black materials. Validity of these correlations was 

proven by the structure and reactivity analysis of the second diesel engine soot 

sample (diesel soot-2). Such fundamental understanding combined with the 

unique soot structure-activity correlations will be key to the improved design and 

operation of Diesel Particulate Filters. 
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APPENDIX I: FUTURE WORK 

 
This appendix present some ideas for future work with metal oxides and metal 

sulfides for catalytic applications. 

 

1. Cu impregnated mesoporous silica core shell nanoreactor which contains Pd, 

MnO2, and BaO nanopartitcles in its inner wall can be synthesized for catalytic 

reduction of NOx in the presence of SO2. The synthetic method will be multistep 

which can be summarized with two steps involving (1) synthesis of MnO2, BaO, 

and Pd loaded carbon nanosphere using microwave energy and (2) synthesis of 

Cu impregnated silica mesoporous shells around the nanospheres followed by 

removal of carbon particles by calcination. The synthesized hollow shell 

nanoreactors will be expected to show high reactivity, high NOx diffusion in the 

storage material, high thermal stability with no particle aggregation, and high SO2 

tolerance capacity. 

 

2. Cobalt sulfide nanoparticle-carbon nanotube (CNT) composites can be 

synthesized as efficient catalysts for electrochemical/ photoelectrochemical water 

splitting where hydrogen evolution reactions (HER) and oxygen evolution 

reactions (OER) take place. First, cobalt oxide nanoparticles supported on CNT 

will be synthesized using a microwave assisted hydrothermal method. The 

sulfidation of cobalt oxide nanoparticles will be carried out using H2S as the sulfur 

source. The synthesized materials will be expected to show high activities for 

HER and OER in an acidic medium due high surface areas, small particle sizes, 
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high conductivity and synergic effects between cobalt sulfide nanoparticles and 

CNT.   
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