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ABSTRACT 

 Prior to the discovery of inexpensive and readily available fossil fuels, the world relied 

heavily on biomass to provide its energy needs. Due to a worldwide growth in demand for fossil 

fuels coupled with the shrinkage of petroleum resources, and mounting economic, political, and 

environmental concerns, it has become more pressing to develop sustainable fuels and chemicals 

from biomass. The present dissertation studies multiple nanostructured catalysts investigated in 

various processes related to gasification of biomass into syngthesis gas, and further upgrading to 

biofuels and value added chemicals. These reactions include: syngas conditioning, alcohol 

synthesis from carbon monoxide hydrogenation, and steam reforming ethanol to form higher 

hydrocarbons. Nanomaterials were synthesized, characterized, studied in given reactions, and 

then further characterized post-reaction. Overall goals were aimed at determining catalytic 

activities towards desired products and determining which material properties were most 

desirable based on experimental results. Strategies to improve material design for second-

generation materials are suggested based on promising reaction results coupled with pre and post 

reaction characterization analysis. 
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CHAPTER 1 INTRODUCTION 

1.1 Background and Significance 

Before the discovery and utilization of cheap fossil fuels such as coal, natural gas, and 

petroleum in the latter half of the 19th century, the world relied on wind, waterpower, and 

biomass to meet its energy needs. Upon the arrival of fossil fuels the world experienced a cheap 

energy alternative that allowed for the change of industrial mills powered by wind and water to 

become steam engines that required the burning of coal. As the industrial revolution progressed, 

the demand for coal became widespread. In the middle of the 20th century, largely due to the 

creation of the internal combustion engine, petroleum fuel became the most desired fuel in 

developed countries. The demand for this fuel has only increased over time and vast amounts of 

resources all over the world have gone into finding and utilizing petroleum to meet the world’s 

energy demands. The Energy Information Administration estimates that in 2007 coal, natural 

gas, and petroleum provided over 86% of the world’s energy demand. The only renewable 

energy source that is substantially utilized worldwide is hydroelectric at 6.3%, while remaining 

renewable sources such as solar, wind, geothermal, and biomass contribute less than 1%. There 

are two main drawbacks to relying so heavily on fossil fuels. The first is that the burning of these 

fuels emits over 21 billion tons of CO2 per year. CO2 is considered a greenhouse gas that 

contributes to global warming, and natural processes such as photosynthesis can only absorb and 

remove about half of this emitted CO2 from the atmosphere every year.1 The second drawback to 

the dependence on fossil fuels is that these fuels are a non-renewable resource. With increasing 

demand for fossil fuels from emerging economies, decreasing resources, and political and 
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environmental concerns, the importance of developing an economical and sustainable energy 

source cannot be understated.  

Biomass thermochemical conversion for the production of fuels and chemicals has a wide 

range of political, social, environmental, and economical benefits.2 Biomass is simply living or 

dead plant matter. It is the only current sustainable source of organic carbon, and biofuels 

produced from biomass are the only current source of sustainable liquid fuels.3-5  When burned, 

biofuels release fewer greenhouse gases than fossil fuels and with proper advances in the 

efficiency of biofuel production the technology can be greenhouse gas and carbon neutral.6-8 

According to estimates by the U.S. Department of Agriculture and Oak Ridge National 

Laboratory, without hindering food, feed, and export demands, the United States alone can 

sustainably produce biomass with an energy content of 3.8 x 109 boe (barrels of oil energy 

equivalent) per year. This is enough to satisfy over half of the current oil consumption in the 

U.S.4, 9 

One of the leading technologies for the conversion of biomass into useful fuels and chemicals 

is biomass gasification. Biomass gasification is a process in which biomass and oxygen and/or 

steam is heated to high temperatures to produce synthesis gas, otherwise known as syngas. 

Syngas is rich in H2 and CO and also contains CO2, CH4, H2O, and N2. A generalized biomass 

gasification reaction is as follows: 

 

Biomass + O2 (or H2O)  CO, CO2, H2O, H2, CH4 + other hydrocarbons        (1.1) 

        tar + char + ash 

       HCN + NH3 + HCl + H2S + other sulfur species 

 

The product gas composition and stoichiometry depend on the gasification process, oxizing 

agent, reaction temperature, and feedstock composition. If air is used as the oxidizing agent the 
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air/fuel ratio is typically 0.2-0.35, whereas if steam is the oxidizing agent, the steam/biomass 

ratio is roughly 1. The partial oxidation of volatile products determines the actual amounts of 

CO, CO2, H2O, H2, tars, and hydrocarbons and is represented in equation 1.2. 

 

CnHm + (n/2 + m/4)O2  nCO + (m/2)H2O              (1.2) 

 

The gas composition, most importantly the H2:CO ratio, can be altered by the water-gas shift 

reaction where CO reacts with water vapor to form more H2 as can be seen in equation 1.3. 

 

CO + H2O  CO2 + H2                        (1.3) 

 

The product gas from biomass gasification has a plethora of valuable uses and can be used in 

a gas turbine or fuel cell to produce electricity at higher efficiencies than directly combusting 

biomass. Conditioning and upgrading the product gas can make it an appropriate reactant for the 

production of liquid fuels in processes such as Fischer-Tropsch synthesis and methanol 

synthesis. If the product gas is conditioned well enough, it can produce a highly pure H2 gas that 

can be used in PEM fuel cells or as a reactant for chemical syntheses.  

Biomass gasification produces a product gas that inevitably contains a number of different 

impurities. These impurities include 1) solid impurities such as dust; 2) inorganic impurities such 

as alkali metals, nitrogen species, and sulfur species; and 3) organic impurities such as heavy 

hydrocarbons collectively known as “tar.” 10 The definition of tar is not well established but is 

usually considered to be the condensable organic fraction of the product gas and primarily 

consists of aromatic hydrocarbons such as benzene, toluene, naphthalene, and other 

polyaromatics. The chemical makeup of tars is a function of the biomass feed, oxidant, and 

temperature of the reaction. Tars can cause a multitude of problems when present in the fuel gas 
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such as cracking in the pores of filters, creating coke and blocking them, clogging fuel lines and 

injectors if present in an internal combustion engine, and condensing and plugging any potential 

downstream operations.2, 10 Additionally, these tars represent a loss of efficiency as they contain 

a significant source or carbon and hydrogen that are not being converted to the desired syngas 

(H2, CO, CO2, and CH4). The presence of these tars is considered to be the main technical barrier 

to the success of biomass gasification and significant research is being done to find a way to 

eliminate or remove them, and often a gasification project will end due to the fact that the cost of 

removing tars is greater than the cost of the project.31 Reforming the hydrocarbons and tars 

formed during biomass gasification to produce additional syngas occur via steam reforming 

and/or dry reforming (also called CO2 reforming) as seen in equations 1.4 and 1.5 respectively. 

These reactions are often promoted by the presence of a catalyst.  

 

CnHm + nH2O  nCO + (n+m/2)H2                      (1.4) 

CnHm + nCO2  (2n)CO + (m/2)H2                    (1.5) 

 

Gas conditioning is a term that represents the process to reduce or remove any unfavorable 

impurities from the desired product. Typically there are three routes for the conditioning the 

product gas to remove tars, catalytic, non-catalytic, and physical. Examples of physical processes 

to remove tars are filtration and wet scrubbing. Wet scrubbing is effective at removing the tar 

from the product gas by condensing it and removing it. The drawbacks to wet scrubbing include 

the removal of toxic wastewater containing the unwanted tar, the decrease in efficiency due to 

the loss of potential fuel, and (if the desired syngas is to be used at high temperature) the loss in 

thermal efficiency from the cooling and reheating of the product gas. Catalytic tar conversion, 

also known as “hot gas cleaning” or “hot gas conditioning,” is an economical method due to the 
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possibility to remove tars as well as increase biomass gasification conversion at the same time. 

The two approaches for hot gas conditioning are to mix a catalyst with the biomass or in a mixed 

bed gasifier to simultaneously reform the tar in the gasifier (primary catalytic gasification), or to 

treat the product gas downstream of the gasifier in a secondary reactor (secondary method). For 

the primary catalytic gasification, investigations of adding alkali salts to the biomass feed via wet 

impregnation or dry mixing have shown the ability to decrease tar formation but increase char 

yields. Alkali metals will not likely thrive as commercial gasification catalysts due to poor 

carbon conversion, higher ash content, and the added expense and challenge of 

removing/recuperating the alkali metals.2 A solid catalyst inside the gasifier would be easy to 

separate from the syngas, but ideally would need to satisfy the following criteria:  

 

1. The catalysts must be effective in removing tar. 

2. If the desired product is a pure syngas of H2 and CO, the catalysts must be capable of 

reforming methane. 

3. The catalysts should provide a suitable syngas ratio for the intended process. 

4. The catalysts should be resistant to deactivation as a result of carbon fouling and sintering. 

5. The catalysts should be easily regenerated. 

6. The catalysts should be robust (at operating temperatures >700 C in oxygen and/or 

steam). 

7. The catalysts should be inexpensive.11 

 

The two primary types of solid catalysts that are used for hot gas conditioning are non-

metallic mixed oxide and metal-based catalysts. One of the most commonly studied non-metallic 

mixed oxide catalysts is calcined dolomite. Dolomite is found all over the world as a sedimentary 

rock mineral comprised of calcium and magnesium in the general formula CaMg(CO3)2. When 

calcined, the dolomite loses CO2 and becomes the active form of the catalyst as a mixed CaO-
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MgO. The loss of CO2 is reversible and the catalyst can become inactive if partial pressure of 

CO2 in the gasifier becomes too high and the catalyst reverts back to CaMg(CO3)2. Other non-

metallic metal oxide catalysts commonly used are MgO, CaO, and olivine.12 Olivine is one of the 

most common minerals in the world and is a magnesium iron silicate with the formula 

(Mg,Fe)2SiO4.  

Metal-based catalysts include but are not limited to Pd, Pt, Ru, and Ni supported on metal 

oxides and mixed metal oxides. Ni containing catalysts are used in the steam reforming of 

naphtha and methane industries, so logically they are being investigated in hot gas 

conditioning.13 

It is important to understand how these catalysts are working and/or not working in the hot 

gas conditioning of biomass gasification product gases. Most catalysts will experience 

deactivation after some time in a test reactor or a biomass gasifier. Proper surface studies are 

necessary to identify the deactivation mechanism(s) and see how the catalysts are changing 

before and after the reactions. Ni, for instance, is susceptible to sulfur and chlorine poisoning as 

well as coke formation. The formed coke species can be removed by heating the catalyst to high 

temperatures in the presence of oxygen; however, this cycle of regenerations at high temperature 

creates sintering of Ni particles, phase transformations, and volatilization. All of these reactions 

must be understood, and adequate analysis must be performed to improve catalytic design. It is 

vital to the progress and success of hot gas conditioning and the production of syngas and 

biofuels to grasp what is occurring at the active sites of catalysts so that a proper processing-

structure-property-performance relationship can be established. This knowledge will outline the 

future of materials design.  
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1.2 Catalytic Tar Reforming Studies 

A great deal of research has gone into the investigation of dolomite and olivine as catalysts 

for the conditioning of biomass product gas. Additionally, commercial Ni catalysts have been 

thoroughly studied due to their accessibility and current use in the naphtha and methane 

reforming industries. This review will provide a brief review of dolomite and olivine studies to 

demonstrate some of their characteristics and usefulness in catalytic tar reforming, but the focus 

will be on alternative research catalyst formulations that include precious metal catalysts, 

promoters, and support materials. 

 

1.2.1 Dolomite 

Simell and co-workers14 studied the effectiveness of calcined dolomite as a tar reforming 

catalyst by using toluene as a model tar compound, in a reactor at 900C-1000C. By first 

calcining the dolomite at 900C, toluene conversions reached higher than 97% in N2 and H2O 

atmosphere with the major products of toluene decomposition being CO2 and H2. Other gaseous 

products included CH4 and C6H6, while CO, C2H4, and toluene were present at small 

concentrations. In an atmosphere of gasifier product gas that included H2, CO2, CO, and CH4, 

toluene conversion was lower at 86%. It was concluded that dolomite deactivates very rapidly 

when the partial pressure of CO2 gets too high (>100 kPa). Based on decomposition curves for 

CaCO3 and MgCO3, it is the magnesium carbonate that first loses CO2 when heated and a 

CaCO3-MgO “half calcined” form can be present. Similarly, CaO is more readily carbonated 

compared to MgO and at high enough CO2 partial pressures CaCO3 forms before MgCO3. These 

studies suggest that the formation of CaO in dolomite is the active form of the catalyst.  
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Hu et al.15 studied calcined and uncalcined dolomite in an apricot stone steam gasification 

reaction and found that calcined dolomite produced higher H2 content in the product gas. XRD 

analysis showed that when calcined in air at 900C for 4 hours, the dolomite loses CO2 as 

evidenced by the loss of CaMg(CO3)2 peaks and the formation of peaks attributable to MgO and 

CaO as seen in Figure 1.1. 

 

 
Figure 1.1 X-ray diffraction patterns of dolomite before and after calcination. 

 

This is a reversible process and when CO2 partial pressures are too high, the dolomite losses 

activity, as supported by Simell and co-workers.14 Comparisons to secondary catalysts 

containing CaO and MgO revealed that the activity for these catalysts went CaO > CaO-MgO > 

MgO, which may suggest that CaO is responsible for the heightened catalytic activity of calcined 

dolomite.16  
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Overall, dolomite catalysts show lower activity for reforming lighter hydrocarbons and bear 

poor attrition resistance. These characteristics make dolomite more suitable for a guard bed 

reactor catalyst that is positioned between the gasifier and fluidized reforming reactor.17  

 

1.2.2 Olivine 

In a study by Devi et al.,18 olivine was studied to determine the catalytic activity towards tar 

by investigating the catalyst in a steam reforming reaction of naphthalene as a model biomass tar 

compound. Different calcination times of the supplied olivine were studied to see the effect on 

the catalyst structure and catalyst activity. Techniques such as BET surface analysis via N2 

physisorption, x-ray photoelectron spectroscopy (XPS), Mössbauer spectroscopy, temperature 

programmed reduction (TPR), and scanning electron spectroscopy equipped with energy 

dispersive X-ray capabilities (SEM/EDX) were used to understand the conversion of calcined 

olivine. This report showed that calcination of olivine in air at 900 °C improves the conversion 

of naphthalene in a steam reforming reaction from 48% conversion for untreated olivine to 78% 

for olivine calcined for 10h. To provide insight into the reasons behind this increased 

naphthalene conversion, BET-surface analysis on untreated and 1 h calcined olivine samples 

revealed that the surface area was 0.43 and 0.18 m2/g respectively. As BET measurements show 

no appreciable change in surface area after calcination, the olivine is a non-porous material and 

the increased activity cannot be attributed to enhanced surface area. XPS studies show Fe 2p and 

Fe 3p peaks for calcined olivine samples that were not present in studies of the untreated olivine. 

This suggests that there is segregation of iron at the surface of the catalyst and this segregation 

becomes more pronounced with increasing calcination times up to 10 h.  Iron concentration 
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peaks at 10 h, and further calcination leads to a drop off of Fe species. Iron concentration on the 

surface of calcined olivine is the key of the study since the catalyst activity changes accordingly. 

Figure 1.2 (a)-(c) shows SEM scans for untreated olivine and olivine calcined at 1 h and 10 h. 

The images suggest that the surface of the olivine is inhomogeneous and after taking EDX at 

given spots, it is clear that the composition on the surface varies greatly. Although there seems to 

be an increase in iron concentration at the surface, the varying results make it difficult to be able 

to draw any conclusions about the elemental concentrations on the surface using SEM/EDX 

alone.  

 

 
Figure 1.2 (a) SEM/EDX analysis for untreated olivine; (b) SEM/EDX analysis for 1 h calcined 

olivine; (c) SEM/EDX analysis for 10 h calcined olivine. 
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Temperature programmed reduction studies support XPS and SEM/EDX studies by showing 

the reducibility of calcined olivine samples. While unaltered olivine shows little to no 

reducibility, calcined samples show a large peak due to the reduction of iron oxide (-Fe2O3) that 

is present at the olivine surface.  

 

1.2.3 Non-commercial metal catalysts 

Largely due to the commercial success of Ni reforming catalysts, many studies have focused 

on exploring nickel-based catalysts for biomass gasification product gas conditioning. Sutton et 

al.11 studied the effects that different supports have on Ni based catalysts by impregnating Ni on 

supports of Al2O3, ZrO2, TiO2, SiO2, and a proprietary tar-destruction catalyst, MOR1. 

Additional catalysts in the study included co-precipitating Ni and Al at different ratios. The study 

monitored catalyst activity for peat gasification tar conversion. Results showed that out of the 

supported nickel catalysts, alumina-supported nickel catalysts had the highest activities and co-

precipitated Ni/Al catalysts were most active. A Ni/Al catalyst with molar ratio of 3:17 increased 

the conversion of the hydrocarbons to 91.5%. No catalyst characterization was provided in this 

report. The lack of catalyst characterization makes it difficult to draw any reasonable conclusions 

as to why one support may have certain activity over another. 

Since Ni catalysts, dolomite, and olivine have all shown promise in biomass gasification tar 

reforming, there have been a large number of studies that have looked to combine Ni with either 

dolomite or olivine. This addition of Ni (which typically takes the form of NiO and then reduced 

under a flow of H2 to form metallic Ni prior to reaction) to dolomite and olivine has been found 

to significantly improve the activity towards tar conversion.19-21 Olivine alone showed little 
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activity in the steam reforming of toluene at 750°C, while the Ni/olivine had a toluene 

conversion of nearly 85%.  Also, the Ni/olivine showed good selectivity to H2, CO, and CO2. For 

naphthalene conversion, the addition of Ni to calcined olivine nearly doubled the conversion of 

olivine without Ni.18, 22-23 According to Wang et al.,24 the incipient wetness addition of Ni to 

dolomite increased biomass tar conversion at 650°C from 43% to 84%. Additionally, no coke 

was formed after 60 hours on stream at 750C. The catalyst prepared catalyst had prominent 

XRD peaks attributed to CaO, CaOH, and NiO. The authors conclude from SEM analysis that 

the dolomite support had holes with diameters ranging from 1 to 5 m and uniformly spherical 

(“probably”) NiO grains of 200 – 300 nm. It is claimed that after calcination of the Ni/dolomite 

sample, porosity disappeared and more compact grains were formed and there was heightened 

local crystallinity (Figure 1.3). However, SEM images and XRD and spectra of the pre-calcined 

sample were not provided to support this claim. Post reaction analysis of the catalyst was not 

accomplished.  

 

 
Figure 1.3 Scanning electron microscopy (SEM) micrograph of Ni/dolomite calcined at 900 °C. 



 13

Zhang et al.25 took olivine doping one step further by investigating the reforming of model 

tar compounds benzene and toluene over Ni/olivine catalysts doped with CeO2. Nickel and ceria 

were added via wet impregnation to olivine. According to XRD analysis, the NiO is reduced to 

form metallic Ni in reduced and expended samples. Small peaks ascribed to CeO2 were also 

present in samples doped with CeO2. Surface elemental composition shows increased 

concentrations of carbon and reduced concentrations of Ni for the spent samples. However, the 

catalyst doped with CeO2 had better Ni retention for spent samples, higher oxygen, and less 

carbon. This suggests that CeO2 as a promoter helps prevent coking. From the catalytic reactions, 

the authors discovered that from 700C - 800C, the catalyst reliably achieved higher 

conversions of benzene and toluene than did Ni/olivine catalyst without CeO2. At higher 

temperatures (830C), the ceria lost its affect and behaved similarly to Ni/olivine without ceria. 

Asadullah et al.26 investigated the reforming of tars in the gasification of cedar wood over 

catalysts containing Rh, Pd, Pt, Ru, and Ni supported on CeO2/SiO2. The CeO2/SiO2 support was 

prepared by the incipient wetness technique, and once dried and calcined, the metal was 

impregnated onto the support and calcined at 500C. Catalytic tests were performed over a 

temperature range of 550C-650C. It was found that the Rh catalyst was the best tar reforming 

catalyst, and there were no remaining tars reported in the product gas over this temperature 

range. The Rh catalyst also demonstrated excellent resistance to coking with only 1wt% char 

deposited at the end of the study. The order of catalyst activity in the reaction at 650C was: Rh 

> Pd > Pt > Ni = Ru. Since the amount of char on Rh/CeO2/SiO2 catalyst surface was so small at 

low temperature, no deactivation was observed. In addition, Rh/CeO2/SiO2 maintained high 

activity even in the presence of H2S at a concentration of 280 ppm.27 Material characterization 

was not present in the study to help identify the underlying cause of these results. 
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Asadulla et al.28 also studied precious metals impregnated on CeO2 as well as different 

supports as catalysts in the gasification of cellulose in an air fluidized bed at 650C. The catalyst 

supports studied were CeO2, MgO, TiO2, ZrO2, Al2O3, and SiO2. The noble metals studied were 

Rh, Ru, Pd, Pt, and Ni. All deposited metals had consistent loading of 1.2x10-4 mol/gcat. The 

activities of the catalysts were measured by monitoring the yields of CO, CO2, CH4, and H2. For 

alumina and silica supports, only about 50% of the carbon in the feed was converted to a 

monitored gas. It was assumed that all non-converted carbon ended up as char and tar. CeO2, 

MgO, TiO2, and ZrO2 supports all converted around 70% of the carbon in the feed to carbon 

containing gases. These supports also had less char on them post reaction than did the alumina 

and silica supports. CeO2 with noble metals as catalysts all had greater carbon conversion from 

80% - 100% with the order of activity as follows: Rh > Ru > Pd > Pt > Ni. These finding are 

similar to those found earlier by Asadulla et al.,26 except for the activity of Ru.  This discrepancy 

is no addressed and the lack of material characterization prevents a sound explanation as to why 

this discrepancy exists.   

Asadulla et al.29 took one of the best catalyst combinations from the previous study and 

looked at it more closely in an air/steam-fluidized bed containing Rh/CeO2/SiO2 catalyst and 

compared this catalyst to a commercial nickel catalyst (G-91) and dolomite. After 7 hours of 

testing, the Rh/CeO2/SiO2 catalyst showed no signs of deactivation and reformed more methane 

and tars than either the Ni catalyst or dolomite. The prepared catalyst also showed lower levels 

of char. Conversely, the commercial Ni catalyst began to deactivate after only 25 minutes. The 

purpose for loading the CeO2 onto silica was that Rh/CeO2 deactivated due to agglomeration and 

a more than four-fold decrease in surface area (60 – 13 m2/g) based on BET results. Loading 

onto silica effectively inhibits the agglomeration and thus deactivation and catalyst activity is 
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maintained. The structural integrity of the catalyst after a 7 h reaction can be seen in a TEM 

analysis (Figure 1.4). The catalyst does not seem to have significant structural differences after 7 

h, and this in conjunction with the sustained conversion measured by gas chromatography 

suggest that it has a considerable lifetime without deactivation.  

 

 
Figure 1.4 TEM images of Rh/CeO2 /SiO2 after (a) hydrogen reduction at 500 C and (b) 

cellulose gasification reaction at 550 C for 7h. 

 

Li et al.30 developed a tri-metallic catalyst (nano-Ni-La-Fe/-Al2O3), prepared via deposition-

precipitation method. The catalyst was fully characterized using x-ray fluorescence (XRF), BET, 

TEM, SEM/EDX, and XRD. The prepared catalyst had a tri-metallic oxide coated structure with 

a NiO, Fe2O3 and La2O3 content of 8.6%, 7.4% and 5.9%, respectively as measured by XRF. 

Surface analysis the supported catalysts were accomplished with N2 adsorption-desorption 

isotherms (BET) with results of 214.7 m2/g.  This result is slightly lower than the surface area of 

the alumina support which had a surface area of 256.8 m2/g. This loss of surface area is likely 

due to particles covering pores in the alumina and/or the increased density of the material after 
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tri-metallic oxide loading. XRD analysis identified major peaks corresponding to NiO and -

Al2O3. The particle size was calculated according to the Scherrer equation: 

(3) D = 0.89/ cos 

 

Where D is the average particle size,  is the wavelength of the radiation source,  is the full-

width at half height of a given peak, and  is the diffraction angle of the peak. From this analysis, 

the average particle size was calculated at 32 nm. TEM analysis results showed that the tri-

metallic (Ni-La-Fe) oxide particles were 28-35nm in diameter at the surface of the alumina, 

confirming XRD results. This catalyst reformed 99% of tar in a biomass steam gasification 

reaction of sawdust at 800C. The gas composition also showed an increase in H2 of over 

10vol%. Coking and attrition were also minimal after 10 hours. This is supported mainly by 

post-reaction XRD results that showed no new phases in the tri-metallic catalysts.  

  

1.3 Summary and recommendations  

This report provides a brief review of some of the most recent literature pertaining to 

catalytic reforming of tars in effort to condition biomass gasification product gas. Metallic and 

non-metallic catalysts and their reforming capabilities were covered. The vast majority of non-

metallic tar reforming catalysts are dolomite and olivine. Dolomite is the most common non-

metallic catalyst used for tar reforming. Its potential relies heavily on the fact that it is cheap and 

can be discarded. Dolomite only achieves its potential as a tar reforming catalyst after it has been 

calcined where it loses CO2 and becomes MgO-CaO. Even then, it is not terribly robust and 

suffers attrition. Due to these characteristics, dolomite is better suited as a guard bed catalyst and 

not a primary in-bed catalyst. Olivine is also more active once it has been calcined likely due to a 



 17

greater concentration of iron species at the surface. Olivine is more robust than dolomite and 

resists attrition, which makes it a candidate for catalysis in a fluidized gasifier.  

As nickel catalysts have entrenched themselves into the reforming industry, the first step in 

conditioning of biomass derived syngas has been to turn to these well-established Ni catalysts. 

Ni catalysts have highly active tar reforming properties, but due to sintering, coking, 

volatilization, and an overall lack of robustness these catalysts are also more attractive as a 

downstream catalyst in a fixed bed reactor. Combining Ni with non-metallic catalysts such as 

olivine and dolomite has shown some progress and improvement over the years. However, most 

studies are carried out in much simpler reaction conditions than those encountered in actual 

biomass gasification systems. Often times only a single reactant molecule is chosen to represent 

the body of hydrocarbons collectively known as tars.  

For this area of research to progress, many other catalysts must be developed and examined. 

Catalyst improvements are still necessary in order for hot gas conditioning to be economical and 

sustainable. Many supports and promoters have been reviewed, but attrition resistant supports 

and multi functional catalysts that resist poisoning would help immensely in this area.   

Possibly one of the most beneficial things that could help pull the literature together in a 

more cohesive fashion is some form of a standard protocol. So many different reactions are 

studied with different oxidants, different reaction temperatures, different biomass feeds, and 

different times on stream, and simplified reaction conditions. A promising catalyst for the 

reforming of naphthalene may not survive the reaction conditions of a biomass gasifier and/ or 

may be poisoned by the many impurities such as sulfur or chlorine. In order to develop a 

structure/function relationship and develop intelligently designed catalysts, reactions need to be 

carried out for long durations in actual biomass derived syngas. More consistent catalyst 
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characterization before and after catalytic reactions will also help identify promising active sites 

in catalytic reactions. Many studies do no fully characterize catalysts being studied, thus leaving 

doubt as to what aspect or structure of the catalyst is responsible for any observed activity.  

 

1.4 Thesis organization 

 The present thesis is organized to present research in the field of biomass gasification 

conversion to biofuels. Multiple aspects of the biomass conversion process were investigated and 

are presented herein as reactants to products style, such that early chapters produce products that 

become reactants for later chapters. The focus throughout involves subjects pertaining to 

materials science, inorganic chemistry, nanomaterials, and catalysis. In detail, chapter 1 presents 

an overview of research found in the literature pertaining to materials used to reform biomass 

gasification products and tars. Common instruments and techniques used throughout the present 

body of work are briefly introduced in chapter 2.  

Chapter 3 is a publication reproduced from the Royal Society of Chemistry journal of 

Catalysis Science and Technology and reformatted to match the style of this thesis. The article 

presents a comprehensive background on 111 faceted rock-salt metal oxides. This chapter is 

particularly relevant because all research presented in this thesis utilized these materials even 

though they may not have been the focus of presented research. My contribution to this 

minireview consisted of approximately 50% of the work for sections 3.2 and 3.3 as well as 100% 

of the work for sections 3.4 and 3.5.4. Additionally, I was responsible for final editing duties and 

also created cover artwork which was chosen for the inside front cover of the journal. April 

Corpuz was responsible for about 50% of sections 3.2 and 3.3 and 100% of section 3.5.1. 

Kenneth Finch and Christopher Caskey were accountable for sections 3.5.2 and 3.5.3. Xue Wang 
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was responsible for section 3.6. Feng Lin contributed a section to the minireview that did not 

make the final publication, however he was heavily involved in editing and review. 

Chapter 4 presents research funded by the Colorado Center for Biorefining and Biofuels 

(C2B2) and details research Pt and Pd nanoparticles deposited on ZrO2 and their performance as 

sulfur resistant catalysts in a model syngas steam reforming reaction to help investigate their 

usefulness as syngas conditioning catalysts.  

Confidential appendices A and B investigated the performance of synthesized catalytic 

materials in the carbon monoxide hydrogenation and ethanol steam reforming reactions 

respectively. Products from the CO hydrogenation reaction produced mixed alcohols while 

ethanol steam reforming produced larger (compounds containing up to 9 carbons) hydrocarbons. 

However, these chapters are not included in the published version of this thesis as they were 

submitted as confidential chapters to the thesis committee.  

The thesis is concluded with chapter 5, which presents a summary of presented work and 

perspectives.  
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CHAPTER 2 EXPERIMENTAL METHODS AND INSTRUMENTATION 

 
 

2.1 Supercritical drying 

Supercritical drying is a process to remove solvent in supercritical state, where the solvent 

has the gaseous property of being able to penetrate the entire solute and the liquid property of 

being able to dissolve compounds. Supercritical drying is typically employed in order to prepare 

aerogels.  

In a typical procedure, a solution containing methanol (or sometimes ethanol), was placed in 

a stainless steel Parr autoclave reactor where all air was removed and replaced with an 

approximately 9 bars of inert gas such as Ar or N2. The reactor was then sealed and heated to 265 

°C. The contents would reach pressures of 120-130 bar at this temperature. Under these 

conditions, the solvent is at a supercritical fluid state and the wet gels are still dissolved in the 

fluid state of the solvent in order to preserve their structures. The reactor is then vented and the 

solvent escapes as a gas, so the gel does not lose porosity and/or surface area.  

 

2.2 Incipient wetness 

Incipient wetness or incipient wetness impregnation is a common technique used to deposit 

metal nanoparticles in the synthesis of heterogeneous catalysts. In a typical procedure, a metal 

salt is dissolved in an appropriate liquid solvent such as water or alcohol. Ideally, the volume of 

the metal salt solution is equal to the pore volume of the support material that the metal is being 

deposited onto. In this manner, capillary action draws that solution into the pores of the 

supporting material to achieve wetness. The wet material is then dried and/or calcined to obtain 
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the desired material. The process can be repeated in order to achieve the desired metal loading 

with high dispersion. 

 

2.3 Transmission electron microscopy 

Transmission electron microscopy (TEM) is a microscopy technique that utilizes a beam of 

electrons to image appropriate samples. A high voltage accelerates the electron beam so that 

electrons can transmit through a thin sample while images are interpreted with dark areas 

representing heavier/more dense matter. A Philips FEI CM-200 TEM instrument equipped with a 

LaB6 filament and operated at 200 kV was uses for all material characterizations. 

 

2.4 Nitrogen physisorption 

Physisorption is a process where a gas or liquid collects on the surface of a solid or liquid and 

forms a thin layer of adsorbed molecules or atoms. Specifically for physisorption, the molecules 

or atoms are not chemically bound to the surface. Using assumptions that the surface has uniform 

properties, adsorbed molecules do not interact, all adsorption occurs via the same mechanism, 

and only a monolayer of adsorbed molecules forms, Irving Langmuir developed a model to 

determine the surface area of a solid by the amount of gas adsorbed on the surface. However, 

Stephan Brunauer, Paul Emmett and Edward Teller extended this model to include multilayer 

adsorption and their method is commonly referred to as BET. This method allows for the 

determination of surface area as well as pore volume, pore diameter, and pore shapes.  

A Micromeritics ASAP 2020 was used throughout the work presented in this thesis. Nitrogen 

was used as the adsorbate at 77 K.  
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2.5 X-ray diffraction 

Powder x-ray diffraction (XRD) is used to identify the crystal structure of a solid sample by 

diffracting x-rays off the sample at various angles. By measuring the angles and intensities of the 

diffracted beam(s) gives information about the electron densities within the crystal structure and 

thus the specific atom orientations and locations within the crystal lattice. The technique also 

enables the characterization of grain size and preferred crystallographic orientation.  

In this work, a Siemens Kristalloflex 810 X-ray diffractometer with nickel filtered Cu K 

radiation (= 1.5418Å) was used throughout.  

 

2.6 Gas chromatography 

Liquid and gas reaction products were analyzed and quantified using a Shimadzu GC-2014 

equipped with a HP-FFAP 50 m (2.5 mm ID) capillary column that connected to an FID 

detector, and a 15 ft Carboxen 1000 packed column that connected to a TCD. The GC was 

equipped with a 1 mL sample loop and valve system so that in situ analysis could be taken from 

a reactor with flowing gas products.  

For quantification, a series of 3-5 known concentrations of a given standard were analyzed 3 

or more times. The resulting peak areas were then used to create a calibration curve against the 

known concentration (or often times number of moles). Once an acceptable line of best-fit was 

established, the product peak areas were entered into the line of best-fit formulas to determine 

the quantities of products being produced. Based on reactant gas or liquid flow rates, conversions 

and selectivities were then determined.  
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CHAPTER 3 NANOSCALE (111) FACETED ROCK-SALT METAL OXIDES IN 

CATALYSIS 

A paper published in Catalysis Science and Technology, reproduced by permission of The 

Royal Society of Chemistry (RSC). DOI: 10.1039/C2CY20373A (Minireview) Catal. Sci. 

Technol., 2013, 3, 900-911 

Christopher A. Cadigan, April R. Corpuz, Feng Lin, Christopher M. Caskey, Kenneth B. H. 
Finch, Xue Wang and Ryan M. Richards 
 

3.1 Abstract 

Facet-specific growth is highly desirable for catalysts, as conversion and selectivity can be 

altered with increasing amounts of particular active sites. The (100) surface of a rock-salt 

structure is comprised of alternating oxygen anions and metal cations, similar to the (110) facet. 

The (111) surface differs substantially in that an ideal (111) surface would consist solely of 

oxygen anions or metal cations, and cannot exist as-is.  However, wet chemical syntheses of 

MgO(111) and NiO(111) have recently been reported; theory and experiments show the (111) 

surface is stabilized as a hydroxylated surface.  These (111) faceted metal oxides exhibit 

catalytic properties that differ significantly from their (100) counterparts.  Here, we discuss the 

theory and performance of the (111) rock-salt metal oxides in catalysis, as supports, and as 

adsorbents. 

3.2 Introduction 

Metal oxides have a diverse range of electronic and physical properties which make them 

useful for a variety of applications such as insulators in cables, semiconductors in diodes, 

different types of glasses and gels, and doping agents or catalysts to name a few. Development of 

new materials with improved conversions and/or selectivities is one of the main objectives in 
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catalyst research. Metal oxides can take a variety of structures, morphologies, and metal to 

oxygen ratios, all of which can affect their catalytic properties. Specifically, in heterogeneous 

catalysis, materials might show different catalytic properties based on their primary exposed 

facet(s). 

 One of the simplest structures of metal oxides is the rock-salt structure. Rock-salt metal 

oxides are face-centered cubic crystals with one metal ion surrounded by six nearest-neighbor 

oxygen ions and vice versa. The rock-salt metal oxides (MgO, CaO, NiO, CoO, MnO, SrO and 

EuO) are extensively used as catalysts and catalyst supports. Some examples are the catalytic 

effect of MgO(100) on the combustion of methane,1 the catalytic abilities of MgO(111) 

nanosheets and NiO(111) nanosheets,2,3 and the catalytic conversion of NO to NO2 on nickel 

oxide.4, 5 

 Among the metal oxides mentioned above, MgO is the most widely studied and is reviewed by 

Spoto et al.6 The large number of studies on MgO is primarily due to its simplistic structure and 

high ionic character that make it a good model compound for computational and surface science 

studies. Experiments have been performed on both single crystals and thin films7-28 as well as 

powdered MgO.29-38 Investigations involving single crystal and/or thin film MgO samples 

typically require ultra-high vacuum conditions where more pure surface science information can 

be obtained that require the sample to be cleaved or grown in situ.  

 However, some of the more common methods of preparing MgO powders include: 

heating/combustion of solid magnesium in air,39-41 aerogel preparations that include precipitation 

from liquid solution and supercritically dried in an autoclave,29, 31-33, 35, 36, 42-54 chemical vapor 

deposition (CVD),55-63 solvothermal and hydrothermal treatments,34, 37, 64-67 and decomposition 

and topotactic dehydration of Mg(OH)2 under vacuum.40, 68-73 Direct combustion of Mg ribbon in 



 27

the presence of O2, and often combined with physical vapor deposition (PVD), can produce well-

defined MgO cubes with (100) faces.39-41 These materials can be extremely defect-free and have 

high crystallographic quality. By simply varying oxygen partial pressures, MgO nanomaterials 

(orthogonally branched, nanocubes and straight nanowires) can also been obtained.74 Numerous 

other MgO nanomaterials including rods, belts, wires and fishbone fractal nanomaterials have 

also been synthesized utilizing the above synthesis techniques.74-82 Various NiO nanostructures 

can also be prepared via the same techniques as those mentioned above for MgO.83-92  

 Starting in the 1990s, Klabunde et al. at Kansas State University developed a method to 

producing metal oxides via a sol-gel methodology coupled with supercritical drying. This 

synthesis first converts a metal/metal salt into a methoxide and then into a hydroxide gel. Once 

hypercritically dried, a fine metal oxide (100) powder results with surface areas upwards of 500 

m2 g-1.29, 31-33, 35, 36, 42-54 

 Complete understanding of the conditions for high performing metal oxide catalysts is not yet 

achieved. However, it is typically thought that free coordination sites on the surfaces of metal 

oxides such as steps, corners, and vacancies are important for catalysis.50, 93-102 Lower 

coordination sites, or coordinatively unsaturated sites, play a crucial role in binding reactants or 

adsorbing molecules in order for reactions to proceed. Atoms on the surface of a material can 

have a coordination number that ranges between 3 and 5 due to the many surface defects on a 

crystal. Since site-specific chemistry is often difficult to measure under realistic catalytic 

conditions, coordination sites and their effectiveness are often measured indirectly. For example, 

results from methane adsorption on MgO(100), measured with infrared spectroscopy and 

analyzed using density functional theory (DFT), suggest that only three-coordinated O2- sites 

have the ability to bind methane. Meanwhile, the four- and five-coordinated O2- sites, along with 
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the low coordinated Mg2+ sites, demonstrated a repulsive interaction with respect to binding 

methane.59 This clearly shows that the type of coordination site is important and can be highly 

specific for successful catalysis. 

Edges and point defects are usually found to be more active than terraces (“flat” surface 

sites), as the former are more coordinately unsaturated.50, 93-102 However, there are terraces with 

many active sites that are also thought to be very active.2, 103-107 One example of this is a rock-salt 

(111) surface that can be classified as a Tasker “type 3” surface. A Tasker “type 3” surface is one 

with alternating layers of cations and anions. According to Tasker, such a surface, if bulk-

terminated, would be unstable; the alternating layers of cations then anions would create a 

diverging electric field with an infinite surface energy.108 Since the surface energy of a material 

cannot be infinite, charge compensation must occur in order to alleviate the infinite surface 

dipole. While conceivably there are many possible modes of stabilization for a Tasker 3 surface, 

theory points to three primary scenarios to mitigate the surface dipole: surface reconstruction, 

electronic relaxation, and adsorption of species that stabilize the electric field.97, 106, 109 

Stabilization can also change depending on the nanoscale properties of the material.110, 111 

Through some mode of stabilization, many different types of stabilized Tasker type 3 surfaces 

have been synthesized (e.g., single crystals,112-114 films,8, 110, 115, 116 nanowires,106 nanocrystals2,3, 

103, 106, 107), and often show higher catalytic activity than the other surfaces of the same material.2, 

104, 105, 107

Following the development of techniques that allow for the deliberate preparation of 

materials with primarily (110) and (111) surfaces, came interest in potentially new catalytic 

abilities of these surfaces. An example of these surfaces for rock-salt type metal oxides is also 

shown in Figure 3.1. In particular, the (111) surface is a Tasker type 3 surface; the (111) surface 
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is comprised of alternating layers of reactive anions and cations. The alternating cation-anion 

layers cause the (111) surfaces to be very polar.97, 108, 118, 119 Due to the polarity of the (111) 

surfaces, they have been theorized to be a “unique playground for catalysis” as well as an 

intriguing support material.110 In an effort to minimize surface (and structural) energy, the polar 

(111) surfaces are often hydrogen terminated, which makes (111) materials interesting for 

hydrogen storage or water splitting applications.118  

 


Figure 3.1 A prototypical rock-salt structured metal oxide, MgO, with the (100), (110), and (111) 

facets shown. Note that the (100) and (110) facets are composed of alternating cations and 
anions, while the (111) facet is made up of a single type of ion (either all cations or anions, 

depending on how the face is cut). Reproduced from Ref. 125. 

 

The present review is directed towards recent advances on the controlled synthesis and 

catalytic activity of MgO(111) and NiO(111) nanoparticle aerogels using wet chemical 
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preparations.2, 3, 120-126 Although these two materials have nearly identical lattice spacings, MgO 

is a more insulating metal oxide, based on its experimental band gap of 7.8 eV,127 and is 

expected to have strong Lewis acid/base sites,50 while NiO, on the other hand, is a transition 

metal oxide and a p-type semiconductor with a wide band gap of 3.6-4.0 eV.128 Due to these 

differences between MgO and NiO as metal oxides, this system allows comparison of 

geometrically identical but electronically different surfaces. An additional consideration is that 

Ni, as a transition metal, has d-electrons and thus the capability to adopt oxidation states other 

than 2+. 

 

3.3 Surface structure studies 

If comparing (100), (110), and (111) facets of a rock-salt metal oxide in ideal dry conditions, 

the (100) facet has the lowest cleavage energy, and is the most thermodynamically stable 

surface.129 Subsequently, the (100) surface of alternating metal cations and oxygen anions along 

any line of nearest neighbors is typically reported in most papers dealing with the synthesis of 

rock-salt metal oxides. However, the facet stability is highly dependent on environmental 

conditions, and experiments have indicated that in wet conditions the (111) surface is more 

thermodynamically stable.130-132 Therefore, under proper conditions, the (111) surface, which 

consists of a plane of metal cations or oxygen anions, can be produced. Studies focused on a 

fundamental understanding of the rock-salt (111) surface have yielded increasingly more detailed 

analyses of the surface structures.  Additionally, MgO(111) and NiO(111) are naturally formed 

in wet environments occurring as periclase and bunsenite respectively.  

 There is some debate as to whether the surfaces of metal oxide (111) particles thermally 

microfacet to more stable (110) or (100) facets.133 Theoretical and experimental studies show 
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that the treatment method of the metal oxides plays a crucial role and can alter the results. For 

example, in one study, acid etching was responsible for the faceting of the (111) surfaces to 

pyramids.134  

 In 1998, Plass et al. proposed that, above 1200 ˚C, reconstructions of the MgO(111) surface 

involving groups of oxygen trimers (ozone) and/or single oxygen atoms, occur periodically on 

the surface.135 The (3 x 3)R30˚ (Rt3) reconstruction is comprised of equilateral oxygen 

trimers. The (2 x 2) and Rt3 reconstructions have both oxygen trimers and single oxygen atoms 

on the surface. At the time, shown by transmission electron diffraction, these reconstructions 

were the current standing models of the MgO(111) surface above 1200 ˚C.135 

 In 2003, Ab initio studies using DFT on both MgO(111) and NiO(111) surfaces was the subject 

of investigation by Wander et al.129 The authors calculated that a hydroxylated (111) surface is 

energetically more stable than a clean (100) surface and more favorable than a dry octopolar 

reconstruction, which is a relatively low energy reconstruction of pyramids in a 2x2 array 

containing three oxygen atoms with a nickel atom on top or vice versa. The values of the 

calculated energies can be found in Table 1.129 

 

Table 3.1 Cleavage energies of different MgO and NiO surfaces. 

Surface type Cleavage energya J m-2 

MgO(100) 
MgO(111) octopolar 

2.38 
3.08 

MgO(111) hydroxylated 1.13 
NiO(100) 
NiO(111) octopolar 
NiO(111) hydroxylated 
 
a Data are from Ref. 129 

5.34 
6.02 
0.99 

 
 

 

In a work by Lazarov, et al. in 2005, MgO(111) single crystals were studied with a range of 
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ultra-high vacuum (UHV) techniques, including reflection high-energy electron diffraction 

(RHEED), low-energy electron diffraction (LEED), x-ray photoelectron diffraction (XPD), and 

Auger electron diffraction (AED).118 XPD/AED analysis favored the models with O- and OH-

terminated surfaces instead of Mg-terminated surfaces. The experimental XPD curve of the 

MgO(111) single crystal was compared to curves of oxygen-, hydroxyl-, and magnesium-

terminated surfaces based on theoretical methods - single scattering XPD in cluster geometry, 

multiple scattering XPD in cluster geometry, and multiple scattering XPD in slab geometry. The 

theoretical methods modeling oxygen- and hydroxyl-terminated surfaces yielded XPD curves 

similar to the experimental XPD curve of an MgO(111) single crystal; the theoretical Mg-

terminated XPD curve was not similar to the experimental XPD curve. Experimental x-ray 

photoemission spectroscopy (XPS) data of the MgO(111) single crystal showed a surface-

specific 2 eV shift towards higher binding energy when comparing the high-energy-resolution O 

1s spectra at normal and grazing emission. Comparing this with theoretical XPS data of oxygen-, 

hydroxyl-, and magnesium-terminated surfaces generated by DFT shows a hydroxyl-terminated 

surface to be the most likely. DFT of the O 1s state for an oxygen-terminated surface predicted a 

1 eV shift to lower energy, no shift for a magnesium-terminated surface, and a 1 eV shift to 

higher energy for a hydroxyl-terminated surface.118  

More recently in 2009, Ciston et al. analyzed the Rt3 and 2 x 2 reconstructions on the 

MgO(111) surface by utilizing transmission high-energy electron diffraction (THEED), 

transmission electron microscopy (TEM), XPS, and DFT calculations.136 Direct methods 

analysis of THEED data revealed that possible Rt3 reconstruction structures include Rt3-Mg (a 

Mg-terminated surface with 2/3 of the bulk-like Mg atoms missing) and the Babinet Rt3-O 

structure where the two structures are indistinguishable using in-plane diffraction data. 
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Additionally, the insertion of a hydrogen atom per unit cell to the second layer of a Rt3-Mg 

structure (Rt3-MgH) and to the termination layer of Rt3-O as a hydroxyl (Rt3-OH) results in two 

more possible structures. The THEED data for the 2 x 2 reconstruction is explained by a 2 x 2- 

structure that maintains the underlying cation framework and has three surface sites that can be 

occupied with Mg, O or other species. XPS data from annealed samples showed significant 

chemisorbed hydroxyl groups for both Rt3 and 2 x 2 reconstructions and therefore the Rt3-Mg 

and Rt3-O are rejected as likely structures. DFT calculations yield an Rt3-OH surface structure 

that is only slightly lower in energy than the Rt3-MgH.  For 2 x 2 reconstructions, DFT analysis 

demonstrated that the 2 x 2- structures with lower energy were the ones that contained oxygen 

at each surface site with one uni-coordinated and one tetrahedral oxygen surface site terminated 

with hydrogen. While 2 x 2-octapolar structures are low in surface energy, they are not 

consistent with electron diffraction data. A kinetic model, driven by adsorption/desorption and 

dissociation of water at the surface, details a structural progression from a 1 x 1 H precursor to 

an Rt3-OH structure and further to a 2 x 2--OH structure. While previously reported 2 x 2-

octapole surfaces are shown to be energetically favorable, the requirement of oxygen and 

magnesium exchange proves to be too slow kinetically to exist over a hydroxyl terminated Rt3 

reconstruction.136 In addition to work on MgO(111), Ciston et al. investigated NiO(111), using 

the same methods, and concluded that the data supports significant coverage of hydroxyl groups 

and the surface structures are nearly identical as those on MgO(111).137   

In 2011, Enterkin et al. used a chemical bonding approach to investigate polar oxide surfaces 

that included MgO(111) and NiO(111).138 The study concentrated on bond valence sum (BVS) 

calculations to find proper valence neutral surfaces by using ions and their bond distances, which 

give insight into structural chemistry and chemical bonding to predict what surface structures 
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may form. BVS analysis (with geometrical considerations) on MgO(111) structures, and their 

resulting surface stabilities, were all consistent with the conclusions drawn by Ciston et al.136 

Moreover, BVS analysis supported the structural evolution proposed by Ciston et al. and 

confirmed which sites in the 2 x 2- structure preferentially desorb water molecules when 

transitioning to the Rt3-OH structure upon annealing/dehydration. BVS trends also correlate well 

with NiO(111) structures and DFT results presented by Ciston et al.137 with the only exception 

being hydroylated NiO 2 x 2- structures, in which case the trends are opposite. Overall, the 

BVS analysis supports earlier works by Ciston et al.136, 137 with a chemical bonding perspective. 

  

3.4 Preparation and characterization of (111) metal oxides 

Wet chemical methods have been employed to produce metal oxides with a surface that is 

predominantly the (111) facet, including sol-gel chemistry coupled with templating agents that 

produce (111) materials in a modified aerogel process with supercritical drying. The resulting 

materials have been characterized with high-resolution transmission electron microscopy 

(HRTEM), nitrogen physisorption/BET analysis, X-ray diffraction (XRD), electron diffraction 

(ED), in situ diffuse reflectance Fourier transform infrared spectroscopy (DRIFTS), and 

temperature programmed desorption (TPD). 

 

3.4.1 MgO(111) 

The wet chemical synthesis of MgO(111) was first reported by Zhu et al.2 The MgO(111) 

nanosheets are synthesized by a modified aerogel method. Briefly, clean magnesium is dissolved 

in methanol under inert atmosphere to form a solution of Mg(OCH3)2. 4-methoxybenzyl alcohol 
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is then added as a templating agent by interacting with the hydroxyl group of the intermediate 

Mg(OH)-(OCH3) more strongly than methanol due to a higher acidity, to form a material with a 

predominantly (111) surface. In the absence of the 4-methoxybenzyl alcohol templating agent, 

the MgO(111) nanosheets were not observed. The addition of water induces hydrolysis and MgO 

nanosheets form. The resulting white sol-gel is then transferred to an autoclave reactor where it 

is purged with argon and then pressurized to 10 bar before heating to 265 ˚C. Upon heating, the 

pressure in the reactor increases to reach a pseudo-supercritical state where it is maintained. 

Pseudo-supercritical drying is performed by releasing the pressure while still hot, resulting in the 

dry white powder precursor, Mg(OH)(OCH3). Calcination in air at 500 ˚C removes all carbon 

species and MgO(111) nanosheets are obtained.  

The resulting materials were primarily characterized by HRTEM, nitrogen 

physisorption/BET analysis, x-ray diffraction, electron diffraction, in situ diffuse reflectance 

infrared Fourier transform spectroscopy, and temperature programmed desorption.2,126 HRTEM 

studies provided evidence of the (111) surfaces of MgO(111) by looking at nanosheets that were 

parallel to the optic axis of the TEM as seen in Figure 3.2. This view allowed the measurement 

of the lattice spacings between 0.24 and 0.25 nm, which are in good agreement with the 

theoretical {111} lattice spacings of magnesium oxide. An MgO(111) nanosheet laying 

perpendicular to the optic axis of the TEM, displayed ED analysis lattice fringes of the 111 zone, 

signifying that the sheets lie on the (111) plane. MgO(111) nanosheets are 200-500 nm in 

diameter and 3-5 nm thick yielding a BET surface area of 198 m2 g-1 determined by nitrogen 

physisorption analysis. 

DRIFT spectra of MgO(111) nanosheets treated under high vacuum and heated to different 

temperatures are shown in Figure 3.3. At room temperature, bands observed at 1642 cm-1 and 
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3300 cm-1 are due to the O-H bending and stretching of water molecules on the surface of the 

MgO(111). A clean surface is obtained after heating to 500 °C for 1 hr. Bands observed between 

3300 and 3800 cm-1 are due to surface hydroxyl groups with varying coordination to metal 

cations. There is a corresponding decrease in the stretching vibration frequency as the 

coordination number of the OH group increases. It was observed that OH stretching bands on 

commercial MgO with exposed (100) facets produced 3700 cm-1 stretching bands, corresponding 

to hydroxyl groups with a coordination number of 5. The 3723 cm-1 stretching bands observed 

for MgO(111) at 500°C can reasonably be assigned to OH groups with a coordination number of 

3. Shoulder bands at 3637 and 3538 cm-1 are produced by surface defects, and the band at 3391 

cm-1 comes from surface O2- species. It is reasoned that OH groups on the surface of MgO(111) 

stabilize the polar (111) surface. This characterization finds both oxygen anions and hydroxyl 

groups on the (111) surface with oxygen defects.126 

 

 
Figure 3.2 HRTEM images of two MgO(111) nanosheets viewed edge-on (parallel to the optic 
axis of the TEM). Insets are local Fourier transforms showing the lattice fringe measurements. 
(Reproduced with permission from Ref. 2. Copyright 2006, Wiley-VCH Verlag GmbH & Co. 

KGaA). 





Figure 3.3 DRIFT spectra of MgO nanosheets under high vacuum at (a) room temperature, (b) 
100 oC, and (c) 500 °C. Reprinted with permission from Ref. 



Figure 3.4 TPD of CO2 over different nanocrystalline MgO catalysts. Studied samples include: 
MgO(111) nanosheets (MgO (I)), conventionally prepared MgO (MgO (II)) and aerogel prepared 

MgO (MgO (
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DRIFT spectra of MgO nanosheets under high vacuum at (a) room temperature, (b) 
C, and (c) 500 °C. Reprinted with permission from Ref. 126, Copyright 2007 American 

Chemical Society. 

over different nanocrystalline MgO catalysts. Studied samples include: 
MgO(111) nanosheets (MgO (I)), conventionally prepared MgO (MgO (II)) and aerogel prepared 

MgO (MgO (III)). Reproduced from Ref. 125 

 

DRIFT spectra of MgO nanosheets under high vacuum at (a) room temperature, (b) 
126, Copyright 2007 American 

 

over different nanocrystalline MgO catalysts. Studied samples include: 
MgO(111) nanosheets (MgO (I)), conventionally prepared MgO (MgO (II)) and aerogel prepared 
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TPD experiments were carried out with CO2 to measure the basicity of surface sites. Prior to 

adsorption of CO2, a blank TPD was performed up to 800 °C to verify that there was no CO2 

desorption. The TPD profile seen in Figure 3.4 shows several CO2 desorption peaks that correlate 

to CO2 desorbing from different basic surface sites of varying strengths. Peaks in the TPD profile 

suggest basic sites increasing in strength as the temperature increases, with the identification of 

the basic sites and their corresponding base strength order: hydroxyl groups < oxygen in Mg2+ 

and O2- pairs < low coordinated oxygen anions. This order coincides with the temperature ranges 

seen in Figure 3.4 between 20 and 160 °C, 160 and 400 °C, and above 400 °C. Peaks that come 

off in the range between 20 and 160 °C can be assigned to CO2 interacting with weakly basic 

hydroxyl groups on the MgO(111) surface. Peaks in the second temperature range between 160 

and 400 °C can be attributed to the association with mildly basic Mg2+ and O2- pairs. Finally, 

peaks appearing above 400 °C identify an absorbance with strongly basic isolated O2- sites. A 

high number of sites that produce the peak at 350 °C indicate a large quantity of medium basic 

sites from ionic pairs that is due to the alternating ionic layers of the MgO(111) structure. 

Overall, TPD results suggest that the MgO(111) surface is mostly covered by medium basic 

Mg2+ and O2- pairs, followed by surface hydroxyl groups.126 

 

3.4.2 NiO(111) 

Hu et al. first reported the wet chemical synthesis of NiO(111).3 NiO(111) nanosheets are 

similarly prepared via a modified aerogel preparation. In a typical preparation, Ni(NO3)26H2O is 

dissolved in absolute methanol. Once dissolved, benzyl alcohol and urea are added to the 

solution to provide a structure-directing agent and pH neutralizer respectively. The solution is 
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stirred before being transferred to an autoclave and purged with argon. Once purged, the reactor 

is pressurized with argon before being heated to 200 °C. The temperature is then raised to 265 °C 

and held before releasing the pressure. Pseudo-supercritical drying is achieved by releasing the 

pressure, which leaves behind a light green powder precursor. The final NiO(111) material is 

obtained by calcination at 500 ˚C in air. 

General characterization of the prepared NiO was done by TEM and BET. TEM images 

show that the nanosheets are up to 1 micrometer in diameter with a thickness of 1–5 nm. The 

sheets also show numerous hexagonal holes in the material that can be up to 100 nm across, as 

shown in Figure 3.5. The surface area of the material is 88 m2 g-1 as determined by BET. To 

determine the main exposed facet of the NiO(111) surface, ED analysis revealed that the 111 

plane is parallel to the main surface of the nanosheets. This result was accomplished by focusing 

the incident electron beam along the [111] zone axis and analyzing the resulting hexagonal 

diffraction pattern. ED analysis also revealed that the material is single crystalline. The (111) 

structure was further supported by XRD studies. By depositing an ethanolic solution of nickel 

oxide nanosheets on a silicon wafer, followed by evaporation of solvent, the nanosheets 

assemble themselves flat onto the silicon wafer, as it would be difficult for all of the nanosheets 

to be standing on edge (especially since the edges are rough). The results showed only the (111) 

diffraction peak. If other types of facets were present on the surface, they too would have 

displayed a peak on the XRD; this shows that it is the (111) facet that is the main surface of the 

nanosheets.3  

For both the preparation of NiO(111) and MgO(111) a structure-directing agent is vital to 

produce a metal oxide with the primary surface being the (111) surface. While benzyl alcohol is 

necessary to obtain the (111) facet in the NiO(111) preparation and has been shown 
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experimentally to be a good agent for tailoring certain metal oxides, the exact mechanism is not 

well understood. It is likely that the structure-directing agent either promotes crystal growth in 

the (111) plane, or somehow poisons growth in the direction of other planes. Although urea plays 

a role in the size of the NiO(111) nanosheets, it is mainly important in the synthesis method 

because it neutralizes the nitric acid byproduct that is formed from the reaction between nickel 

nitrate, methanol, and water. Too much acid hinders the formation of nickel oxide precursor.  

 

 
Figure 3.5 HRTEM image and ED pattern of single crystalline NiO(111) nanosheet with 

hexagonal holes, where angles between straight lines (AB, BC, and AC) are oriented at 120°. 
(Reproduced with permission from Ref. 3. Copyright 2008, Wiley-VCH Verlag GmbH & Co. 

KGaA). 

a)
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3.5 Catalysis 

On the basis of theory and the surface science studies, the catalytic properties of the (111) 

faceted metal oxides are of interest for a broad portfolio of processes. Initial studies have focused 

on methanol oxidation, condensations and transesterification as well as their role as catalyst 

supports. 

 

3.5.1 Methanol oxidation 

Methanol is used as a common probe molecule for studying catalyst surfaces, and as such the 

adsorption of methanol on the NiO(111) aerogel was studied by using in situ DRIFTS. After 

exposing the NiO(111) surface to methanol vapor pressures of 1 and 0.005 torr, formate species 

were identified in the IR. After exposure to methanol at 70 ˚C  

for 5 minutes, a large amount of CO2 was measured on the NiO(111) surface, and this amount 

increased with time. From this information, the mechanism involves dissociation of methanol on 

the NiO(111) surface, formation of a formate intermediate species, and resulting in CO2 and H2 

production, with the loss of a surface oxygen on the NiO(111) surface. Methanol adsorption was 

also studied on conventionally prepared NiO (CP-NiO), made by nickel acetate decomposition at 

500 ˚C for 5 hours, producing NiO(100) with a surface area of 32 m2 g-1. After exposure of the 

CP-NiO surface to methanol vapor pressures of 1 and 0.005 torr, no dissociative adsorption or 

oxidation of methanol occurred. After exposure to methanol at 70 ˚C for 5 minutes, no CO2 was 

formed and a small amount of CO was formed. From these studies, it was concluded that the 

(111) facet of the NiO aerogel was responsible for the dissociation and oxidation of methanol.3 

The proposed mechanism, as suggested by the DRIFTS data, can be found in Figure 3.6. Details 
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and spectra of the DRIFTS work can be found in reference 3. 

 

 

Figure 3.6 Proposed mechanism for methanol decomposition to H2 and CO2 over NiO(111). 
(Reproduced with permission from Ref. 3. Copyright 2008, Wiley-VCH Verlag GmbH & Co. 

KGaA). 

 

In situ DRIFTS was also utilized to investigate the adsorption of methanol on the surface of 

MgO(111) nanosheets. Studies on conventional MgO(100) have shown that methanol does not 

adsorb on smooth crystalline surfaces of (100), but adsorbs when defects are present on the (100) 

surface. When methanol vapor was introduced to clean MgO(111), DRIFTS studies showed gas 

phase methanol as well as weakly adsorbed methanol on the MgO(111) surface. Methoxyl 

groups and formate species were also observed in the DRIFT spectra at room temperature. 

Methanol was removed by slowly lowering the pressure with vacuum which produced a decrease 

in the amount of methanol seen in the infrared, implying that adsorption of methanol on the 

MgO(111) surface is reversible. When MgO(111) was heated to 70 ˚C in the presence of 

methanol, within 25 minutes the majority of the methanol had been oxidized to CO2. Over the 25 
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minutes, the CO2 peak area gradually increased while the C-H peaks decreased. Comparing the 

room temperature spectra with the 70 ˚C spectra shows minor change in the O-H region, which 

suggests that adsorbed methanol species interact primarily with oxygen anions and defects (as 

opposed to hydroxyl groups). The same DRIFTS procedures were also carried out on 

commercial MgO(100), and it was found that only trace amounts of methanol were adsorbed on 

the MgO(100) surface with mostly reversible adsorption; a small amount of irreversible 

methanol adsorption occurred at, presumably, defect sites. When heated to 70 ˚C, methanol over 

MgO(100) forms carbonyl species that increase with time, but no formation of CO2 was detected. 

Additionally, methanol over MgO(111) at 70 ˚C shows that some carbonyl species are formed, 

but the peak intensity remains weak throughout the experiment, suggesting that the carbonyl 

species decompose into CO2.126 

 
 

3.5.2 Lewis base condensation 

The Claisen-Schmidt condensation is a carbon-carbon bond forming reaction of great value 

to the pharmaceutical and fine chemical industries.139, 140 Additionally, the elimination of water 

at the end of the reaction increases the gravimetric energy content of reactant molecules making 

the Claisen-Schmidt or aldol condensations of potential value for alternative chemical fuels. The 

reaction can be catalyzed by free acids and bases, as well as by catalysts containing acid or base 

sites.141 This reaction is often studied in terms of the reaction between benzaldehyde and 

acetophenone, because water can only be eliminated from one position and the distribution of 

products is simple. Several mechanisms have been proposed for this reaction, and one commonly 

accepted involves the formation of acetophenonate ions which attack the carbonyl group of the 

benzaldehyde.142 and references therein 
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Fourier transform infrared spectroscopy (FTIR) provides a good method of unambiguously 

characterising the adsorption and reaction of molecules on oxides. The adsorption of 

acetophenone on metal oxides has been studied by in situ FTIR, and the chemisorbed 

acetophenonate ions have been observed. However, the weakly adsorbed acetophenonate ions 

have never been reported.143, 144 It is likely that most metal oxides are not active enough to 

produce observable concentrations of acetophenonate. In 2006, Zhu et al. compared the Claisen-

Schmidt activity of MgO(111) nanosheets to several existing MgO systems, and the MgO(111) 

performed exceptionally well. This is noteworthy in that it points toward the heterogenization of 

the Claisen-Schmidt reaction, and toward the benefits accompanying heterogeneous processes 

including easier product recovery and catalyst recycling.2 

Metal oxides have been used extensively as solid state Lewis bases, and a 2006 review by 

Corma and Iborra provides an excellent summary of research to that date.145 Basic sites on metal 

oxides consist of the oxygen anion or the oxygen atom associated with protons. From an 

argument of charge density, the expected strength of basic sites increases as anionic strength 

increases: H3O+ < H2O < OH- < O2-. It has been proposed that the O2- ion is the active site for 

some condensation reactions, and the OH- ion the active site for others. Additionally, the 

coordination number of the atom in the active site will have a profound effect on the activity and 

selectivity.145 Oxygen anions having 3, 4, 5, and 6 nearest neighbors are designated O2-
(3c), O2-

(4c), O2-
(5c), and O2-

(6c), respectively. The 2006 review by Corma and Iborra states that, “It 

becomes apparent that the population of basic sites and consequentially the activity and 

selectivity of the catalyst can also be changed by control of the size and shape of the MgO 

crystals through the preparation procedure, because this controls the relative number of atoms 

located at corners, terraces, or faces, i.e, O2-
(3c), O2-

(4c), and O2-
(5c).”145 The unique geometry of 
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the (111) surface has a high number of O2-
(3c) sites146 and would therefore would be well suited to 

some reactions.  

In 2004, Choudary et al. published a study which was in part devoted to the comparison of 

catalytic activities of various morphologies of MgO.139 The researchers compared commercial 

MgO (surface area 30 m2 g-1) with conventionally prepared MgO (surface area 250 m2 g-1) and an 

aerogel prepared MgO (surface area 590 m2 g-1).33, 53 The conventionally prepared MgO is a 

nanocrystalline MgO catalyst from NanoScale Materials Inc, made by boiling commercial MgO 

with deionized water followed by heat treatment under vacuum. The resulting material exhibits 

hexagonally shaped disks with primarily (100) surfaces as hexagonal and rectangular faces, as 

well as some (110) rectangular surfaces.29, 36, 53, 51 The aerogel prepared MgO is nanocrystalline 

from NanoScale Materials Inc (also known as MgO Plus) with mainly square (100) faces; 

detailed methods on synthesizing aerogel prepared MgO can be found in references 29, 33, and 

53. Choudary et al. found that the aerogel prepared MgO (NAP-MgO) was the most active, for 

the Claisen-Schmidt condensation of benzaldehyde and acetophenone (Scheme 3.1), followed by 

silylated NAP-MgO, conventionally prepared MgO (NA-MgO), silylated NA-MgO, and then 

commercial MgO.139 The aerogel prepared MgO(100)33, 53 is the most similar to the aerogel 

prepared MgO(111) in terms of preparation techniques. MgO(111) (surface area 190 m2 g-1) was 

compared to the aerogel prepared MgO(100) found to have even higher catalytic activity for the 

Claisen-Schmidt condensation of benzaldehyde and acetophenone;2 this is shown in Figure 3.7. 

The fact that MgO(111), with a lower surface area, outperformed the higher surface area aerogel 

prepared MgO(100) in this reaction, indicates that faceting is an essential factor in determining 

activity. 

 





Scheme 3.1 Claisen-Schmidt condensation of benzaldehyde and acetophenone to 

 

Figure 3.7 Conversion of benzaldehyde with various MgO catalysts. Reactions were run in 
toluene at reflux (110°C) with excess 

aerogel prepared and conventionally prepared MgO from Ref. 139.



3.5.3 Transesterification 

Typical catalysts used for biodiesel transesterificati

as KOH and NaOH.147 While these catalysts are effective, there are issues that arise with 

biodiesel produced using these m

can degrade engines and engine parts during the process of combustion in current diesel engines. 

To avoid these issues, great care must be taken to remove excess cations present in the fuel 

produced.147 Using solid (heterogeneous) base catalysts would circumvent the particular problem 

of cations introduced by the catalyst. There have been some recent stud
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Schmidt condensation of benzaldehyde and acetophenone to 
benzalacetophenone. 

7 Conversion of benzaldehyde with various MgO catalysts. Reactions were run in 
) with excess acetophenone. Figure adapted from Ref. 

aerogel prepared and conventionally prepared MgO from Ref. 139.

Typical catalysts used for biodiesel transesterification are homogeneous base catalysts such 

While these catalysts are effective, there are issues that arise with 

biodiesel produced using these methods. Extraneous cations from these homogeneous catalysts 

can degrade engines and engine parts during the process of combustion in current diesel engines. 

To avoid these issues, great care must be taken to remove excess cations present in the fuel 

Using solid (heterogeneous) base catalysts would circumvent the particular problem 

of cations introduced by the catalyst. There have been some recent studies that utilize solid basic 

Schmidt condensation of benzaldehyde and acetophenone to 

 

 
7 Conversion of benzaldehyde with various MgO catalysts. Reactions were run in 

adapted from Ref. 2, with data for 
aerogel prepared and conventionally prepared MgO from Ref. 139. 
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Using solid (heterogeneous) base catalysts would circumvent the particular problem 
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oxides catalysts like CaO/MgO that have activity for transesterification, but they are susceptible 
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a typical (100) surface of alternating magnesium cation and oxygen anion sites. Analyzing 

catalytic activity and density functional theory (DFT) calculations of MgO(111) catalysts 

alongside MgO(100) catalysts may help identify the catalytically active site and help shed light 

on the role of the support for supported metal catalysts. 

MgO(111) as a support for gold nanoparticles has shown increased catalytic activity in the 

solvent-free benzyl alcohol aerobic oxidation when compared to gold nanoparticles deposited on 

a typical MgO aerogel. These catalytic results are supported by DFT calculations that explain 

that the high activity of Au/MgO(111), in the oxidation of benzyl alcohol, is attributed to the 

properties of the (111) support and/or the interface between the metal nanoparticles and the (111) 

support (Figure 3.9).120 

 

 
Figure 3.8  Transesterification of sunflower oil on nanoscale MgO catalysts in autoclave 

conditions (23 mL sunflower oil, 5 mL methanol, 300 mg MgO, 343 K, 2 h) over MgO(111) 
nanosheets (MgO(I)), conventionally prepared MgO (MgO(II)) and aerogel prepared MgO 

(MgO(III)).  Reproduced from Ref. 125. 
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Figure 3.9 Relaxed atomic structure of (a) a Au10 cluster and (b-e) Au10/MgO, with electronic 
density transferred at the interface with various MgO substrates. The isosurfaces
density difference are drawn at values of ±0.1 electrons Å-3, with the excess electron density 
shown in red, and deficiency shown in blue. Reproduced from Ref. 120 by permission of the 

PCCP Owner Societies. 
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DFT calculations were utilized to provide an explanation for the observed catalytic results, 

by looking at how a model pyramidal Au10 cluster adsorbs onto different MgO surfaces.120 By 

first studying surface charges, results using experimental lattice constants show that the (100) 

and (110) surfaces of MgO have charges similar to those found in bulk MgO, while the (111) 

surface has surface ions with charges that are significantly different than that of bulk MgO. An 

O-terminated (111) surface is electron poor while an Mg-terminated (111) surface is electron 

rich (compared to bulk MgO values). This suggests that the (111) surface should be highly 

reactive. During chemisorption, oxygen atoms on an O-terminated (111) surface will gain 

electron density from adsorbates in order to try and achieve bulk MgO charge values. Similarly, 

magnesium atoms on an Mg-terminated (111) surface will donate electron density to adsorbates. 

This trend has been verified by a comparable study looking at Pd on MgO(111).159 

Further DFT investigations show that the pyramidal Au10 cluster undergoes structural 

deformations when relaxed on the surfaces of MgO(100) and (110), while maintaining its overall 

structure when relaxed on the (111) surface as seen in Figure 3.9. These large deformations of 

the Au10 cluster cause the particle to break away from the surfaces, leading to low surface-

support interactions. However, for the (111) surface, the Au10 cluster experiences much smaller 

deformations and the average Au-O and Au-Mg distances (for O-terminated and Mg-terminated 

surfaces respectively) are much smaller. This leads to significantly stronger binding energies that 

also allow for better charge transfer between the support and Au10 cluster.120  

While this DFT study shows that the cluster retains its pyramid structure and binds more 

strongly to the MgO(111) surface, it does not explain if the reaction is taking place at the 

interface, on the cluster, or on the surface of the support. However, from charge distribution 

analysis, electrons are donated from the gold cluster to the support, which creates electron rich 
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oxygen atoms that may be the source of the increased catalytic activity. 

 

3.6 Adsorbents 

With the development of the textile industry, the treatment of wastewater has caused great 

attention in the world. Among various textile processes, dyeing procedures use large amounts of 

water and produce huge amounts of wastewater that contain toxic wastes such as suspended 

solids, auxiliary chemicals, and unreacted dyestuffs.160, 161 According to a recent study, 

approximately 7,000,000 tons of different dyes are produced annually in the world, and more 

than 60% of the world dye production is consumed by textile industries.162 The wastewater from 

the textile industry causes tremendous problems due to the presence of hazardous wastes and 

toxic pollutants.123 

Much research has gone into investigating the techniques for the treatment of wastewater, 

including different physical, chemical, thermal and biological processes.160 Researchers have 

also studied advanced oxidation processes like ozonation, photocatalytic oxidation,163,164,165 

electrochemical oxidation,166 etc. Various mechanisms have been used on decolorization of 

textile dyes: 

 (1) Microbial decolorization, by using bacteria, fungi, yeast and algae.167  

(2) Advanced oxidation processes (AOPs), among which, heterogeneous photocatalytic 

processes using titanium dioxide nanomaterials was most effective due to the catalyst’s 

inert nature and photostability.168 Other AOPs involve ultrasound (US), ultraviolet (UV), 

hydroperoxide (H2O2) and ozone (O3).169  

 (3) Adsorption techniques, using low-cost adsorbents for the removal of dye from waste 

water. Activated carbon is one of the more common adsorbents, but it cannot be used 
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widely due to its relatively high cost. Therefore, it is important to research alternative low 

cost adsorbents.170  

 (4) Combination of two or three of the techniques above.  

With regard to adsorption technologies, high specific surface area (SSA) metal oxides have 

an advantage over activated carbon in that the adsorbed species can be combusted and the 

adsorbent reused. Regeneration of activated carbon remains challenging, thus the entire 

adsorbent/adsorbate system must be disposed.124 Hu, et al. reported that MgO(111) nanosheets 

have adsorption properties for the dye pollutants from wastewater.123 The thickness of the 

MgO(111) nanosheets is 3 to 5 nm, with an average specific surface area of 198 m2 g-1. The 

authors studied the adsorption properties at different dye concentrations, solution pH, salt 

concentrations, and temperatures in a batch reactor using Congo red and reactive brilliant red X-

3B as dye. The results showed that MgO(111) nanosheets exhibited much more favorable 

adsorption properties than other materials with high surface area, such as activated carbon (SSA 

= 1500 m2 g-1). The interaction of dye and MgO(111) can be explicated by the Langmuir model 

according to the isotherm evaluation. In addition, the adsorbent MgO(111) has the advantage in 

that it can be readily regenerated by a simple calcination process and reused without loss of 

activity.  

Song, et al. reported that NiO(111) nanosheets can also be used as efficient and recyclable 

adsorbents for dye pollutant removal from wastewater.124 Three typical textile dyes, reactive 

brilliant red X-3B, Congo red and fuchsin red were chosen as dyes to be investigated. The results 

revealed that the NiO(111) nanosheets exhibited much more favorable adsorptive properties than 

conventionally prepared nickel oxide powder obtained from thermal decomposition of nickel 

nitrate. The isotherm evaluations revealed that the Langmuir model demonstrated a better fit to 
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experimental equilibrium data than the Freundlich model. Their studies infer that NiO(111) 

nanosheets possess desirable properties for use in adsorption and combustion applications. 

These studies indicate that these surfaces possess selective adsorption properties that may be 

utilized in conjunction with catalytic processes in the future. 

 

3.7 Future work 

Theoretical studies indicate that the (111) facets of rock-salt structured metal oxides may be 

well suited for realizing some of the grand challenges in catalysis. The recent discoveries of wet 

chemical preparations for these materials have now allowed researchers to investigate their 

properties under working experimental conditions. While there have been some exciting results 

associated with the catalytic properties of (111) faceted MgO and NiO, there is much work to be 

done to gain a fundamental understanding of these materials and their potential. In particular, 

study of their stability in a variety of conditions would allow for their broader implementation as 

catalysts and/or catalyst supports. A full understanding of their formation mechanism may allow 

for design of systems with higher index facets or expanding the number of metal oxides with 

tailored surfaces. Further, probing the active sites and developing comprehensive structure 

activity profiles is a necessity for determining the breadth of possible applications. 
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CHAPTER 4 EXAMINATION OF PT AND PD ON ZIRCONIA CATALYSTS FOR 

HYDROCARBON STEAM REFORMING WITH EXCELLENT RESISTANCE TO SULFUR 

POISONING IN SYNGAS CONDITIONING 


4.1 Introduction 

In recent years, biomass has continued to garner increased interest as a carbon neutral 

renewable energy source and fuel. More specifically, biomass gasification continues to develop 

as a technology to produce syngas that can in turn be used directly in gas turbines or fuel cells. 

Furthermore, syngas contains the simplest building blocks of hydrogen and a functionalized 

carbon in the form of CO that can be upgraded into a variety of valuable chemicals via Fischer–

Tropsch synthesis. It is because of this that biomass gasification is considered one of the most 

promising technologies to produce sustainable fuels.  

The gasification process typically combusts biomass resources and produces a gas product 

called syngas that is ideally comprised of H2, CO, and CO2. However, gasification inevitably 

yields undesirable products such as tars.  Tars are generally considered to be organic fraction of 

syngas that is often condensable. While tars create multiple problems such as equipment fowling 

and expensive cleanup, they also represent untapped chemical energy and lower syngas yields. 

This makes purification of syngas one of the major goals for thermochemical conversion of 

biomass to fuels. 

While removing tars and other unwanted hydrocarbons might prevent equipment fowling, 

potential useful chemicals are lost. This makes catalytic tar reforming a major area of research 

interest because it simultaneously removes unwanted tars and generates useable products in the 

form of additional syngas. 
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One of the biggest challenges for catalytic tar cracking is premature catalyst deactivation. 

Deactivation can occur from physical or chemical processes linked to unforgiving reaction 

conditions and impurities in the feed stream. Nitrogen-, sulfur-, and chlorine-containing 

compounds are impurities found in biomass that are particularly concerning in terms of syngas 

conditioning because they are poisons for metal-based catalysts such as nickel catalysts. Attrition, 

coking, and sulfur poisoning are the main mechanisms that adversely affect catalytic materials in 

effort to conditioning syngas. 

Steam reforming reactions are most often carried out with the use of nickel catalysts. 

However, deactivation of Ni catalysts by sulfur poisoning is well known and has been widely 

studied. It has been proposed that Ni is poisoned due to chemisorption and formation of nickel 

sulfide.  

An approach to alleviating the unfavorable effects of H2S in gasified biomass streams is to 

develop more sulfur-tolerant catalysts that can effectively convert undesirable hydrocarbons into 

additional syngas in the presence of a sulfur poison.  

Herein we report Pt and Pd catalysts supported zirconia as active catalysts in the model 

syngas steam reforming reaction with excellent resistance to sulfur poisoning. 

 

4.2. Experimental 

The following section outlines the preparation, characterization, and experimental setup used 

throughout the presented investigation.  
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4.2.1 Catalyst preparation 

High surface area ZrO2 supports containing Pt and Pd nanoparticles were prepared as 

previously reported.1,2 Tetramethylammonium chloride (TMACl) stabilized ZrO2 was prepared 

by adding TMACl (Aldrich) to a 400 mL aqueous solution of ZrOCl28H2O in a 3:1 molar ratio 

TMACl:ZrOCl28H2O. The solution was then hydrolyzed with the dropwise addition of 4 mL of 

ammonium hydroxide. After stirring for an additional 30 min, the contents were placed in a 

sealed autoclave bottle and digested in a 110 °C hot air over for 115 h. After filtering the 

precipitate using a Whatman #5 filter and Buchner funnel, the sample was rinsed at least 5 times 

with 200 mL DI water. The white sample was then dried overnight at 110 °C.  

To prepare Pd/ZrO2, a Pd colloid solution was prepared by reducing 100 mL 1mM Pd acetate 

in acetone with 5 bar H2 in a 600 mL autoclave for 1.5 h. The Pd colloid solution, along with 10 

mL DI water, was then added dropwise to a solution of the prepared ZrO2 dispersed in 100 mL 

acetone while stirring. After stirring for an additional 30 min, the contents were heated to 50 °C 

overnight. After heat treatment, the contents were filtered with a Whatman #5 filter and Buchner 

funnel and rinsed several times with acetone. The powder was collected and calcined at 250°C 

under vacuum (-25 mm Hg). 

To prepare Pt/ZrO2, a Pt colloid solution was prepared by reducing a 100 mL 0.5 mM 

aqueous solution of PtCl4 with the addition of 10 mL of 60 mM NaBH4. The resulting brown Pt 

colloid solution was added dropwise while stirring to a 100 mL suspension of the prepared ZrO2 

in acetone. After stirring for 30 minutes, the solution was heated to 50 °C and left overnight. 

After heat treatment, the contents were filtered with a Whatman #5 filter and Buchner funnel and 

rinsed several times with acetone. The powder was collected and calcined at 250°C under 

vacuum (-25 mm Hg). 
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4.2.2 Catalyst characterization 

Nitrogen physisorption for BET surface area analysis was made with a Micromeritics ASAP 

2020. Samples were degased at 300 °C under vacuum for more than 4 h before being analyzed. 

The specific surface areas were determined using the Brunauer-Emmett-Teller (BET) method in 

the P/P0 range of 0.05-0.35 at 77 K.  

Transmission electron microscopy (TEM) was performed on a Philips/FEI CM200 

transmission electron microscope operated at 200 kV and equipped with a PGT Prism EDS. 

Field Emission Scanning Electron Microscopy (FESEM) was performed on a JEOL JSM7000F 

FESEM operated at 5.0 kV with a working distance of 10.0 mm. Electron microscopy samples 

were prepared by depositing an ultrasonicated suspension of the materials in methanol onto a 

carbon coated copper grid and allowing the solvent to evaporate.  

X-ray diffraction (XRD) patterns were recorded on a Siemens Kristalloflex 810 X-ray 

diffractometer with nickel filtered Cu K radiation (= 1.5418Å) at a scanning rate of 0.1°/sec in 

the 2 range of 20-90°.  

 

4.2.3 Experimental Setup 

A fixed-bed, microactivity test system (MATS), as shown in Figure 4.1, designed and 

constructed at the National Renewable Energy Laboratories (NREL), was used to test catalysts 

for steam reforming activity using a model syngas. Catalyst samples (100 mg) were loaded into a 

U-shaped quartz reactor tube and were supported by quartz wool plugs. These reactions were 

intentionally operated in differential conditions, where complete conversion (100%) would be 

difficult to obtain. This was achieved by using a high gas hourly space velocity (GHSV) by using  
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Figure 4.1 Schematic of the micro activity test system (MATS) for evaluating catalytic tar 

reforming of model syngas. 

 

a high gas flow rate in comparison to the quantity of catalyst. The reactor was operated in this 

differential mode to allow a direct comparison of catalyst activity that provides information as to 

which materials are more active on an equal-mass basis, which cannot be done if two materials 

both achieve complete conversion. Mass flow controllers maintained gas flow rates to the 

reactor, creating a synthetic/model syngas. The model syngas consisted of 765 ppm benzene, 

3.4% C2H4, 12.7% CH4, 21% H2, 21% CO, 16.9% CO2, 50 ppm H2S when included, balance 

N2/He + 0.2 mL/min water. A peristaltic pump supplied the water flow to an ultrasonic nozzle 

placed above a quartz wool plug located above the catalyst bed, with the resulting steam swept 

by the model syngas to contact the catalyst. All process data were recorded by an OPTO 22 data 

acquisition system.  The reactor product gas was sent to a condenser to remove excess steam and 

was then further dried using a Nafion membrane dryer with countercurrent nitrogen sweep gas. 

Product gas was sampled every four minutes by an on-line Varian Micro gas chromatograph that 

quantified helium (used as tracer gas), hydrogen, oxygen, nitrogen, methane, CO, CO2, ethylene, 
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ethane, benzene and acetylene. Product gas flow rates were calculated based on helium flow rate 

to the system and its concentration in the product gas.  The experimental sequence consisted of 

reducing fresh catalyst for 90 minutes at 850°C in 10%H2/N2 syngas steam reforming for 60 

minutes without H2S, then 50 ppm H2S was added to the reactor stream for an additional 60 

minutes while keeping the GHSV constant by reducing the inert flow rate by the same amount as 

the flow rate of H2S/inert gas that was introduced. 

 

4.3 Results and discussion 

Herein, the characterizations of the prepared materials, model syngas steam reforming 

reaction results, and spent material characterizations are presented. 

4.3.1 Catalyst characterization 

Pd/ZrO2 and Pt/ZrO2 materials were prepared with surface areas of 192 and 225 m2/g 

respectively by metal deposition precipitation on primarily tetragonal phase zirconia with a 

smaller fraction of monoclinic phases present. The zirconia supports were digested for over 100 

h and calcined at lower temperatures (110 °C) in order to maximize the surface area of the 

supports before the addition of metal nanoparticles. Shorter digestion times and higher 

calcination temperatures affectively lower the overall surface area of the materials by these 

preparation methods.  

After final calcination of Pt/ZrO2 at 250 °C, spherical Pt nanoparticles are formed with an 

average particle diameter of ~10.2 nm as determined by TEM (Figure 4.2). The particle size 

distribution shows 69% of the particles having a diameter of 8-12 nm. Only a few unsupported 

nanoparticles were observed in some of the TEM images, likely as a product of the 





ultrasonication during sample preparation. The overall lack of unsupported Pt nanoparticles 

indicates a strong metal-support interaction. Energy dispersive spectroscopy (EDS) anal

shown) confirms the presence of Pt, Zr, and O from the sample with no significant contaminants 

present.   

 

Figure 4.2

 
 

Hydrogen reduction of Pd acetate forms spherical Pd nanoparticles with an average diameter

of ~19.4 nm as measured by TEM and ~18.6 nm as measured by SEM. No unsupported Pd 

particles were observed in the TEM study, signifying a strong metal

shown in Figure 4.3, the metal dispersion is very homogenous on the surface of th

support. Figure 4.3b shows an FESEM image using an electron backscattering detector that 

displays Pd as bright spherical particles in contrast to the zirconia support. EDS (not shown) 

confirmed the presence of Pd, Zr, and O with no other contami
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ultrasonication during sample preparation. The overall lack of unsupported Pt nanoparticles 

support interaction. Energy dispersive spectroscopy (EDS) anal

shown) confirms the presence of Pt, Zr, and O from the sample with no significant contaminants 

Figure 4.2 TEM image of synthesized Pt/ZrO2. 

Hydrogen reduction of Pd acetate forms spherical Pd nanoparticles with an average diameter

of ~19.4 nm as measured by TEM and ~18.6 nm as measured by SEM. No unsupported Pd 

particles were observed in the TEM study, signifying a strong metal-support interaction. As 

shown in Figure 4.3, the metal dispersion is very homogenous on the surface of th

support. Figure 4.3b shows an FESEM image using an electron backscattering detector that 

displays Pd as bright spherical particles in contrast to the zirconia support. EDS (not shown) 

confirmed the presence of Pd, Zr, and O with no other contaminants present.  

ultrasonication during sample preparation. The overall lack of unsupported Pt nanoparticles 

support interaction. Energy dispersive spectroscopy (EDS) analysis (not 

shown) confirms the presence of Pt, Zr, and O from the sample with no significant contaminants 

 

Hydrogen reduction of Pd acetate forms spherical Pd nanoparticles with an average diameter 

of ~19.4 nm as measured by TEM and ~18.6 nm as measured by SEM. No unsupported Pd 

support interaction. As 

shown in Figure 4.3, the metal dispersion is very homogenous on the surface of the zirconia 

support. Figure 4.3b shows an FESEM image using an electron backscattering detector that 

displays Pd as bright spherical particles in contrast to the zirconia support. EDS (not shown) 
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Figure 4.3 TEM image (a) and electron backscattered FESEM image (b) of synthesized Pd/ZrO2. 

 
 

4.3.2 Ethylene Conversion 

Conversion of ethylene in model syngas steam reforming reactions at 850 °C is shown in 

Figure 4.4. Pt/ZrO2, Pd/ZrO2, and C11-NK all show a slow increase in ethylene conversion over 

the first 60 min of the reaction before the introduction of H2S. At the onset of the reaction, 

Pt/ZrO2 converted 97% ethylene while Pd/ZrO2 converted 95%. After 60 min, Pt/ZrO2 and 

Pd/ZrO2 reached conversions as high as 100% and 99% of the ethylene respectively. C11-NK 

converted the least amount of ethylene at 93% at the start of the reaction. However, C11-NK 

experienced the largest increase in conversion over the first 60 min where it converted nearly 

99% of the ethylene, just below the conversions over Pt/ZrO2 and Pd/ZrO2.  

After 60 min time on stream, 50 ppm H2S was introduced to the reaction gas mixture and an 

immediate decrease in ethylene conversion was observed for all materials. For the reaction over 

Pt/ZrO2, ethylene conversion initially dropped to 56% in the first 30 minutes of H2S exposure 

before stabilizing for the remainder of the reaction under H2S exposure with only minor 

(a) (b) 
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fluctuations. Conversion over Pd/ZrO2 decreased to 52% in the first 30 min of H2S addition. 

After the initial decrease in activity, the remainder of the reaction over Pd/ZrO2 was very stabile 

with no further decrease in ethylene conversion. 30 min after H2S addition, ethylene conversion 

over C11-NK had decreased from 99% to 21%. This conversion continued to decrease slightly 

for the remainder of the reaction with H2S exposure and ended at 20%.  

 


Figure 4.4 Ethylene conversion via model syngas steam reforming reaction at 850 °C over 

Pt/ZrO2 (), Pd/ZrO2 ( ) and C11-NK ( ) after H2 reduction. 50 ppm H2S introduced after 60 
min. 

 

It should be noted that the ZrO2 support, without Pt or Pd metal nanoparticles, was also 

studied in the syngas steam reforming reaction (not shown). This material demonstrated mild 

ethylene conversion before the introduction of H2S (~70%), but was completely poisoned in the 

presence of H2S and conversion fell to 0%. We cannot deduce how much ethylene conversion 
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over Pt/ZrO2 and Pd/ZrO2 before H2S addition is attributed to active sites on the zirconia support 

versus active sites on the metal nanoparticles or metal/support interface. However, the indication 

that zirconia is completely poisoned by H2S strongly suggests that the perceived sulfur tolerance 

and catalytic active sites of the prepared materials in the presence of H2S are either on the Pt and 

Pd nanoparticles or at the interfaces between the nanoparticles and support.  

 

4.3.3 Methane Conversion 

Conversion of methane in the model syngas steam reforming reaction at 850 °C over the 

studied catalysts is shown in Figure 4.5. Pt/ZrO2 demonstrated a similar increase in conversion of 

methane in the first 60 min of the reaction as that seen in conversion of ethylene. Before the 

introduction of H2S, methane conversion over Pt/ZrO2 reached 72% after 60 min, more than a 

5% increase in conversion from the initial reading. Methane conversion over Pd/ZrO2 decreased 

for the first 15 min of the reaction where it reached a local minimum of 64% before recouping 

some activity and converting 67% methane after 60 min time on stream. Contrary to ethylene 

conversion trends over all studied materials, as well as methane conversion over Pt/ZrO2 and 

Pd/ZrO2, C11-NK exhibited a decrease in methane conversion of over 12% throughout the first 

60 min of the reaction. At the onset of the reaction, C11-NK converted 17% more methane than 

either Pt/ZrO2 or Pd/ZrO2, but dropped considerably to 71% after 60 min.  

The addition of H2S resulted in a significant decline in methane conversion over all 

materials. The reaction over Pt/ZrO2 demonstrated the greatest resistance to H2S, dropping from 

72% just before H2S addition to 24% after 30 min of exposure to H2S. After the initial decrease, 

the activity of Pt/ZrO2 was very stable showed no significant fluctuation in activity for the 

remainder of the reaction. H2S caused methane conversion over Pd/ZrO2 to drop from 67% to 
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19% at reaction end. While conversion over Pd/ZrO2 reached a low of 9% after 15 min of H2S 

exposure, activity recovered and stabilized at 19% and did not fluctuate for the last 40 min of the 

reaction. The minimum conversion over Pd/ZrO2 seen at 75 min is not corroborated by H2 yields 

(not shown), which shows a steady decline with no local minimum before leveling out, as 

observed in the other materials. The contrast with H2 yields also refute the possibility that the 

material was poisoned by H2S and regenerated by H2 to regain activity as reported in the 

literature.3 Furthermore, such a spike is not observed in CO and CO2 yields. This implies that 

there was possibly an anomalous reading from the detector. Overall, The commercial C11-NK 

experienced the greatest decrease in methane conversion upon the addition of H2S, dropping to 

only 6% conversion in the presence of H2S.   

 

 
Figure 4.5 Methane conversion via model syngas steam reforming reaction at 850 °C over 

Pt/ZrO2 (), Pd/ZrO2 ( ) and tetragonal ZrO2 ( ) after H2 reduction. 50 ppm H2S introduced after 
60 min. 

 

 

 

 

 

  

  

  

 

 

 

            











   

Pt/ZrO2 

Pd/ZrO2 

C11-NK 

H2S introduced 



 77

The ZrO2 support by itself showed no significant activity towards methane conversion 

throughout the entire reaction both with and without H2S (not shown). This clearly shows that 

the catalytic active sites reside on the metal nanoparticles or at the metal/support interface, 

further highlighting the importance of the deposited metal nanoparticles.  

 

4.3.4 XRD Study 

To understand the effects of the reaction conditions on the structure of the catalytic material, 

and more specifically the zirconia support, powder XRD was performed on pre and post reaction 

prepared catalysts. The fresh, as prepared, Pt/ZrO2 shown in Figure 4.6, contains several major 

peaks that correspond to tetragonal phase ZrO2 (JCPDS 42-1164, major peaks at 2  30°, 33.9°, 

34.8°, 49.4°, 50°, 58.3° and 59.4°). There are however, several peaks at 2  28.1°, 31.4°, 34.1°, 

34.4°, 35.3°, and 40.7° that represent monoclinic phase ZrO2 (JCPDS 37-1484). This shows that 

the fresh Pt/ZrO2 support has both tetragonal and monoclinic phases present with the tetragonal 

phase being more prominent. After exposure to the model syngas reaction, it can be seen in the 

spent catalyst that the peaks corresponding to tetragonal ZrO2 became sharper, indicating an 

increase in crystallinity of the tetragonal phase ZrO2. More obvious, is the increases in peak 

sharpness and size corresponding to monoclinic phase ZrO2. Evidently, the reaction conditions 

that the material was exposed to led to a substantial growth of monoclinic phase ZrO2.  

In addition to the effects of the reaction on the ZrO2 support, there seems to be an increase in 

the Pt (111) peak at 2  40°. While the resolution of the peak is not clear enough to provide 

particle size analysis via the Debye-Scherrer equation (partly due to merging with the monoclinic 

ZrO2 at 2  40.7°), the growth in peak intensity suggests that Pt particles grew in size with 
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exposure to the reaction conditions. Pt particle examination is analyzed more thoroughly by 

TEM analysis. 

 

 
Figure 4.6 Powder XRD results from as prepared Pt/ZrO2 and PtZrO2 after exposure to the model 

syngas steam reforming reaction at 850 °C. 

 

Similar to Pt/ZrO2, Pd/ZrO2 was comprised of primarily tetragonal phase ZrO2 in the fresh 

sample as determined from major peaks occurring at 2  30°, 50°, and 59.4° (Figure 4.7). 

However, peaks representing the monoclinic phase are smaller, but still present, most noticeably 

at 2  28.1° and 31.4°. After exposure to the model syngas reaction, peaks corresponding to 

both tetragonal and monoclinic ZrO2 became larger and narrower, indicating increased 

crystallinity from sintering during the reaction. However, unlike Pt/ZrO2, the Pd/ZrO2 material 

maintained roughly the same ratio of intensity between tetragonal phase and monoclinic phase 

              



Pt/ZrO2 fresh 


Pt/ZrO2 spent 
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ZrO2, indicating that the zirconia support material does not undergo a drastic phase change 

during the reaction.  

Metallic Pd (111) can be seen at 2  40°, and seems to experience particle growth due to the 

reaction conditions. However, as with the case of Pt, the Pd (111) peak may partly combine with 

the monoclinic ZrO2 peak at 2  40.7°, and therefore particle size analysis will be limited to 

TEM studies. 

 

 
Figure 4.7 Powder XRD results from as prepared Pd/ZrO2 and Pd/ZrO2 after exposure to the 

model syngas steam reforming reaction at 850 °C. 

 

4.3.5 N2 Physisorption Study 

Both Pt/ZrO2 and Pd/ZrO2 experiences structural changes from exposure to the model syngas 

steam reforming reaction as seen from N2 physisorption results (Table 1). The data shows that 

 

               



Pd/ZrO2 fresh 

Pd/ZrO2 spent 
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both materials lose a considerable amount of surface area by the end of the reaction. The fact that 

surface area decreases and average pore diameter increases for both materials suggests that 

smaller pores sintered and the larger pores that remained were not intrinsic pores but rather 

textural pores existing between zirconia particles.  

 
 

Table 4.1 Summary of findings from N2 physisorption results at 77 K of catalysts before and 
after the model syngas steam reforming reaction. Average BJH pore diameters are taken from the 

desorption branch.  

 
BET Surface area 

(m2/g) 
BJH Average pore 

diameter (nm) 

Catalyst As 
prepared 

Post 
Reaction 

As 
prepared 

Post 
Reaction 

Pt/ZrO2 224.82 52.68 6.6 16.7 
Pd/ZrO2 191.52 59.25 3.4 13.2 

 

The N2 adsorption-desorption isotherms for the Pt/ZrO2 and Pd/ZrO2 as prepared materials 

indicate a Type IV isotherm with an H2 hysteresis loop based on IUPAC classifications (Figures 

4.8 and 4.9). These findings are in agreement with the literature results.1, 2 This combination of 

isotherm and hysteresis loop represents the presence of mesopores with an ink-bottle shape. 

Analysis of the spent materials reveals isotherms with much more Type II character, and even 

Type III character in the case of Pt/ZrO2, with H1 hysteresis loops. The changes in the isotherms 

and hysteresis loops further suggest that the materials have lost most of their intrinsic porosity 

and the majority of porosity remaining is attributed to textural porosity.4  

 
 
 





Figure 4.8 N2 adsorption/desorption isotherm of Pt/ZrO

 

Figure 4.9 N2 adsorption/desorption isotherm of Pd/ZrO
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adsorption/desorption isotherm of Pt/ZrO2 before and after the model syngas steam 
reforming reaction. 

adsorption/desorption isotherm of Pd/ZrO2 before and after the model syngas 
steam reforming reaction. 

 
before and after the model syngas steam 

 
before and after the model syngas 





4.3.6 TEM and particle size analysis

TEM images show that after exposure to the model syngas steam reforming reaction, 

Pd/ZrO2 endured changes to both Pd nanoparticles and zirconia support (Figur

zirconia is much darker in TEM images after the reaction (refer to Figure 4.3). The darker 

appearance of the zirconia may be due to the fact that it is denser as indicated by N

physisorption results that the material has fewer pores and less 

the darker appearance could be due to carbon deposition on the zirconia. 

Figure 4.10 TEM image of Pd/ZrO

Aside from the zirconia support, TEM analysis also

larger in size. Over 150 Pd nanoparticles were measured for both the fresh catalyst and the spent 

catalyst. The average of measured Pd particles was 19.4 nm for the fresh catalyst, and 20.0 nm 
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endured changes to both Pd nanoparticles and zirconia support (Figur

zirconia is much darker in TEM images after the reaction (refer to Figure 4.3). The darker 

appearance of the zirconia may be due to the fact that it is denser as indicated by N

physisorption results that the material has fewer pores and less surface area. Another reason for 

the darker appearance could be due to carbon deposition on the zirconia.  

 

Figure 4.10 TEM image of Pd/ZrO2 after exposure to the model syngas steam reforming 
reaction.  

 

Aside from the zirconia support, TEM analysis also shows that Pd nanoparticles have grown 

larger in size. Over 150 Pd nanoparticles were measured for both the fresh catalyst and the spent 

catalyst. The average of measured Pd particles was 19.4 nm for the fresh catalyst, and 20.0 nm 

TEM images show that after exposure to the model syngas steam reforming reaction, 

endured changes to both Pd nanoparticles and zirconia support (Figure 4.10). The 

zirconia is much darker in TEM images after the reaction (refer to Figure 4.3). The darker 

appearance of the zirconia may be due to the fact that it is denser as indicated by N2 

surface area. Another reason for 

 
after exposure to the model syngas steam reforming 

shows that Pd nanoparticles have grown 

larger in size. Over 150 Pd nanoparticles were measured for both the fresh catalyst and the spent 

catalyst. The average of measured Pd particles was 19.4 nm for the fresh catalyst, and 20.0 nm 





for the spent catalyst.  While the average size of Pd nanoparticles remains relatively unaltered, a 

histogram of the measured particles shows that there is clearly a broader distribution of 

nanoparticle size with a tendency towards larger particles in the spent catalyst when com

the fresh catalyst (Figure 4.11). 

Figure 4.11 Particle size distribution charts for as prepared and spent catalyst.

When analyzing the spent Pt/ZrO

discussed for Pd/ZrO2; the zirconia support appears darker and Pt nanoparticles were larger. 

However, observations not seen in the spent Pd/ZrO

nanowires, and Pt nanoparticles with sharp edges/facets. The zirconia nanorods can clearly be

seen in Figure 4.12 A. We suggest that the nanorods are monoclinic ZrO

spent Pt/ZrO2 demonstrated a significant increase in the monoclinic phase. The synthesis of 

monoclinic ZrO2 nanorods has been reported before.  
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While the average size of Pd nanoparticles remains relatively unaltered, a 

histogram of the measured particles shows that there is clearly a broader distribution of 

nanoparticle size with a tendency towards larger particles in the spent catalyst when com

 
 

Figure 4.11 Particle size distribution charts for as prepared and spent catalyst.

 

the spent Pt/ZrO2 in the TEM, similar observations were seen as those 

the zirconia support appears darker and Pt nanoparticles were larger. 

However, observations not seen in the spent Pd/ZrO2 study include: the formation of zirconia 

nanowires, and Pt nanoparticles with sharp edges/facets. The zirconia nanorods can clearly be

seen in Figure 4.12 A. We suggest that the nanorods are monoclinic ZrO2, as XRD results of the 

demonstrated a significant increase in the monoclinic phase. The synthesis of 

nanorods has been reported before.   

 

While the average size of Pd nanoparticles remains relatively unaltered, a 

histogram of the measured particles shows that there is clearly a broader distribution of 

nanoparticle size with a tendency towards larger particles in the spent catalyst when compared to 

   
Figure 4.11 Particle size distribution charts for as prepared and spent catalyst. 

in the TEM, similar observations were seen as those 

the zirconia support appears darker and Pt nanoparticles were larger. 

study include: the formation of zirconia 

nanowires, and Pt nanoparticles with sharp edges/facets. The zirconia nanorods can clearly be 

, as XRD results of the 

demonstrated a significant increase in the monoclinic phase. The synthesis of 
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Figure 4.12 TEM images of Pt/ZrO2 after exposure to the model syngas steam reforming reaction 

showing A) ZrO2 nanorod formation, B) a supported Pt nanoparticle with distinct, and C) an 
unsupported Pt nanoparticle with distinct edges. 

 

Figure 4.12 B and C clearly show Pt nanoparticles that appear to have distinct surface facets. 

Most Pt nanoparticles that had sharp edges seemed to have a hexagonal shape simliar to the ones 

shown, though some appeared cube-like with 4 edges, and others even 5 edges. Conversely, 

many other Pt nanoparticles observed were spherical, as initially seen in the fresh material (refer 

to Figure 4.2). In order to investigate the possible role of H2S in the faceting of Pt nanoparticles 

and formation of ZrO2 nanorods, a model syngas reaction was conducted with Pt/ZrO2 for 140 

min without any addition of H2S (not shown). The resulting spent material was very similar to 

the material produced from the reaction with H2S, concluding that the occurance of these 

material characteristics did not result by influence of H2S.  

A B 

C 





Overall, the Pt nanoparticles increased in size from and average of 10.2 nm in the fresh 

catalyst, to 13.9 nm in the spent catalyst. The difference in nanoparticle size between the fresh 

material and the spent material is clearly seen in Figure 4.13. 

 
Figure 4.13 Particle size distribution charts for as prepared and spent catalyst.

 

4.4 Conclusions and Future Work

Catalytic experiments in the steam reforming of a model biomass syngas have shown that 

Pd/ZrO2 and Pt/ZrO2 catalysts achieve high conversions of ethylene and methane and were able 

to maintain relatively high conversions in the presence of H

on potassium promoted alumina catalyst. Post reaction analysis of the prepared catalyti

materials shows a significant change in Pt/ZrO

nanorods and faceted Pt nanoparticles. It was not concluded whether or not these unique 

structural features are responsible for the high activities seen in conditioning the syngas in the 
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, the Pt nanoparticles increased in size from and average of 10.2 nm in the fresh 

catalyst, to 13.9 nm in the spent catalyst. The difference in nanoparticle size between the fresh 

material and the spent material is clearly seen in Figure 4.13.  
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presence of H2S. Future studies may focus on similar faceted noble metal nanoparticles, as well 

as improvements in anchoring or intercalating metal nanoparticles to prevent particle 

agglomeration.  
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CHAPTER 5 CONCLUSION AND PERSPECTIVES 

  

This thesis summarizes the PhD research efforts spent on the synthesis of catalytic materials 

and the study of their activities in various processes related to the conversion of biomass to 

biofuels and other value added chemicals via a biomass gasification route. 

A vast portfolio of nanomaterials was developed and synthesized to test in various reactions 

pertaining to biomass conversion. An initial background helps explain the importance of these 

materials and highlights the vast amount of knowledge yet to be obtained by researchers. A 

systematic study of materials led to the discovery that Pt and Pd nanoparticles supported on 

mesoporous zirconia has the ability to convert lighter hydrocarbons at significantly higher rates 

than a commercial naphtha reforming catalysts containing Ni on alumina. The post 

characterization of the Pt/ZrO2 material suggests the possibility that a change in the material 

morphology may play a role in the observed catalytic activity. However, there is still room for 

more work to be done in order to more clearly identify the catalytic active sites on these 

materials. 

While not included in the published version of this thesis, some very promising results have 

been observed from CO hydrogenation and ethanol steam reforming reactions. These 

observations further the importance of shifting to more sustainable chemical and fuel industry 

based on biomass, as numerous valuable compounds can be developed once the biomass is 

broken down.  

It seems clear, both through this thesis work and throughout the literature, that there is still 

much work to be done to clear the numerous hurdles humanity faces in terms of developing 

sustainable liquid fuels and/or chemicals. This may be more attainable by comprehensive studies 
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that would help elucidate catalytic active sites on a given material. By achieving better insight 

into the roles of these materials on a molecular level, intelligent design of future materials will 

likely be much smoother.  

It is my belief that this area of research should focus heavily on trying to establish a more 

concrete understanding of what the actual catalytic active sites are in order to progress material 

designs. With that said, I also believe that there is a great deal of room for improvement in 

developing materials that are more robust in reaction environments that are typically very 

destructive for catalysts. 
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A.1 Background 

This appendix entails the “Rights retained by journal authors” from the Royal Society of 

Chemistry, as well as email correspondence from the coauthors granting permission to use the 

publication as a chapter in this thesis (chapter 3).   

 

A.2 Rights retained by journal authors 

The following was taken from the Royal Society of Chemistry website: 

(http://www.rsc.org/AboutUs/Copyright/RightsRetainedbyJournalsauthors.asp):  

When the author signs the exclusive Licence to Publish for a journal article, he/she retains 

certain rights that may be exercised without reference to the RSC. He/she may:  

• Reproduce/republish portions of the article (including the abstract)  

• Photocopy the article and distribute such photocopies and distribute copies of the 

PDF of the article that the RSC makes available to the corresponding author of the article 

upon publication of the article for personal or professional use only, provided that any 

such copies are not offered for sale.   

Persons who receive or access the PDF mentioned above must be notified that this may not 

be further made available or distributed.  

• Adapt the article and reproduce adaptations of the article for any purpose other 

than the commercial exploitation of a work similar to the original  

• Reproduce, perform, transmit and otherwise communicate the article to the public 
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in spoken presentations (including those which are accompanied by visual material such 

as slides, overheads and computer projections)        

The author(s) must submit a written request to the RSC for any other use than those specified 

above. All cases of republication/reproduction must be accompanied by an acknowledgement of 

first publication of the Work by the RSC. The acknowledgement depends on the journal in which 

the article was published.  

• For New Journal of Chemistry the acknowledgement is:   

 [Original citation] - Reproduced by permission of The Royal Society of 

Chemistry (RSC) on behalf of the Centre National de la Recherche Scientifique 

(CNRS) and the RSC        

• For PCCP the acknowledgement is:   

 [Original citation] - Reproduced by permission of the PCCP Owner 

Societies        

• For Photochemical & Photobiological Sciences the acknowledgement is:   

 [Original citation] - Reproduced by permission of The Royal Society of 

Chemistry (RSC) on behalf of the European Society for Photobiology, the 

European Photochemistry Association, and RSC        

• For all other journals the acknowledgement is:   

 [Original citation] - Reproduced by permission of The Royal Society of 

Chemistry (RSC)        

The acknowledgement should also include a hyperlink to the article on the RSC website.  

The author also has some rights concerning the deposition of the whole article, details of 

which are given on the Author Deposition pages.  
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