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Abstract

Hydrogen Production by Steam 
Reforming of Liquefied Natural Gas 

over Mesoporous Nickel-based Catalysts

Seungwon Park

School of Chemical and Biological Engineering

The Graduate School

Seoul National University

Renewable energies are considered as clean energy sources, and 

optimal use of these resources minimizes environmental impact. Hydrogen 

has attracted much attention as the most promising energy carrier because it is 

clean and does not emit any pollutants such as NOx and SOx during the 

combustion. High energy density of hydrogen is another advantage of 

hydrogen utilization. These characteristics of hydrogen lead to a development 

of several hydrogen-related products such as hydrogen vehicle, combustion 

engine, and fuel cell. Several catalytic reforming processes for commercial 

hydrogen production from hydrocarbons have been extensively investigated, 

including steam reforming, partial oxidation, auto-thermal reforming, and dry 

reforming. Among these reforming processes, steam reforming has been 

widely employed for hydrogen production due to its high economical 
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advantage. Moreover, liquefied natural gas (LNG), which is abundant and 

mainly composed of methane, can be used as a primary source for hydrogen 

production by steam reforming reaction. As LNG pipelines are more 

widespread in the modern cities, therefore, LNG will become an important 

hydrogen source for fuel cell system equipped with fuel processing unit. In 

this respect, it is necessary to research the high efficient chemical process of 

steam reforming of LNG.

Nickel-based catalyst has been considered as the most feasible catalyst 

for steam reforming reactions due to its high intrinsic activity and low price. 

Conventional steam reforming reaction has been carried out at high reaction 

temperature (> 800 oC), high reaction pressure (> 20 bar), and high steam to 

carbon ratio (steam/carbon > 2) in order to achieve a maximum catalytic 

performance of nickel-based catalyst. However, such severe reaction 

conditions are not favorable for on-site hydrogen production due to safety 

problems. For this reason, developing an efficient steam reforming catalyst 

with high catalytic activity and durability at moderate reaction conditions is of 

great importance. It has been reported that well-developed mesoporous 

structure of nickel-alumina catalyst not only enhanced the dispersion of active 

nickel site on the alumina support, but also facilitated the heat/mass transfer 

over the catalyst, resulting in a high catalytic performance. Thus, mesoporous 

nickel-alumina catalysts have received much attention for improving both 

catalytic activity and stability in the reforming reactions.

In this work, in order to derive high hydrogen production efficiency in 

the catalytic steam reforming of LNG, mesoporous nickel-alumina catalysts 

were physicochemically modified by various preparation methods, including 
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epoxide-driven sol-gel method, supercritical CO2 drying method. Also nickel-

alumina catalysts were promoted with iron or boron.

First of all, a set of mesoporous nickel-iron-alumina xerogel catalysts 

(denoted as 20NixFeAl) with different iron loading (x = 0-10) were prepared 

by an epoxide-driven sol-gel method. The effect of iron loading on the 

physicochemical properties and catalytic activities of mesoporous nickel-iron-

alumina xerogel catalysts in the steam reforming of liquefied natural gas was 

investigated. It was found that all the calcined 20NixFeAl catalysts showed a 

well-developed mesoporous structure and retained finely dispersed nickel and 

iron species. Reducibility of calcined 20NixFeAl catalysts was enhanced by 

iron addition due to the increased amount of octa-coordinated nickel species. 

From H2-TPD and XPS results, it was revealed that nickel surface area of 

reduced 20NixFeAl catalysts showed a volcano-shaped trend with respect to 

iron loading. This result indicates that an optimal iron addition was required 

for fine dispersion of nickel species in the reduced 20NixFeAl catalysts. In the 

steam reforming of LNG, 20Ni4FeAl catalyst with the highest nickel surface 

area showed the best catalytic performance in terms of LNG conversion and 

hydrogen yield. Thus, nickel surface area of 20NixFeAl catalysts played a key 

role in determining the catalytic performance in the steam reforming of LNG.

A mesoporous nickel-iron-alumina aerogel (denoted as NFA) catalyst 

was prepared by a single-step epoxide-driven sol-gel method and a subsequent 

supercritical CO2 drying method. For comparison, a mesoporous nickel-iron-

alumina xerogel (denoted as NFX) catalyst was also prepared by a single-step 

epoxide-driven sol-gel method and a subsequent evaporative drying method. 

Both catalysts were applied to the steam reforming of liquefied natural gas for 
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hydrogen production. The effect of drying method on the physicochemical 

properties and catalytic activities of the catalysts was investigated. It was 

revealed that supercritical CO2 drying method was effective for enhancing 

textural properties of NFA catalyst. XRD and TPR results showed that both 

catalysts had nickel, iron, and aluminum spinel structures. However, NFA 

catalyst retained stronger metal-support interaction than NFX catalyst. It was 

also observed that the reduced NFA catalyst exhibited higher nickel surface 

area than the reduced NFX catalyst. In the hydrogen production by steam 

reforming of liquefied natural gas, NFA catalyst with higher nickel surface 

area showed a better catalytic performance than NFX catalyst.

A series of mesoporous nickel-boron-alumina xerogel (x-NBA) 

catalysts with different boron/nickel molar ratio (x = 0-1) were prepared by an 

epoxide-driven sol-gel method. The effect of boron/nickel molar ratio on the 

catalytic activities and physicochemical properties of nickel-boron-alumina 

xerogel catalysts was investigated in the steam reforming of liquefied natural 

gas. All the mesoporous x-NBA catalysts showed similar surface area. 

Introduction of boron increased interaction between nickel and support. In 

addition, introduction of boron into x-NBA catalysts reduced methane 

activation energy and increased nickel surface area. Promotion of boron had a 

positive effect on the catalytic activity due to the increase of adsorbed 

methane and nickel surface area. The amount of adsorbed methane and nickel 

surface area exhibited volcano-shaped trends with respect to boron/nickel 

molar ratio. LNG conversion and hydrogen yield increased with increasing 

the amount of adsorbed methane and with increasing nickel surface area. 

Among the catalysts, 0.3-NBA, which retained the largest amount of adsorbed 
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methane and the highest nickel surface area, showed the best catalytic 

performance. It was also revealed that x-NBA catalysts showed strong coke 

resistance during the steam reforming reaction.

In summary, various physicochemically-improved nickel-alumina 

catalysts were prepared and they were applied to the hydrogen production by 

steam reforming of LNG in this study. In order to explain catalytic 

performance of the prepared catalysts in the steam reforming of LNG, several 

characterizations such as N2 adsorption-desorption, XRD, TPR, TEM, H2-

TPD, and CH4-TPD analyses were carried out. It was concluded that nickel 

dispersion and reactant affinity of the catalysts played as an important factors 

determining the catalytic performance in the hydrogen production by steam 

reforming of LNG.

Keywords: Hydrogen production, Steam reforming of liquefied natural gas 

(LNG), Nickel catalyst, Epoxide-driven sol-gel method, Xerogel, Aerogel, 

Nckel-iron-alumina, Nckel-boron-alumina

Student Number: 2014-21510
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Chapter 1. Introduction

1.1. Hydrogen production and utilization

Renewable energies are considered as clean energy sources, and 

optimal use of these resources minimizes environmental impact. In addition, 

these energies can reduce secondary wastes to meet the need for sustainable 

society [1-3]. Therefore, many researches have been made on hydrogen 

production, because hydrogen does not release any pollutants during the 

combustion [4-6].

Hydrogen is abundantly available from various sources and has the 

highest energy content per unit of weight (> 140 kJ/g) than any other known 

fuels (Table 1.1) [7]. Besides, hydrogen is clean and renewable fuel, because 

it does not release NOx, SOx, and any carbonaceous compounds during the 

combustion process. It is also well known that hydrogen can be used as an 

important feed stock for several industrial fields including fuel processor, 

electric device, power plant, ammonia synthesis (Fig. 1.1) [8,9]. Therefore, 

investigation and optimization of hydrogen production method for stable and 

efficient hydrogen supply have attracted much attention.

Globally, many countries are carrying various businesses and researches 

for hydrogen utilization. In Japan, which is one of the most developed 

countries in the fuel cell technologies, fuel cell development for home or 

vehicle uses have been extensively conducted and government investments 

are being focused on these areas. United States is also a major country for 
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hydrogen energy investigations. According to the Department of Energy 

(DOE) of U.S., four-stage plans for achieving hydrogen economy by 2040 and 

roadmap of fuel cell commercialization were already established. Additionally, 

other countries such as Germany and Iceland, are also actively developing 

hydrogen-related industries and R&D businesses. In Korea, there have also 

been several research projects planned by government for hydrogen 

production, hydrogen storage, hydrogen utilization, development of fuel cell, 

and development of catalytic system in fuel processor as listed in Table 1.2. 

Technological level of hydrogen production efficiency in Korea is relatively 

low compared to that of other countries. Thus, extensive and competitive 

studies of various R&D fields are urgently required in order to stimulate 

hydrogen utilizations and commercialize hydrogen production processes.

Fuel cell research is the most important hydrogen-related area. Fuel 

cells generate electricity, water, and heat from reaction between hydrogen and 

oxygen (chemical energy). Among the distributed energy supply systems, fuel 

cells can exhibit the highest efficiency as listed in Table 1.3 [10]. Furthermore, 

they can be not only designed simply but also environmentally clean and 

noiseless. There are various types of fuel cells, including alkaline fuel cells 

(AFCs), phosphoric acid fuel cells (PAFCs), solid oxide fuel cells (SOFCs), 

molten carbonate fuel cells (MCFCs), direct methanol fuel cells (DMFCs), 

and proton exchange membrane fuel cells (PEMFCs) [11]. PEMFCs are 

normally cheap, lightweight compact systems and they can be operated at 

relatively low temperature (50-100 oC). These characteristics of PEMFCs are 

suitable for portable and distributed stationary electricity supply system. 

However, PEMFCs requires hydrogen-rich stream with low CO concentration, 



3

fuel processing is necessary as a prerequisite to long-term and stable operation 

of them. Fuel processing is progressed by several steps, including various 

feedstock reforming reaction (such as natural gas, naphtha, and alcohol), 

preferential oxidation of CO (PROX), and water-gas shift reaction (WGS)

(Fig. 1.2) [12]. Hydrogen can be produced by various chemical processes, 

including steam reforming, partial oxidation, autothermal reforming, and dry 

reforming of hydrocarbons or alcohols. Among these reforming reactions, 

steam reforming reaction is accepted as the most efficient method for 

hydrogen production.
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Table 1.1

Energy density and hydrogen to carbon ratio of various fuels

Fuel
Energy density

(MJ/kg)
H/C ratio

Hydrogen 142.0 -

Natural gas 55.5 4.0

LPG 50.0 2.5-2.7

Methanol 22.5 4.0

Biogas
(from gasifier)

4-14 0.7-2.0

Ethanol 29.7 3.0

Gasoline 45.8 1.6-2.1

Jet fuel 46.3 1.6-2.0

Diesel 45.3 1.8-2.3
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Fig. 1.1. Applications of hydrogen.
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Table 1.2

Research projects on hydrogen energy utilization in Korea

Project Department Research period

21st century Frontier 

Project

Ministry of Science & 

Technology
2003~2013

Hydrogen & Fuel 

Cell Project

Ministry of Commerce 

Industry and Energy
2004~

IGCC Project
Ministry of Commerce 

Industry and Energy
2006~

Nuclear Hydrogen 

Demonstration 

Project

Ministry of Science & 

Technology
2004~2021
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Table 1.3

Comparison of several power generating systems

Capacity range
Efficiency

(%)

Capital cost 

($/kW)

Diesel engine 500 kW - 50 MW 35 200-350

Turbine generator 500 kW - 5 MW 29-42 450-870

Photovoltaic 1 kW - 1 MW 6-19 6600

Wind turbine 10 kW – 1 MW 25 1000

Fuel cell 200 kW - 2 MW 40-85 1500-3000
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Fig. 1.2. Steps in fuel processing.
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1.2. Steam reforming reaction

Hydrogen can be produced using various sources, including fossil fuels 

such as natural gas, oil, and coal and renewable sources such as biomass and 

water. Also, Hydrogen can be produced by fossil fuels and biomass such as 

reforming (hydrocarbons, oils, and alcohols), gasification, and pyrolysis 

(biomass and coal) [13]. However, reforming process is considered as the 

most suitable hydrogen production method due to its economic feasibility.

Among the reforming processes, in particular, catalytic steam reforming has 

been widely employed for commercial hydrogen production because of its 

high efficiency compared to other reforming processes including partial 

oxidation, auto-thermal reforming, and dry reforming [14]. Various 

hydrocarbons and their derivatives, such as methane, propane, butane, 

methanol, ethanol, acetic acid, and glycerol have been utilized as reactants for 

steam reforming reaction. Liquefied natural gas (LNG), which is mainly 

composed of methane, is considered as a promising reactant due to its 

abundance and availability. LNG infrastructure in modern cities may become 

more widespread in the future, which will make LNG well suited as a 

hydrogen source for residential and on-board reformers in fuel cell 

applications.

Noble metal catalysts such as rhodium and platinum are economically 

unfavorable for use in the steam reforming reaction, although they are highly 

active in the reaction [15, 16]. Nickel-based catalysts have been widely used 

for steam reforming of methane to produce hydrogen due to their relatively
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low cost and wide availability compared to noble metal catalysts [17]. 

Conventional steam reforming of methane (equation 1.1) has been carried out 

at high reaction temperature (> 800 oC), high reaction pressure (> 20 bar), and 

high steam to carbon ratio (steam/carbon > 2) in order to achieve a maximum

catalytic performance of nickel-based catalyst. In fact, several different 

reactions such as water-gas shift reaction (WGS; equation 1.2), reverse water-

gas shift reaction (RWGS; reverse of equation 1.2), CO disproportionation

(Boudouard reaction; equation 1.4), methane decomposition (equation 1.5) 

reactions are involved in the steam reforming reaction.

CH4 + H2O ® CO + 3H2 DHo
298 K = +206 kJ/mol (1.1)

CO + H2O « CO2 + H2 DHo
298 K = -41 kJ/mol (1.2)

CH4 + H2O ® CO + 3H2 DHo
298 K = +206 kJ/mol (1.3)

2CO ® CO2 + C DHo
298 K = -172 kJ/mol (1.4)

CH4 ® C + 2H2 DHo
298 K = +75 kJ/mol (1.5)

However, nickel-based catalysts are vulnerable to catalyst deactivation 

caused by carbon deposition [18], nickel sintering [19], and strong 

chemisorption of impurities [20]. In order to improve catalytic activity and 

long-term stability of nickel-based catalysts, therefore, addition of second 

metal into nickel-based catalysts has been investigated. Many attempts have 

been made to prepare highly active nickel-based catalyst with excellent 

durability during the steam reforming reaction as follows:
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• NiO/Al2O3 catalyst were prepared by simultaneous precipitation and 

promoted with molybdenum oxide. It has been reported that the 

addition of molybdenum to nickel catalysts promoted electron transfer 

from molybdenum to nickel, resulting in the increased electron density 

of active sites and catalytic activity [21].

• Addition of alkaline earth metals such as Mg, Ca, Sr, and Ba into 

nickel-alumina xerogel catalysts have also attracted much attention due 

to their suppression of coke formation [22].

• Iron-doped nickel-ceria-alumina catalyst exhibited high stability and 

high activity in the autothermal reforming of ethanol due to the 

suppressed acidity and the high dispersion of nickel-alumina spinel 

phase [23].

• In order to mitigate mass transfer limitation of reactants and to enhance 

nickel dispersion of the catalyst, mesoporous alumina xerogel has been 

employed as a support for nickel-based catalyst [24].

• Introduction of Ce promoter in the nickel-based catalyst enhances 

catalytic performance due to the formation of mobile oxygen species in 

the support [25].

• Guozhu et al. have reported that a nickel-ceria catalyst with Pr doping

was effective for steam reforming of ethanol due to abundant oxygen 

vacancies and strong metal-support interaction [26].

• Roacha et al. have reported that Au doping effect of nickel-alumina

catalysts was effective for steam reforming of methane. Because Au 

blocked the low coordination Ni sites with high electron density and 
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high activity for CH4 activation. Furthermore, it modified the high 

coordination Ni, causing geometric and electronic effects, changing the 

CO adsorption from bridge to linear form, and increasing the electron 

density of Ni-Au, relative to Ni at sites such as Ni(1 1 1) [27].

• The addition of niobia to nickel-alumina catalysts was evaluated 

for methane steam reforming, correlating with structural, textural and 

acid/base properties. According to results, niobia inhibited the coke 

formation on the catalyst [28].

• Mizubo et al. have reported the research of steam reforming of acetic 

acid over MgAl2O4-supported Co-Ni catalysts with different Co/Ni 

ratios which were prepared by impregnation using the incipient wetness 

method. The addition of Co to Ni catalysts inhibited CH4 formation and 

carbon accumulation [29].

• In addition, various kinds of second metal-doped catalysts have also 

been tested for steam reforming reaction in Wu et al. research. The 

addition of small amount of second metal such as Au, Ag, Sn, Cu, and 

Co to nickel-based catalysts modified properties of nickel particles, 

enhancing selectivity to hydrogen and resistance toward carbon 

formation [30].

• Arvaneh et al. have investigated the effects of Ce, La, Cu, and Fe 

promoters on Ni/MgAl2O4 catalysts in steam reforming of propane.

Moreover, cerium promoter remarkably enhanced the performance of 

nickel-based catalyst via more coke gasification in the course of SRP 

reaction [31].
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(b)

(a)

Fig. 1.3. Deactivation of nickel-based catalysts by (a) carbon deposition and 

(b) sintering.
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1.3. Objective

Nickel-based reforming catalysts are vulnerable to catalyst deactivation 

due to carbon deposition and nickel sintering during the reaction. To tackle the 

catalyst deactivation problem and to enhance the catalytic activity of the 

nickel-based catalysts, various modifications of the catalysts such as second 

metal addition, sol-gel processing, hard/soft templating, supercritical drying, 

and non-metal promotion have been attempted. Nickel dispersion, textural 

property, and crystalline structure of the catalysts could be tuned by these 

methods, resulting in the enhanced catalytic performance of the nickel-based 

catalysts in the steam reforming reaction. It is known that nickel dispersion is 

a crucial factor determining overall reaction rate and hydrogen yield. 

Considering that steam reforming of methane occurs on the reduced nickel 

atom and the reaction is initiated by dissociative chemisorption step of 

methane (a rate-determining step), methane adsorption capacity of nickel 

catalyst is also important. It is widely accepted that well-developed 

mesoporous structure of Ni-Al2O3 catalyst not only facilitated the heat/mass 

transfer over the catalyst, but also enhanced the dispersion of active nickel site 

on the alumina support, resulting in a high catalytic performance [32-34]. In 

this work, therefore, modifications of mesoporous nickel-alumina catalysts 

have been attempted for improving both catalytic activity and stability in the

steam reforming of LNG.

Traditionally, gel-based metal oxide materials have been prepared by an 

alkoxide-based sol-gel method using metal alkoxide precursors such as 
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aluminum tri-sec-butoxide [35]. However, these metal alkoxide precursors are 

expensive and difficult to handle due to their high reactivity and sensitivity to 

heat and moisture. To tackle these problems, a new versatile sol-gel synthesis 

route utilizing simple inorganic salt precursors and epoxide has been proposed 

with an aim of preparing mesoporous metal oxides such as iron oxide [36], 

alumina [37], and titania [38].

There are many attempts to improve nickel-alumina catalysts by 

promoting metal elements such as Mo, La, Mg, Ca, Sr, Ba and Fe in the 

reforming reaction. Above all, iron has also been used as a promoter for 

enhancing the catalytic performance of nickel catalysts. For example, iron-

doped nickel-ceria-alumina catalyst exhibited high stability and high activity 

in the autothermal reforming of ethanol due to the suppressed acidity and the 

high dispersion of nickel-alumina spinel phase [39]. In this respect, addition 

of iron into nickel-alumina catalyst is expected to be effective for enhancing 

catalytic activity and stability in the steam reforming of LNG by enhancing 

nickel dispersion.

Only a few researches have focused on promotion of nickel-based 

catalysts via addition of non-metal elements such as boron, sulfur, and 

phosphorus [40-42]. Non-metal elements are useful for alleviation of carbon 

deposition on the surface of nickel-based catalyst in the steam reforming 

reaction, because these non-metal elements predominantly retain rich valence 

electrons and high electronegativity compared to metal elements. Moreover, 

this feature of non-metal elements may cause changes in textural and surface 

properties of nickel-based catalyst by forming a defective and asymmetrical 

electronic structure. It is expected that nickel dispersion, crystalline structure, 
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and chemical affinity with reactant molecule of nickel-based catalyst can be 

modified by the addition of non-metal element. For instance, introduction of 

phosphate to nickel-based catalyst increases hydrogen production and inhibits 

carbon deposition [43]. In this respect, it is expected that a boron-promoted 

mesoporous nickel-boron-alumina catalyst would show different catalytic 

activity in the steam reforming. However, only a few works have been made

on the effect of boron promotion [44]. To further study boron-modified nickel-

alumina catalysts were also prepared.
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Chapter 2. Experimental

2.1. Preparation of catalysts

2.1.1. Preparation of mesoporous nickel-iron-alumina xerogel 

catalyst by a single-step epoxide-driven sol-gel method

An epoxide-driven sol-gel method described in the literature was 

employed to prepare a series of mesoporous nickel-iron-alumina xerogel 

catalysts with different iron loading [45]. The nickel loading of the catalysts 

was fixed at 20 wt%. The amount of iron precursor was adjusted to keep iron 

loading in the catalysts to be 0, 2, 4, 8, and 10 wt%. At first, 13.8 g of 

aluminum precursor (aluminum nitrate nonahydrate, Sigma-Aldrich), 1.9 g of 

nickel precursor (nickel nitrate hexahydrate, Sigma-Aldrich), and a known 

amount of iron precursor (iron nitrate nonahydrate, Junsei) were dissolved in 

ethanol with vigorous stirring at room temperature. For sufficient hydrolysis 

of aluminum, nickel, and iron species, 2.0 ml of distilled water was slowly 

added into the solution. In order to generate hydroxyl group on the hydrated 

metal ions and to induce polycondensation reaction between the ions, 

propylene oxide as a gelation agent was then added into the metal precursor 

solution. Molar ratio of propylene oxide with respect to total amount of metal 

precursors was fixed at 10. After maintaining the resulting solution for several 

minutes, a nickel-iron-alumina composite wet gel was aged for 2 days and it 



18

was dried at 80 oC for 3 days. To yield a mesoporous nickel-iron-alumina 

xerogel catalyst, the resulting xerogel powder was then calcined at 700 oC for 

5 h. The prepared nickel-iron-alumina xerogel catalysts were denoted as 

20NixFeAl (x = 0, 2, 4, 8, and 10), where x represented iron loading (wt%) in 

the catalysts. For comparison, a 10 wt% iron-loaded catalyst was also 

prepared in the absence of nickel according to the similar methods described 

above. The prepared catalyst was denoted as 0Ni10FeAl.

Fig. 2.1. Reactions involved in the preparation of metal oxide by an epoxide-

driven sol-gel method.



19

2.1.2. Preparation of mesoporous nickel-iron-alumina aerogel 

catalyst by a supercritical CO2 drying method

A single-step epoxide-driven sol-gel method described and a subsequent 

supercritical CO2 drying method were used for the preparation of a 

mesoporous nickel-iron-alumina aerogel catalyst [45]. 13.8 g of aluminum 

precursor (aluminum nitrate nonahydrate from Sigma-Aldrich), 1.9 g of nickel 

precursor (nickel nitrate hexahydrate from Sigma-Aldrich), and 1.9 g of iron 

precursor (iron nitrate nonahydrate from Junsei) were dissolved in ethanol (70 

ml) with vigorous stirring (Solution A). Distilled water (2.0 ml) was injected 

into the solution A for sufficient hydration of metal species (Solution B). 

Solution B was additionally stirred for 20 min, and 30 ml of propylene oxide 

(Acros Organics) was then added into the solution B for condensation and 

cross-linking of metal species (Solution C). After maintaining the solution C 

for a few minutes, a composite gel was obtained. The nickel-iron-alumina 

composite wet gel was aged for 2 days, and it was transferred to autoclave for 

supercritical CO2 drying. Supercritical CO2 drying was done at 50 oC and 100 

atm for 4 h. The resulting aerogel powder was then calcined at 700 oC for 5 h 

to yield a mesoporous nickel-iron-alumina aerogel catalyst. The prepared 

mesoporous nickel-iron-alumina aerogel catalyst was denoted as NFA. For 

comparison, a mesoporous nickel-iron-alumina xerogel (denoted as NFX) 

catalyst was also prepared by the similar methods described above, except that 

it was dried by evaporative drying at 80 oC for 48 h in a convection oven 

instead of supercritical CO2 drying.
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(b)

(a)

Fig. 2.2. (a) Supercritical CO2 drying apparatus and (b) supercritical CO2

drying process expressed on phase diagram.



21

2.1.3. Preparation of mesoporous nickel-boron-alumina xerogel 

catalyst by a single-step epoxide-driven sol-gel method

A single-step epoxide-driven sol-gel method was used for the 

preparation of mesoporous nickel-boron-alumina xerogel catalysts [45]. 

Known amounts of aluminum precursor (aluminum nitrate nonahydrate from 

Sigma-Aldrich), nickel precursor (nickel nitrate hexahydrate from Sigma-

Aldrich), and boron precursor (boric acid from Samchun) were dissolved in 

ethanol (70 ml) with vigorous stirring (Solution A). Distilled water (2.0 ml) 

was then introduced into the Solution A for sufficient hydration of ion species

(Solution B). Solution B was additionally stirred for 20 min, and 30 ml of 

propylene oxide (Acros Organics) was added into the Solution B for 

condensation and cross-linking of metal species (Solution C). After 

maintaining the Solution C for a few minutes, a composite gel was obtained. 

The nickel-boron-alumina composite wet gel was aged for 2 days, and it was 

dried at 80 oC for 12 h. The resulting powder was then calcined at 700 oC for 

5 h to yield a mesoporous nickel-boron-alumina xerogel catalyst. The 

prepared catalysts were denoted as x-NBA (x=0, 0.1, 0.3, 0.5, and 1.0), where 

x represented the boron/nickel molar ratio. Nickel loading was fixed at 20 

wt% in all the catalysts.
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2.2. Characterization

2.2.1. Physicochemical properties

Chemical compositions of calcined catalysts were determined by ICP-

AES (ICPS-1000IV, Shimadzu) analyses.

In order to evaluate textural properties of the catalysts, nitrogen 

adsorption-desorption measurements were carried out with ASAP-2010 

(Micromeritics) or BELSORP-mini II (BEL Japan) apparatus. Before the

measurements, the catalysts were degassed at 150 oC for 6 h by rotary vacuum 

pump for removal of moisture and other adsorbed gases on the surface of 

samples. Surface areas of the catalysts were calculated by the Brunauer-

Emmett-Teller (BET) method.

2.2.2. Crystalline structure

X-ray diffraction (XRD) analyses were performed using a D-Max2500-

PC (Rigaku) diffractometer operated at 50 kV and 150 mA to examine 

crystalline characteristics of calcined and reduced catalysts. Diffraction data 

were collected under Cu-Kα radiation (λ = 1.541 Å) with a scan rate of 10 

o/min. For the XRD of reduced catalysts, 0.1 g of each calcined catalyst was 

reduced with a mixed stream of H2 (3 ml/min) and N2 (30 ml/min) at 700 oC 

for 3 h.
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2.2.3. Chemical states of elements

Ex-situ X-ray photoelectron spectroscopy (XPS) analyses (AXIS-HSi, 

KRATOS) were carried out to obtain the relative surface compositions of 

nickel, iron, and aluminum in the reduced catalysts using CasaXPS 

commercial software.

2.2.4. Reducibility

Temperature-programmed reduction (TPR) measurements were 

conducted in order to examine reducibility of catalysts. 50 mg of each catalyst 

was charged into the U-shaped quartz reactor and then it was reduced with a 

mixed stream of H2 (2 ml/min) and N2 (20 ml/min). TPR profiles were 

collected using a thermal conductivity detector (TCD) at a heating rate of 5 

oC/min from room temperature to 1000 oC.

2.2.5. Morphological feature

Transmission electron microscopy (TEM) analyses were carried out

with JEM-2100 (Jeol) electron microscope operating at 200 kV to examine 

morphological features of calcined, reduced, and used catalysts.

For the TEM analyses of reduced catalysts, ex-situ reduction with a 

mixed stream of H2 (3 ml/min) and N2 (30 ml/min) was preliminarily 

conducted before the analyses.
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2.2.6. H2 and CH4 chemisorption studies

H2 temperature-programmed desorption (H2-TPD) measurements were 

conducted to measure the amount of hydrogen uptake and hydrogen-binding 

strength on the surface of reduced catalysts using a BELCAT-B (BEL Japan) 

apparatus equipped with a thermal conductivity detector (TCD). Each catalyst 

was introduced in a quartz cell and it was reduced at 700 oC for 3 h with 5% 

H2/Ar flow (50 ml/min), and subsequently, it was purged with Ar flow (50 

ml/min) for 10 min at 700 oC. After cooling the cell to 50 oC under Ar flow 

(50 ml/min), 5% H2/Ar flow (50 ml/min) was introduced to saturate the 

catalyst surface with hydrogen for 30 min. To remove physisorbed hydrogen 

on the surface of the catalyst, temperature of the cell was maintained at 100 

oC for 1 h. After the cell was cooled to 50 oC, H2-TPD measurement was 

conducted within the temperature range of 50-950 oC under Ar flow (50 

ml/min).

In order to elucidate adsorption behavior of methane on the reduced 

catalysts, CH4 temperature-programmed desorption (CH4-TPD) measurements 

were carried out in a conventional flow system. 0.1 g of each catalyst was 

loaded into the U-shaped quartz reactor. It was reduced at 700 °C for 3 h with 

a mixed stream of H2 (3 ml/min) and He (30 ml/min). The reactor was then 

cooled to room temperature under He flow (30 ml/min) and it was purged for 

20 min using He flow (30 ml/min). 20 ml of methane was then pulsed into the 

reactor every minute at room temperature under a flow of helium (5 ml/min), 
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until the surface of the catalyst was saturated with methane. After purging the 

reactor with He flow (30 ml/min) at 50 oC for 1 h to remove physisorbed 

methane, temperature of the reactor was increased from room temperature to 

900 °C at a heating rate of 10 °C/min under a flow of helium (10 ml/min). H2

flow (2 ml/min) was also introduced to the reactor during the measurement for 

complete desorption of adsorbed carbon species. Desorbed species were 

detected using a GC-MSD (6890N GC-5975MSD, Agilent).

2.2.7. Carbon deposition on used catalysts

The amount of carbon deposition on used catalysts after the reaction 

was determined by CHNS elemental analyses (CHNS 932, Leco / TruSpec 

Micro CHNS, Leco).



26

2.3. Hydrogen production by steam reforming of LNG

Catalytic performance of the catalysts in the steam reforming of LNG 

was tested in a fixed-bed flow reactor at 550 oC and 1 atm. In order to activate 

nickel species, each catalyst was preliminarily reduced in the reactor at 700 oC

for 3 h under H2 flow (3 ml/min) and N2 flow (30 ml/min). Reactor 

temperature was then fixed at reaction temperature under N2 flow (30 ml/min). 

Simulated LNG (CH4: 4.6 ml/min + C2H6: 0.4 ml/min) was then supplied into 

the reactor together with steam (11.3 ml/min, steam/carbon molar ratio = 

2.09) and N2 flow (30 ml/min). Reaction products were periodically injected 

to on-line gas chromatograph (ACME 6000, Younglin) equipped with a TCD.

Catalytic performance was evaluated by following equations.
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Fig. 2.3. Reaction system for steam reforming of LNG.
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Table 2.1

Steam reforming reaction conditions

Reaction 

temperature

(oC)

Catalyst

weight 

(mg)

S/C molar

ratio

Total flow 

rate

(ml/h∙g-

cat.)

Section 3.1 500-600 100 2.09 27,793

Section 3.2 550 100 2.09 27,793

Section 3.3 550 100 2.09 27,793
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Chapter 3. Results and Discussion

3.1. Mesoporous nickel-iron-alumina xerogel catalyst 

prepared by a single-step epoxide-driven sol-gel method

3.1.1. Textural properties of calcined catalysts

Nitrogen adsorption-desorption isotherms of 20NixFeAl catalysts 

calcined at 700 oC are shown in Fig. 3.1. All the calcined catalysts exhibited 

IV-type isotherms with H2-type hysteresis loops, indicating the formation of 

well-developed “ink-bottle” mesoporous structure [46-48]. Textural properties 

of 20NixFeAl (x = 0, 2, 4, 8, and 10) catalysts are listed in Table 3.1. Actual 

nickel and iron loadings in the calcined 20NixFeAl catalysts were almost 

identical to the designed values. All the calcined catalysts exhibited large 

surface area (≥ 250 m2/g), large pore volume (≥ 0.37 cm3/g), and large pore 

diameter (≥ 5.8 nm). However, no noticeable trends of physical properties 

with respect to iron loading in the 20NixFeAl catalysts were observed.
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Fig. 3.1. Nitrogen adsorption-desorption isotherms of 20NixFeAl (x = 0, 2, 4, 

8, and 10) catalysts calcined at 700 oC
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Table 3.1

Textural properties of 20NixFeAl (x = 0, 2, 4, 8, and 10) catalysts calcined at 

700 oC

Catalyst

Actual 
nickel 

loading
(wt%)a

Actual 
iron 

loading
(wt%)a

Surface 
area

(m2/g)b

Pore 
volume
(cm3/g)c

Pore 
diameter

(nm)

20Ni0FeAl 19.3 0 250 0.38 6.0

20Ni2FeAl 19.0 2.0 260 0.40 6.2

20Ni4FeAl 19.2 3.8 252 0.37 5.8

20Ni8FeAl 19.0 7.7 276 0.43 6.3

20Ni10FeAl 19.2 9.3 278 0.41 5.9

a Determined by ICP-AES measurement
b Calculated by the BET equation
c Total pore volume at P/P0 ~ 0.995
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3.1.2. Crystalline structures of calcined catalysts

Fig. 3.2 shows the XRD patterns of 20NixFeAl (x = 0, 2, 4, 8, and 10) 

catalysts calcined at 700 oC. All the calcined catalysts showed three 

diffraction peaks at 37.0o, 44.9o, and 65.5o, indicative of a mixed spinel phase 

of nickel, iron, and aluminum species (solid lines in Fig. 3.2) [49,50]. No 

characteristic diffraction peaks related to iron oxides (FeO, Fe2O3, and Fe3O4) 

and nickel oxide were detected in the calcined 20NixFeAl catalysts, implying 

that nickel and iron species were finely dispersed in the calcined 20NixFeAl 

catalysts. It has been reported that phase transformation of transition alumina 

occurs from boehmite ® γ ® δ ® θ ® α within temperature range of 350-

1300 oC [51]. The phase transformation of boehmite to γ-Al2O3 occurs at 

around 350 oC and that of γ-Al2O3 to δ-Al2O3 occurs at around 900 oC. Thus, 

it is believed that 20NixFeAl catalysts retained the γ-Al2O3 phase because 

20NixFeAl catalysts were calcined at 700 oC in this work. It is noticeable that 

the diffraction peak of γ-Al2O3 (440) (dashed line in Fig. 3.2) shifted to a 

lower diffraction angle (2θ = 65.5o). This means that γ-Al2O3 lattice was 

expanded by the incorporation of nickel and iron ions into cationic deficient 

sites of alumina lattice as a form of mixed spinel phase [52].
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Fig. 3.2. XRD patterns of 20NixFeAl (x = 0, 2, 4, 8, and 10) catalysts calcined 

at 700 oC.
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3.1.3. Reducibility of calcined catalysts

TPR measurements were conducted in order to examine the reducibility 

of calcined 20NixFeAl (x = 0, 2, 4, 8, and 10) and 0Ni10FeAl catalysts as 

presented in Fig. 3.3. TPR profiles of 20NixFeAl (x = 0, 2, 4, 8, and 10) 

catalysts showed broad reduction bands at 638-666 oC. TPR profile of 

calcined 0Ni10FeAl catalyst exhibited two reduction bands at 320 oC and 603 

oC. According to literature, the reduction band appearing at 320 oC was 

attributed to the reduction of Fe2O3 into Fe3O4, while the reduction band 

appearing at 603 oC was due to the reduction of Fe3O4 into Fe [53]. It is also 

known that nickel species supported on Al2O3 support were reduced within the 

same temperature region as iron species [54]. Therefore, the reduction bands 

of 20NixFeAl (x = 2, 4, 8, and 10) catalysts appearing at 638-666 oC could not 

be deconvoluted into each reduction band for nickel and iron species. It is 

interesting to note that the reduction peak temperature of nickel and iron 

aluminate spinels decreased with increasing iron loading, indicating that 

20NixFeAl catalysts became more reducible with increasing iron loading. 

This trend of reduction peak temperature of 20NixFeAl catalysts might be 

related to the incorporation behavior of nickel and iron species into alumina. 

When nickel and iron ions form aluminate spinel on the γ-Al2O3 support, the 

metal ions are preferentially incorporated into the tetrahedral vacancies of γ-

Al2O3 [55]. Further addition of metal species then causes the incorporation of 

metal species into octahedral vacancies of γ-Al2O3. Therefore, it is expected 

that the amount of octa-coordinated nickel species in aluminate increased with 
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increasing iron loading. Because octa-coordinated nickel species are easier to 

be reduced to the metallic states than tetra-coordinated nickel ions, 

reducibility of 20NixFeAl catalysts increased with increasing iron loading.

Interestingly, the reduction band of Fe2O3 phase shifted to lower 

temperature with increasing iron loading. This indicates that the reducibility 

of Fe2O3 phase in the 20NixFeAl catalysts increased with increasing iron 

loading, because the incorporation of iron species into aluminate spinel was 

suppressed by coexistence of nickel and iron species.
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Fig. 3.3. TPR profiles of 20NixFeAl (x = 0, 2, 4, 8, and 10) and 0Ni10FeAl 

catalysts calcined at 700 oC.
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3.1.4. Characterization of reduced catalysts

XRD patterns of 20NixFeAl (x = 0, 2, 4, 8, and 10) catalysts reduced at 

700 oC are presented in Fig. 3.4. Characteristic diffraction peaks related to the 

mixed spinel phase were not detected in the reduced 20NixFeAl catalysts. 

Instead, all the reduced catalysts showed diffraction peaks corresponding to 

metallic nickel (solid lines in Fig. 3.4). This indicates that nickel species were 

completely reduced into metallic state during the reduction process. However, 

no diffraction peaks for metallic iron were observed due to its fine dispersion 

under XRD detection limit [56]. The diffraction peak of γ-Al2O3 (440) phase 

was also observed at the original position (2θ = 66.9o) (dashed line in Fig. 3.4), 

because nickel and iron species were excluded from γ-Al2O3 lattice during the 

reduction process.

Fig. 3.5 shows the TEM images of 20NixFeAl (x = 0, 4, and 10) 

catalysts reduced at 700 oC. There was no noticeable trend of particle size in 

the 20NixFeAl catalysts. All the reduced 20NixFeAl (x = 0, 4, and 10) 

catalysts retained small particles less than 15 nm, representing that metal 

species were finely dispersed onto alumina support due to the aluminate 

nature with strong resistance toward sintering.

Hydrogen uptake on the reduced 20NixFeAl catalysts was measured by 

H2-TPD measurements as shown in Fig. 3.6. According to the previous study, 

hydrogen desorbed above 650 oC is related to hydrogen spillover onto the 

support or hydrogen desorption from subsurface layers [57]. In this work, 

therefore, hydrogen desorption bands appearing below 650 oC, which were 
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related to desorption of hydrogen from the reduced nickel and iron species, 

were only considered for quantification. Total amount of desorbed hydrogen 

was calculated from peak area of H2-TPD profiles (< 650 oC) in Fig. 3.6, as 

listed in Table 3.2. Total amount of desorbed hydrogen increased with 

increasing iron loading. This indicates that the amount of hydrogen adsorption 

sites of 20NixFeAl catalysts increased by iron addition, because both iron and 

nickel can adsorb hydrogen [58,59]. The peak at around 200 oC of H2-TPD 

profiles splits into two peaks with increasing iron loading. However, these H2-

TPD peaks of reduced catalysts could not be deconvoluted into individual H2-

TPD peak of nickel and iron species, because it has been reported that 

adsorbed hydrogen on the reduced nickel species can be desorbed in the broad 

range of 50-650 oC in the H2-TPD measurements [60]. Therefore, X-ray 

photoelectron spectroscopy (XPS) analyses were additionally carried out in 

order to calculate the amount of desorbed hydrogen from nickel only. 

XPS analyses were conducted to measure the surface compositions of 

reduced 20NixFeAl catalysts as listed in Table 3.2. Nickel surface area has 

been widely used as an important factor for correlating catalytic performance 

of nickel catalyst in the steam reforming reaction [61-64]. Hydrogen atom can 

be chemisorbed onto each nickel or iron atom with a stoichiometry of H/M = 

1 (M: Ni or Fe atom) [65,66]. Therefore, XPS analyses were conducted to 

calculate the amount of hydrogen adsorption on nickel only. In detail, nickel 

surface area was determined by multiplying surface Ni/(Ni+Fe) ratio, total 

amount of hydrogen uptake obtained by H2-TPD, and cross-sectional area of 

nickel atom. It was found that all the reduced 20NixFeAl catalysts exhibited 

nearly 100% degree of reduction, implying that all the nickel and iron species 
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in the calcined 20NixFeAl catalysts were fully reduced into metallic state. 

Thus, it can be inferred that all the reduced nickel and iron species on the 

catalyst surface can serve as hydrogen adsorption sites in the H2-TPD 

measurements. According to previous studies [67-69], it is known that 

electron binding energies for Ni 2p3/2 orbital level and Fe 2p3/2 orbital level are 

within the range of 852-858 eV and 706-713 eV, respectively. Each surface 

concentration of metal species was obtained by integrating each XPS peak 

area for nickel and iron species. We then calculated the surface Ni/(Ni+Fe) 

ratio. Surface Ni/(Ni+Fe) ratio of the reduced catalysts decreased with 

increasing iron loading due to the increased exposure of iron species. The 

amount of desorbed hydrogen from nickel was calculated by multiplying the 

surface Ni/(Ni+Fe) ratio and the total amount of desorbed hydrogen. Finally, 

nickel surface area of the reduced 20NixFeAl catalysts was calculated from 

the amount of desorbed hydrogen from nickel by assuming H/Niatom=1. It 

was revealed that the amount of desorbed hydrogen from nickel showed a 

volcano-shaped trend with respect to iron loading. Nickel surface area also 

showed a volcano-shaped trend with respect to iron loading. Nickel surface 

area of the reduced catalysts decreased in the order of 20Ni4FeAl > 

20Ni2FeAl > 20Ni8FeAl > 20Ni0FeAl > 20Ni10FeAl. When the iron loading 

of 20NixFeAl catalysts is low, iron in the catalysts serves as a dispersant for 

nickel. The addition of large amount of iron is also unfavorable for exposure 

of active nickel surface on the catalyst, because the large amount of iron 

covers active nickel surface by acting as a poison for nickel. Among the 

catalysts prepared, 20Ni4FeAl catalyst retained the highest nickel surface area 

due to the effective dispersion of nickel by optimal iron addition.
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Fig. 3.4. XRD patterns of 20NixFeAl (x = 0, 2, 4, 8, and 10) catalysts reduced 

at 700 oC.
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Fig. 3.5. TEM images of (a) 20Ni0FeAl, (b) 20Ni4FeAl, and (c) 20Ni10FeAl 

catalysts reduced at 700 oC.
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Table 3.2

Degree of reduction, Surface atomic ratio, Surface Ni/(Ni+Fe) ratio, total 

amount of desorbed hydrogen, amount of desorbed hydrogen from nickel, and 

nickel surface area of reduced 20NixFeAl (x = 0, 2, 4, 8, and 10) catalysts

Catalyst

Degree 
of 

reduction 
(%)a

Surface atomic 
ratiob

Surface 
Ni/(Ni+Fe) 

ratiob

Total 
amount 

of 
desorbed 
hydrogen

(μmol-
H2/g)c

Amount 
of 

desorbed 
hydrogen

from 
nickel
(μmol-
H2/g)d

Nickel 
surface 

area
(m2/g-
Ni)eNi

(%)
Fe

(%)
Al

(%)

20Ni0FeAl 99 3 0 97 1 84 84 4.9

20Ni2FeAl 100 2.8 0.4 96.8 0.88 114 100 5.9

20Ni4FeAl 100 2.5 1 96.5 0.72 144 104 6.1

20Ni8FeAl 100 2.3 2 95.7 0.54 162 88 5.1

20Ni10FeAl 100 1.8 3 95.2 0.38 171 65 3.8

a Calculated by following equation:

b Obtained by XPS analyses
c Calculated from peak area of H2-TPD profiles (< 650 oC) in Fig. 3.6
d Calculated by multiplying surface Ni/(Ni+Fe) ratio and total amount of 
desorbed hydrogen
e Calculated by assuming H/Niatom = 1
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3.1.5. Catalytic performance in the steam reforming of LNG

LNG conversion and hydrogen yield over 20NixFeAl (x = 0, 2, 4, 8, 

and 10) and 0Ni10FeAl catalysts in the steam reforming of LNG at 550 oC are 

presented in Fig. 3.7. All the catalysts showed a stable catalytic performance 

without noticeable deactivation during the 15 h-reaction. It was observed that 

0Ni10FeAl catalyst showed very poor catalytic activity in the reaction, while 

20NixFeAl catalysts exhibited high catalytic activity. This implies that iron 

species in the catalyst did not participate in the reaction as a main active 

component. Thus, nickel species were only considered as an active component 

in the steam reforming of LNG. Both LNG conversion and hydrogen yield 

decreased in the order of 20Ni4FeAl > 20Ni2FeAl > 20Ni8FeAl > 20Ni0FeAl 

> 20Ni10FeAl. Fig. 3.8 shows the LNG conversion and hydrogen yield over 

20NixFeAl (x = 0, 2, 4, 8, and 10) catalysts in the steam reforming of LNG, 

plotted as a function of iron loading. LNG conversion and hydrogen yield 

over 20NixFeAl catalysts showed volcano-shaped trends with respect to iron 

loading. This indicates that an optimal iron addition into nickel-alumina 

catalyst was favorable for the steam reforming of LNG.

Catalytic performance over 20NixFeAl catalysts was also well 

correlated with the nickel surface area of the catalysts as presented in Fig. 3.9. 

It was noticeable that both LNG conversion and hydrogen yield increased 

with increasing nickel surface area. This implies that nickel surface area 

played an important role in determining the catalytic performance of 

20NixFeAl catalysts. Among the catalysts tested, 20Ni4FeAl catalyst with the 
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highest nickel surface area exhibited the best catalytic performance in terms 

of LNG conversion and hydrogen yield. This is because the amount of active 

nickel sites for steam reforming of LNG was maximized by optimal iron 

addition.

In order to investigate the effect of reaction temperature on the catalytic 

behavior of 20Ni0FeAl and 20Ni4FeAl catalysts, steam reforming of LNG 

was conducted at different reaction temperature (500, 550, and 600 oC) as 

presented in Table 3.3. It was found that 20Ni4FeAl catalyst exhibited better 

catalytic performance than 20Ni0FeAl catalyst within whole reaction 

temperature range. This clearly indicates that iron species effectively 

promoted the catalytic activity of 20Ni4FeAl catalyst in the reaction. It should 

be noted that LNG conversion and hydrogen yield over both catalysts 

increased with increasing reaction temperature, while CO2/CO ratio decreased 

with increasing reaction temperature. This result is due to the fact that steam 

reforming reaction is endothermic whereas water-gas shift reaction (WGSR; 

CO + H2O → CO2 + H2) is exothermic.
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Fig. 3.7. (a) LNG conversion and (b) hydrogen yield over 20NixFeAl (x = 0, 

2, 4, 8, and 10) and 0Ni10FeAl catalysts in the steam reforming of LNG at 

550 oC.
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Table 3.3.

Catalytic performances of 20Ni0FeAl and 20Ni4FeAl catalysts at 500, 550, 

and 600 oC

a Average value of outlet gas composition during a 15-h reaction
b Average value during a 15-h reaction

Temperature
(oC)

500 550 600

Catalyst 20Ni0FeAl 20Ni4FeAl 20Ni0FeAl 20Ni4FeAl 20Ni0FeAl 20Ni4FeAl

CH4 (%)a 16 13 6 2 4 1

C2H6 (%)a 2 2 2 1 2 1

H2 (%)a 32 37 51 60 53 60

H2O (%)a 42 38 27 20 25 20

CO (%)a 3 4 7 10 10 13

CO2 (%)a 5 6 7 7 6 5

LNG
conversion 

(%)b
32 41 64 83 75 89

Hydrogen 
yield (%)b 60 72 111 141 120 147
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3.2. Mesoporous nickel-iron-alumina aerogel catalyst 

prepared by a supercritical CO2 drying method

3.2.1. Physicochemical properties of catalysts

Nitrogen adsorption-desorption isotherms of NFX and NFA catalysts 

calcined at 700 oC for 5 h are shown in Fig 3.10. Both catalysts showed IV-

type isotherms, which were related to capillary condensation in a well-

developed mesoporous structure. However, NFX and NFA catalysts showed 

different hysteresis loops. NFX catalyst exhibited a H2-type hysteresis loop 

indicative of an ink bottle-shaped pore structure. On the other hand, NFA 

catalyst showed a H1-type hysteresis loop which was ascribed to a 

mesoporous network structure caused by nearly spherical primary 

agglomerates [70]. This result implies that drying method played an important 

role in determining pore structure of the catalysts.

Detailed physicochemical properties of NFX and NFA catalysts are 

listed in Table 3.3. Both catalysts showed mesoporous features even after high 

temperature calcination process conducted at 700 oC for 5 h. NFA catalyst 

exhibited higher surface area, larger pore volume, and larger average pore 

diameter than NFX catalyst, although chemical compositions of the catalysts 

were nearly identical. This result indicates that supercritical CO2 drying 

method was effective for suppressing rapid collapse of pore structure by 

removing residual liquid molecules confined in the gel network during the 

preparation of NFA catalyst.
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Fig. 3.10. Nitrogen adsorption-desorption isotherms of calcined NFX and 

NFA catalysts.
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Table 3.4

Physicochemical properties of NFX and NFA catalysts

a Determined by ICP-AES measurement
b Calculated by the BET equation
c Total pore volume at P/P0~0.999
d Average pore diameter

Catalyst

Ni

loading

(wt%)a

Fe

loading

(wt%)a

Surface 

area 

(m2/g)b

Pore 

volume

(cm3/g)c

Pore 

diameter 

(nm)d

NFX 19.2 3.8 252 0.37 5.8

NFA 19.4 3.9 478 1.39 11.0
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3.2.2. Characterization of calcined catalysts

Fig. 3.11 shows the XRD patterns of calcined NFX and NFA catalysts. 

All the calcined catalysts showed three diffraction peaks at 37.0o, 44.9o, and 

65.5o, indicative of a mixed spinel phase of nickel, iron, and aluminum 

species (solid lines in Fig. 3.11) [29]. No characteristic diffraction peaks 

related to nickel oxide and iron oxides were detected in the calcined NFX and 

NFA catalysts. This result indicates that nickel and iron species were finely 

dispersed in the calcined NFX and NFA catalysts. According to the previous 

work [31], phase transformation of transition alumina occurs from boehmite 

® γ ® δ ® θ ® α within temperature range of 350-1300 oC. The phase 

transformation of boehmite to γ-Al2O3 occurs at around 350 oC while that of 

γ-Al2O3 to δ-Al2O3 occurs at around 900 oC. Therefore, NFX and NFA 

catalysts retained a γ-Al2O3 phase because both catalysts were calcined at 700 

oC in this work. It is interesting to note that the diffraction peak of γ-Al2O3

(440) (dashed line in Fig. 3.11) shifted to a lower diffraction angle (2θ = 

65.5o). This implies that γ-Al2O3 lattice was expanded by the incorporation of 

nickel and iron ions into cationic deficient sites of alumina lattice as a form of 

mixed spinel phase [32].

TPR measurements were conducted in order to examine the reducibility 

of calcined NFX and NFA catalysts as presented in Fig. 3.12. Both catalysts 

showed two reduction peaks. The low-temperature peak was attributed to the 

reduction of iron species [33]. The high-temperature peak was attributed to 

the reduction of nickel [34]. It is noticeable that reduction peak temperature of 
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iron in the NFA catalyst was lower than that in the NFX catalyst. On the other 

hand, reduction peak temperature of nickel in the NFX catalyst was lower 

than that in the NFA catalyst. This trend of reduction peak temperature of 

NFX and NFA catalysts might be related to the incorporation behavior of 

nickel and iron species into alumina. NFX catalyst experienced collapse of 

pore structure, and therefore, some of nickel and iron species might be eluted 

during the drying process [71]. According to the previous work, when nickel 

and iron ions form aluminate spinel on the γ-Al2O3 support, metal ions are 

preferentially incorporated into tetrahedral vacancies of γ-Al2O3 [55]. 

Therefore, iron ions easily form aluminate spinel than nickel ions. Thus, 

reduction peak temperature of nickel shifted to lower temperature in the NFX 

catalyst. On the other hand, reduction peak temperature of iron shifted to 

higher temperature in the NFX catalyst. The above results reveal that metal-

support interaction between nickel species and support in the NFA catalyst 

was stronger than that in the NFX catalyst.
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Fig. 3.11. XRD patterns of calcined NFX and NFA catalysts.
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Fig. 3.12. TPR profiles of calcined NFX and NFA catalysts.
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3.2.3. Characterization of reduced catalysts

Fig. 3.13 shows the TEM images of NFX and NFA catalysts reduced at 

700 oC for 3 h. Both NFX and NFA catalysts retained small nickel particles 

less than 20 nm. This implies that nickel particles of the catalysts were finely 

dispersed on the surface after the reduction process. This result was attributed 

to the aluminate spinel structure, which played an important role in 

suppressing aggregation of reduced nickel particles.

As presented in Fig. 3.14, crystalline structures of NFX and NFA 

catalysts reduced at 700 oC for 3 h were examined by XRD measurements. 

Both catalysts showed distinct diffraction peaks corresponding to γ-Al2O3

(440) plane (dashed line in Fig. 3.14) and metallic nickel phase (solid lines in 

Fig. 3.14). No diffraction peaks corresponding to nickel aluminate phase and 

bulk nickel oxide phase were detected in the XRD patterns in Fig. 3.14. This 

means that nickel species in the NFX and NFA catalysts were completely 

reduced into metallic nickel during the reduction process. It was also observed 

that XRD peaks for metallic nickel phase in the reduced NFX catalyst were 

stronger than those in the reduced NFA catalyst. This indicates that nickel 

crystallite size of NFA catalyst was smaller than that of NFX catalyst. This 

result can be explained by textural properties and metal-support interaction. 

NFA catalyst retained better textural properties and stronger metal-support 

interaction than NFX catalyst. In other words, NFA catalyst had stronger 

resistance toward nickel sintering than NFX catalyst.

For quantitative comparison of nickel surface area of reduced NFX and 
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NFA catalysts, H2-TPD measurements were carried out. Fig. 3.15 shows the 

H2-TPD profiles of reduced NFX and NFA catalysts. According to the 

previous study, hydrogen desorbed above 650 oC is related to spill-over 

hydrogen on the support or hydrogen desorbed from subsurface layers [57]. 

Therefore, hydrogen desorption bands below 650 oC are related to desorption 

process from the active nickel species and iron species. The peak area of H2-

TPD profiles (< 650 oC) in Fig. 3.15 was used for the calculation of total 

amount of desorbed hydrogen, as listed in Table 3.5. According to the 

literatures, it has been reported that adsorbed hydrogen on the reduced nickel 

and iron species can be desorbed in the broad range of 50-650 oC in the H2-

TPD measurements [58,59]. For this reason, H2-TPD peaks of reduced 

catalysts could not be assigned to individual H2-TPD peak of nickel and iron 

species. In order to calculate the amount of desorbed hydrogen from nickel 

only, therefore, X-ray photoelectron spectroscopy (XPS) analyses were 

additionally carried out.

Surface compositions of reduced NFX and NFA catalysts were 

determined by XPS analyses. Fig. 3.16 shows the XPS spectra of Ni 2p3/2 and 

Fe 2p3/2 level of NFX and NFA catalysts. It is known that electron binding 

energies for Ni 2p3/2 orbital level and Fe 2p3/2 orbital level are within the range 

of 848-860 eV and 704-716 eV, respectively [67-69]. From the XPS results of 

the catalysts, surface concentration of nickel and iron species can be 

calculated by integrating each XPS peak area for each species. Surface 

Ni/(Ni+Fe) ratio was then calculated from surface concentration of nickel and 

iron species. Surface Ni/(Ni+Fe) ratio of reduced NFX and NFA catalysts was 

similar because of almost the same composition of the catalysts. The amount 
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of desorbed hydrogen from nickel was calculated by multiplying surface 

Ni/(Ni+Fe) ratio and the total amount of desorbed hydrogen. Nickel surface 

areas of reduced NFX and NFA catalysts were finally calculated from the 

amount of desorbed hydrogen from nickel by assuming H/Niatom=1 as listed 

in Table 3.5. It is noticeable that the reduced NFA catalyst retained higher 

nickel surface area than the reduced NFX catalyst, implying that the reduced 

NFA catalyst had higher nickel dispersion than the reduced NFX catalyst. This 

result might be understood by the fact that NFA catalyst exhibited strong 

metal-support interaction and excellent textural properties.
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Fig. 3.13. TEM images of reduced (a) NFX and (b) NFA catalysts.
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Table 3.5

H2-TPD and XPS results of reduced NFX and NFA catalysts

Catalyst

Surface

Ni/(Ni+Fe)

ratioa

Total amount

of desorbed

hydrogen

(μmol-H2/g)b

Amount of

desorbed

hydrogen

from nickel

(μmol-H2/g)c

Nickel surface 

area

(m2/g-Ni)d

NFX 0.72 144 104 48

NFA 0.80 203 162 75

a Obtained by XPS analyses
b Calculated from peak area of H2-TPD profiles (< 650 oC)
c Calculated by multiplying surface Ni/(Ni+Fe) ratio and total amount of 

desorbed hydrogen
d Calculated by assuming H/Niatom = 1
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3.2.4. Catalytic performance in the steam reforming of LNG

Fig. 3.17 shows the LNG conversion and hydrogen yield with time on 

stream in the hydrogen production by steam reforming of LNG over NFX and 

NFA catalysts at 550 oC. NFX and NFA catalysts showed a stable catalytic 

performance without noticeable catalyst deactivation during the 15 h-reaction. 

The stable catalytic performance of the catalysts was due to well-dispersed 

nickel species on the catalyst surface. However, NFA catalyst showed a better 

catalytic performance than NFX catalyst in the steam reforming of LNG. This 

was due to high nickel surface area of NFA catalyst. In conclusion, NFA 

catalyst with higher nickel surface area served as an efficient catalyst in the 

hydrogen production by steam reforming of LNG.
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Fig. 3.17. LNG conversion and hydrogen yield with time on stream in the 

steam reforming of LNG over NFX and NFA catalysts at 550 oC.
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3.3. Mesoporous nickel-boron-alumina xerogel catalyst 

prepared by a single-step epoxide-driven sol-gel method

3.3.1. Physicochemical properties of calcined catalysts

N2 adsorption-desorption isotherms of x-NBA catalysts calcined at 700 

oC are shown in Fig. 3.18. All the calcined catalysts showed IV-type isotherms 

and H2-type hysteresis loops [46-48]. This implies that x-NBA catalysts 

retained a well-developed “ink-bottle” mesoporous structure. 

Physicochemical properties of x-NBA (x = 0, 0.1, 0.3, 0.5, and 1.0) catalysts 

are listed in Table 3.6. The BET equation was applied to calculate surface 

areas of the catalysts. Actual nickel loading and boron/nickel molar ratio in 

the calcined x-NBA catalysts were almost identical to the designed values. 

The catalysts exhibited excellent textural properties such as high surface area 

(> 328 m2/g), large pore volume (> 0.56 m2/g), and large pore diameter (> 6.7 

nm). When nickel and boron ions form aluminate spinel on γ-Al2O3 support, 

boron ions are preferentially located in the subsurface of alumina support, 

resulting in the reconstruction of catalyst structure [72]. In spite of the 

structural reconstruction, x-NBA catalysts showed excellent textural 

properties. This implies that the addition of boron did not significantly affect 

the textural properties of nickel-alumina xerogel catalysts.



68

0 0.2 0.4 0.6 0.8 1.0

V
o

lu
m

e
a

d
so

rb
ed

 (
A

. U
.)

Relative pressure (P/P0)

0-NBA

0.1-NBA

0.3-NBA

0.5-NBA

1.0-NBA

Fig. 3.18. N2 adsorption-desorption isotherms of x-NBA (x = 0, 0.1, 0.3, 0.5, 

and 1.0) catalysts calcined at 700 oC.
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Table 3.6

Physicochemical properties of x-NBA (x = 0, 0.1, 0.3, 0.5, and 1.0) catalysts 

calcined at 700 oC

Catalyst

Actual 
nickel 

loading
(wt%)a

Actual 
boron/nickel 
molar ratioa

Surface 
area

(m2/g)b

Pore 
volume
(cm3/g)c

Pore 
diameter

(nm)d

0-NBA 19.4 0 338 0.70 8.5

0.1-NBA 19.1 0.12 344 0.76 8.8

0.3-NBA 19.3 0.38 340 0.76 8.8

0.5-NBA 19.5 0.57 335 0.66 8.1

1.0-NBA 19.3 1.03 328 0.56 6.7

a Determined by ICP-AES measurement
b Calculated by the BET equation
c Total pore volume at P/P0 ~ 0.995
d Mean pore diameter
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3.3.2. Crystalline structures of calcined catalysts

Fig. 3.19 shows the XRD patterns of x-NBA (x = 0, 0.1, 0.3, 0.5, and 

1.0) calcined at 700 oC. Diffraction peaks corresponding to nickel alumina 

phase were detected in all the catalysts (solid line in Fig. 3.19) [73]. However, 

no diffraction peaks for nickel oxide were found. This indicates that nickel 

species were finely dispersed and incorporated into alumina support in the 

form of aluminate. According to the literature, boron did not show a strong 

intensity in the XRD measurement [74]. Thus, no diffraction peaks related to 

boron were observed in the XRD patterns. In addition, there were no nickel-

boron alloy peaks in the XRD patterns [75]. Therefore, it is believed that both 

boron and nickel species were uniformly dispersed in the alumina support.

It has been reported that there are three sequential phase transitions of 

alumina support within temperature range of 350-900 oC [51]. Boehmite 

phase of alumina support shifts to gamma phase at around 350 oC. Gamma 

phase of alumina support is then transformed into delta phase at around 900 

oC. Therefore, it is believed that x-NBA catalysts retained a gamma phase 

because x-NBA catalysts were calcined at 700 oC in this work. XRD results 

showed that the diffraction peak of γ-Al2O3 (440) (dotted line in Fig. 3.19) 

moved to lower diffraction angle (2θ = 65.5o). This result implies that γ-Al2O3

lattice was inflated by the incorporation of nickel and boron ions into cationic 

deficient sites of alumina support [52].
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Fig. 3.19. XRD patterns of x-NBA (x = 0, 0.1, 0.3, 0.5, and 1.0) catalysts 

calcined at 700 oC.
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3.3.3. Reducibility of calcined catalysts

Fig. 3.20 shows the TPR profiles of calcined x-NBA (x = 0, 0.1, 0.3, 0.5, 

and 1.0) catalysts. No reduction band for boron species in the aluminate was 

detected in the TPR profiles. This implies that boron was well dispersed in the 

aluminate and it was not reduced during the reduction process at 700 oC. The 

catalysts exhibited a single reduction band at 680-690 oC. This was due to the 

reduction of nickel species in the form of aluminate spinel into metallic state 

[54]. The reduction peak temperature of nickel species increased with 

increasing boron/nickel molar ratio. This indicates that nickel species of x-

NBA catalysts strongly interacted with support with increasing boron/nickel 

molar ratio. This result is related to the interaction between surface nickel and 

subsurface boron species. As mentioned earlier, when nickel and boron ions 

form aluminate spinel on γ-Al2O3, boron ions are preferentially located in the 

subsurface of alumina support, and as a result, reconstruction of catalyst 

structure occurs [72]. This structural reconstruction causes an increase of 

interaction between nickel and support.
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Fig. 3.20. TPR profiles of x-NBA (x = 0, 0.1, 0.3, 0.5, and 1.0) catalysts 

calcined at 700 oC.
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3.3.4. Methane adsorption capacity of reduced catalysts

According to the previous work, the rate-determining step for steam 

reforming of methane on the nickel catalyst is dissociative adsorption of 

methane (CH4 + 2Ni* ↔ CH3―Ni + H―Ni*) [76]. Therefore, the catalytic 

performance in the steam reforming of methane is closely related to 

stabilization of methyl group and hydrogen atom derived from methane. In 

order to measure the amount of adsorbed methane on the surface of reduced 

x-NBA (x = 0, 0.1, 0.3, 0.5, and 1.0) catalysts, CH4-TPD analyses were 

conducted as shown in Fig. 3.21.

According to CH4-TPD profiles of the catalysts in Fig. 3.21, there was 

no desorption peak below 200 oC. This indicates that the physisorbed methane 

was completely removed during the evacuation process. CH4-TPD profiles of 

the catalysts can be deconvoluted into three broad desorption peaks within 

200-1000 oC. The first low-temperature desorption peak is ascribed to weak 

adsorption sites and the second medium-temperature desorption peak is due to 

medium adsorption sites, while the third high-temperature desorption peak is 

attributed to strong adsorption sites. In order to examine the effect of alumina 

support, CH4-TPD measurement of pure alumina support containing no nickel 

and boron was conducted as also shown in Fig. 3.21. CH4-TPD profile of 

alumina support showed a single high-temperature methane desorption peak 

above 700 °C. This indicates that the third high-temperature desorption peak 

of x-NBA catalysts originated from alumina support. Therefore, only two 

desorption peaks below 700 °C were considered in the calculation of the 
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amount of methane adsorption on the reduced x-NBA catalysts. The 

calculated amount of adsorbed methane on the reduced x-NBA catalysts is 

listed in Table 3.7.

The amount of adsorbed methane increased in the order of 1.0-NBA < 

0-NBA < 0.1-NBA < 0.5-NBA < 0.3-NBA. The amount of adsorbed methane 

showed a volcano-shaped trend with respect to boron/nickel molar ratio. This 

trend can be explained by the positioning effect of boron. According to the 

previous work [77], boron tends to locate at the subsurface of alumina support 

in two positions. When boron occupies subsurface sites, the activation energy 

for methane adsorption decreases. On the other hand, when boron occupies 

step sites, the activation energy for methane adsorption increases. When 

boron/nickel molar ratio is low, boron occupies subsurface position of 

alumina support which can reduce methane activation energy on nickel, 

resulting in an increase of the amount of adsorbed methane. When 

boron/nickel molar ratio is high, however, the position which can reduce 

methane activation energy is fully filled with boron. Thus, the extra boron can 

only occupy the position which increases methane activation energy on nickel. 

Therefore, an appropriate amount of boron can increase the amount of 

adsorbed methane with its decreasing effect on methane activation energy on 

nickel sites.
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Fig. 3.21. CH4-TPD profiles of x-NBA (x = 0, 0.1, 0.3, 0.5, and 1.0) catalysts 

and alumina support reduced at 700 oC.
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Table 3.7

Amount of adsorbed CH4 on the reduced x-NBA (x = 0, 0.1, 0.3, 0.5, and 1.0) 

catalysts

Catalyst
Amount of adsorbed CH4

(μmol-CH4/g)a

0-NBA 20

0.1-NBA 21

0.3-NBA 27

0.5-NBA 26

1.0-NBA 18

a Calculated from peak area of CH4-TPD profiles (< 700 oC) in Fig. 3.21
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3.3.5. Nickel surface area of reduced catalysts

H2-TPD profiles of reduced catalysts are shown in Fig. 3.22. To 

quantify the amount of hydrogen desorbed, H2-TPD profiles of the catalysts 

were deconvoluted into four domains. The first deconvoluted peak with 

desorption peak temperature lower than 200 oC is attributed to desorbed 

hydrogen weakly interacted with active nickel sites. The second deconvoluted 

peak with desorption peak temperature of 200-350 oC is due to desorbed 

hydrogen moderately interacted with nickel sites. The third deconvoluted peak 

with desorption peak temperature of 350-650 oC is ascribed to desorbed 

hydrogen strongly bonded to nickel sites. The last deconvoluted peak with the 

highest peak temperature is due to hydrogen generated from support and 

sublayer surface caused by spillover [57]. Therefore, the total amount of 

desorbed hydrogen was calculated from peak areas of three deconvoluted 

peaks of H2-TPD profiles (< 650 oC) in Fig. 3.22 as listed in Table 3.8. The 

amount of adsorbed hydrogen (Table 3.8) was much larger than the amount of 

adsorbed methane (Table 3.7). This can be explained by steric hindrance of 

methane. The adsorbed methane molecule on the surface is much bigger than 

the adsorbed hydrogen molecule on the surface. Therefore, steric hindrance 

occurs when additional methane molecule is adsorbed. On the other hand, 

hydrogen molecule can be well adsorbed on the surface without steric 

hindrance. As a result, it is assumed that one hydrogen atom is adsorbed on 

single nickel atom. Through this assumption, nickel surface area can be 

calculated from the amount of adsorbed hydrogen. Nickel surface area of the 
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catalysts showed a volcano-shaped trend with respect to boron/nickel molar 

ratio, where 0.3-NBA showed the highest nickel surface area. Nickel surface 

area increased in the order of 1.0-NBA < 0-NBA < 0.1-NBA < 0.5-NBA < 

0.3-NBA, in good agreement with the trend of the amount of adsorbed 

methane on the catalysts (Table 3.7). When boron/nickel molar ratio is low, 

boron in the subsurface interacts with nickel on the surface. Thus, boron can 

serve as a dispersant for x-NBA catalysts. This indicates that boron can 

positively leads to the increase of nickel surface area of the catalysts. 

However, the addition of large amount of boron causes the decrease of 

dispersion effect of nickel surface on the catalyst due to its aggregation.
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Fig. 3.22. H2-TPD profiles of x-NBA (x = 0, 0.1, 0.3, 0.5, and 1.0) catalysts 

reduced at 700 oC.
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Table 3.8

Amount of desorbed hydrogen and nickel surface area of reduced x-NBA (x = 

0, 0.1, 0.3, 0.5, and 1.0) catalysts

Catalyst
Amount of desorbed 

hydrogen
(μmol-H2/g)a

Nickel surface area
(m2/g-Ni)b

0-NBA 83 39

0.1-NBA 86 40

0.3-NBA 102 48

0.5-NBA 96 45

1.0-NBA 72 33

a Calculated from peak area of H2-TPD profiles (< 650 oC) in Fig. 3.22

b Calculated by assuming H/Niatom = 1
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3.3.6. Catalytic performance in the steam reforming of LNG

Fig. 3.23 shows the catalytic performance of x-NBA (x = 0, 0.1, 0.3, 0.5, 

and 1.0) catalysts in the steam reforming of LNG at 550 oC for 15 h. All the 

catalysts showed a stable catalytic performance without severe deactivation 

during the 15 h-reaction. Both LNG conversion and hydrogen yield decreased 

in the order of 0.3-NBA > 0.5-NBA > 0.1-NBA > 0-NBA > 1.0-NBA. LNG 

conversion and hydrogen yield over x-NBA catalysts showed volcano-shaped 

trends with respect to boron/nickel molar ratio. This means that an optimal 

boron addition into nickel-alumina catalyst was favorable for the steam 

reforming of LNG.

LNG conversion and hydrogen yield were well correlated with the 

amount of adsorbed methane as shown in Fig. 3.24. Catalytic performance 

was also well correlated with nickel surface area of the catalysts as shown in 

Fig. 3.25. It is noticeable that both LNG conversion and hydrogen yield 

increased with increasing the amount of adsorbed methane and with 

increasing nickel surface area. This implies that the amount of adsorbed 

methane and nickel surface area played important roles in determining the 

catalytic performance of x-NBA catalysts. Among the catalysts, 0.3-NBA 

catalyst with the largest amount of adsorbed methane and the highest nickel 

surface area showed the best catalytic performance.
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Fig. 3.23. LNG conversion and hydrogen yield over x-NBA (x = 0, 0.1, 0.3, 

0.5, and 1.0) catalysts in the steam reforming of LNG at 550 oC.
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3.3.7. Characterization of used catalysts

After a 15 h-reaction, CHNS elemental analysis was conducted to 

quantify carbon deposition on the used x-NBA catalysts. The amount of 

carbon deposition on the used x-NBA catalysts is listed in Table 3.9. The used 

0-NBA catalyst retained the largest amount of carbon deposition. On the other 

hand, boron-containing catalysts retained small amount of carbon deposition. 

This result was well consistent with the previous works [72,77] reporting that 

boron-containing catalysts showed strong carbon resistance because boron 

prevented carbon diffusion and graphene nucleation. This was further 

confirmed by TEM images of used catalysts as shown in Fig. 3.26. 0-NBA 

catalyst with no boron showed large amount of carbon deposition on the 

surface. On the other hand, 0.3-NBA and 1.0-NBA catalysts exhibited small 

amount of carbon deposition on the surface.
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Fig. 3.26. TEM images of used (a) 0-NBA, (b) 0.3-NBA, and (c) 1.0-NBA 

catalysts.
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Table 3.9

Amount of carbon deposition on the used x-NBA (x = 0, 0.1, 0.3, 0.5, and 1.0) 

catalysts

Catalyst Amount of carbon deposition (wt%)a

0-NBA 8.5

0.1-NBA 2.3

0.3-NBA 2.3

0.5-NBA 2.1

1.0-NBA 2.3

a Determined by CHNS elemental analysis
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Chapter 4. Conclusions

Various nickel-alumina catalysts were prepared and physicochemically 

modified by several preparation methods including epoxide-driven sol-gel 

method and supercritical CO2 drying. Also, nickel-alumina catalysts were

promoted with iron or boron precursor for improving catalytic performances. 

They were applied to the hydrogen production by steam reforming of LNG, 

and were characterized by various techniques.

A series of mesoporous nickel-iron-alumina xerogel catalysts 

(20NixFeAl) with different iron loading (x) were prepared by an epoxide-

driven sol-gel method, and they were applied to the hydrogen production by 

steam reforming of LNG. The calcined 20NixFeAl catalysts showed large 

surface area, large pore volume, and large pore diameter due to the well-

developed mesoporous structure. It was observed that all the calcined 

20NixFeAl catalysts retained a mixed spinel phase of nickel, iron, and 

aluminum species. The reduced 20NixFeAl catalysts retained small particles 

less than 15 nm, indicating that metal species were finely dispersed onto 

alumina support. Iron species in the 20NixFeAl catalysts were responsible for 

increasing the amount of octa-coordinated nickel species by incorporating into 

aluminate spinel phase. It was revealed that an optimal iron addition was 

required for the finest nickel dispersion on the reduced 20NixFeAl catalysts, 

while excessive iron addition caused the decrease of nickel surface area. LNG 

conversion and hydrogen yield over 20NixFeAl catalysts in the steam 

reforming of LNG increased with increasing nickel surface area. Thus, nickel 
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surface area of the catalysts served as an important factor determining the 

catalytic performance. Among the catalysts tested, 20Ni4FeAl catalyst with 

the highest nickel surface area showed the best catalytic performance in the 

steam reforming of LNG.

A mesoporous nickel-iron-alumina aerogel (NFA) catalyst was prepared 

by a single-step epoxide-driven sol-gel method and a subsequent supercritical 

CO2 drying method. For comparison, a mesoporous nickel-iron-alumina 

xerogel (NFX) catalyst was also prepared by a single-step epoxide-driven sol-

gel method and a subsequent evaporative drying method. The effect of drying 

method on the physicochemical properties and catalytic activities in the steam 

reforming of LNG was investigated. Although both catalysts retained a well-

developed mesoporous structure even after high temperature calcination 

process, NFA catalyst showed excellent textural properties compared to NFX 

catalyst. XRD results showed that NFX and NFA catalysts retained a mixed 

spinel phase of nickel, iron, and aluminum species. TPR results revealed that 

NFA catalyst exhibited higher peak temperature of nickel species and lower 

peak temperature of iron species. This might be related to the incorporation 

behavior of nickel and iron species into alumina. H2-TPD and XPS results of 

reduced NFX and NFA catalysts showed that NFA catalyst retained higher

nickel surface area than NFX catalyst. Both NFX and NFA catalysts showed a 

stable catalytic performance during the steam reforming of LNG. However, 

NFA catalyst with higher nickel surface area showed higher LNG conversion 

and higher hydrogen yield than NFX catalyst. It is concluded that NFA 

catalyst prepared by a single-step epoxide-driven sol-gel method and a 

subsequent supercritical CO2 drying method served as an efficient catalyst for 
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hydrogen production by steam reforming of LNG

A series of boron-containing nickel-alumina xerogel (x-NBA) catalysts 

were prepared for LNG steam reforming reaction. The effect of boron/nickel 

molar ratio on the characteristics and catalytic activities was investigated. All 

the calcined nickel-boron-alumina catalysts showed a mesoporous structure. 

The γ-Al2O3 lattice was inflated by the incorporation of nickel and boron ions 

into cationic deficient sites of alumina support as a form of mixed spinel 

phase. Nickel species of x-NBA catalysts more strongly interacted with 

alumina support with increasing boron/nickel molar ratio. CH4-TPD results 

showed that an appropriate amount of boron addition maximized the amount 

of methane adsorption. Nickel surface area of the catalysts calculated from 

H2-TPD measurements showed a volcano-shaped trend with respect to 

boron/nickel molar ratio. Thus, an optimal boron addition was required to 

maximize the amount of adsorbed methane and nickel surface area of the 

catalysts. LNG conversion and hydrogen yield over x-NBA catalysts in the 

steam reforming of LNG increased with increasing the amount of adsorbed 

methane and with increasing nickel surface area; the amount of adsorbed 

methane and nickel surface area of the catalysts served as important factors 

determining the catalytic performance. Furthermore, boron-containing 

catalysts showed strong carbon resistance. Among the catalysts, 0.3-NBA 

catalyst with the largest amount of adsorbed methane and the highest nickel 

surface area showed the best catalytic performance in the steam reforming of 

LNG.

In summary, physicochemical properties of nickel-alumina catalysts 

were modified by various catalyst preparation methods and introduction of 
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promotors. Catalytic performance of the catalysts were closely related to 

several physicochemical properties such as surface area, porosity, crystalline 

structure, reducibility, nickel dispersion, and methane adsorption affinity. 

Especially, it was found that nickel dispersion and methane adsorption affinity 

of reduced catalysts served as an important factor determining overall 

catalytic activity in the hydrogen production by steam reforming of LNG. 

Therefore, optimal preparation methods and conditions are required in order 

to generate highly active nickel species on the surface of nickel-alumina 

reforming catalyst for efficient hydrogen production.
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초    록

신재생에너지는 환경에 영향을 최소한으로 끼치는 청정

에너지 원으로 간주된다. 그 중에서도 수소 에너지원은 연소 중에

NOx 및 SOx와 같은 오염 물질을 방출하지 않기 때문에 가장

유망한 청정에너지 운반체로 많은 관심을 받고 있다. 또한, 수소의

높은 에너지 밀도는 수소의 또 다른 큰 이점이다. 이러한 특성들

때문에 수소 자동차, 수소 연소 엔진 및 연료 전지와 같은 수소

활용 분야의 활발한 연구로 이어졌다. 이를 위해 수소 생산을 위한

탄화수소를 이용한 수증기개질반응, 부분산화반응, 자열개질반응, 

그리고 건조개질반응과 같은 촉매개질공정이 광범위하게 연구되고

있다. 이러한 개질 공정 중, 수증기개질반응은 높은 경제적

이점으로 인해 수소 생산에 널리 사용되어왔다. 또한, 주로 풍부한

양의 메탄으로 구성된 액화천연가스 (LNG)는 수증기개질반응에

의한 수소 생산의 주요 공급원으로 사용될 수 있다. 현대 도시에서

LNG 파이프 라인이 널리 보급되어있기 때문에 LNG는

연료전지시스템의 중요한 수소 공급원으로써 큰 가능성이 있다. 

이러한 관점에서 고효율공정을 위한 LNG 수증기개질반응

촉매개발이 필요하다.

니켈계 촉매는 반응활성이 높고 가격이 싸기 때문에

수증기개질반응에 가장 적합한 촉매계로 여겨진다. 일반적으로

니켈의 최대 촉매 성능을 달성하기 위해 종래의 수증기개질반응은

높은 반응 온도 (> 800 oC), 높은 반응 압력 (> 20 bar) 및 높은

수증기 대 탄소 비 (수증기/탄소> 2)에서 수행된다. 그러나, 이러한

반응 조건은 낮은 내구성 문제로 인해 바람직하지 않다. 이러한
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이유로, 적당한 반응 조건에서 높은 촉매 활성 및 내구성을 갖는

효율적인 수증기개질반응용 촉매를 개발하는 것이 매우 중요하다. 

잘 발달된 중형기공성 구조의 니켈-알루미나 촉매는 알루미나 담체

상의 니켈의 분산도를 향상시킬 뿐만 아니라 촉매를 통한 열 및

물질 전달을 촉진시켜 촉매 성능을 높인다고 보고되었다. 따라서, 

중형기공성 니켈-알루미나 촉매는 개질 반응에서 촉매 활성 및

안정성 모두를 개선 시키는데 많은 관심을 받고 있다.

본 연구에서 LNG의 촉매 증기 개질에서 높은 수소 수율을

얻기 위해 중형기공성 니켈-알루미나 촉매를 에폭사이드 기반 졸-

겔법 및 초임계 CO2 건조법을 포함한 다양한 제조법으로 높은

물리화학적 특성을 가지는 촉매를 제조했다. 또한 니켈-알루미나

촉매를 철 또는 붕소 조촉매를 도입하여 촉매의 물리화학적특성을

증진시키고자 했다.

철 함량 (x = 0-10wt%)을 갖는 중형기공성 니켈-철-

알루미나 제로젤 촉매군 (20NixFeAl로 표시됨)을 에폭사이드 기반

졸-겔법으로 제조하였다. 액화천연가스의 수증기개질반응에서

중형기공성 니켈-철-알루미나 제로젤 촉매의 물리 화학적 특성 및

촉매 활성에 대한 철 함량에 따른 영향을 조사하였다. 모든

20NixFeAl 촉매는 잘 발달된 중형기공성 구조를 나타내고 니켈과

철이 고분산된 것을 확인했다. 소성된 20NixFeAl 촉매의 환원성은

철 조촉매 첨가로 팔면체 배위된 니켈의 증가로 인해 향상되었다. 

H2-TPD 및 XPS 결과로부터, 20NixFeAl 촉매의 니켈 표면적이

철 함량과 관련하여 화산형 경향을 나타났다. 이 결과는 환원된

20NixFeAl 촉매상에서 니켈의 고분산을 위해 최적의 철의 도입이

필요함을 의미한다. LNG의 수증기개질반응에서, 니켈 표면적이
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가장 높은 20Ni4FeAl 촉매는 LNG 전환율 및 수소 수율 측면에서

최고의 촉매 성능을 나타냈다. 따라서 촉매의 니켈 표면적은

LNG의 수증기개질반응에서 촉매 성능을 결정하는 데 중요한

역할을 했음을 알 수 있다.

중형기공성 니켈-철-알루미나 에어로젤 (NFA로 표시) 

촉매는 단일단계 에폭사이드기반 졸-겔법 및 초임계 CO2 건조

방법에 의해 제조되었다. 비교를 위해, 중형기공성 니켈-철-

알루미나 제로젤 (NFX로 표시됨) 촉매는 또한 단일단계

에폭사이드기반 졸-겔 법 및 일반 건조 방법에 의해 제조되었다. 

두 촉매 모두 수소 생산을 위한 액화천연가스의 수증기개질반응에

적용되었다. 촉매의 물리화학적 특성 및 반응활성에 대한

건조방식의 영향을 조사하였다. 초임계 CO2 건조 방법이 NFA 

촉매의 물리적특성을 향상시키는 데 효과적이라는 것이 밝혀졌다. 

XRD 및 TPR 결과는 두 촉매 모두 니켈, 철 및 알루미늄 스피넬

구조를 가짐을 보여 주었다. 그러나, NFA 촉매는 NFX 촉매보다

낮은 환원성을 보였다. 환원된 NFA 촉매는 환원된 NFX 촉매보다

더 높은 니켈 표면적을 가진다. 액화천연가스의 수증기개질반응에서

니켈 표면적이 더 높은 NFA 촉매는 NFX 촉매보다 우수한

반응활성을 나타냈다.

상이한 붕소/니켈 몰비 (x = 0-1)를 갖는 일련의 중형기공성

니켈-붕소-알루미나 제로젤 (x-NBA) 촉매를 에폭사이드기반

졸-겔법으로 제조하였다. 니켈-붕소-알루미나 제로젤 촉매의

반응활성 및 물리화학적특성에 대한 붕소/니켈 몰비에 따른 영향을

조사했다. 모든 중형기공성 x-NBA 촉매는 유사한 표면적을

나타냈다. 붕소의 도입은 니켈과 담체 사이의 상호 작용을
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증가시켰다. 또한, x-NBA 촉매에서 붕소의 도입은 메탄 활성화

에너지를 감소시키고 니켈 표면적을 증가시키는 것으로 나타났다. 

붕소 조촉매로 인해 메탄 흡착량 증가 및 니켈표면적의 증가로

인해 촉매 활성에 긍정적인 영향을 미쳤다. 메탄 흡착량 및 니켈

표면적의 양은 붕소/니켈 몰비에 대한 화산형 경향을 나타냈다. 

메탄 흡착량이 증가하고 니켈 표면적이 증가함에 따라 LNG 전환율

및 수소 수율은 선형적으로 증가했다. 촉매 중에서 가장 많은 양의

메탄 흡착량과 가장 높은 니켈 표면적을 가진 0.3-NBA가 최고의

촉매 성능을 보여주었다. 또한 x-NBA 촉매는 증기 개질 반응

동안 강한 탄소 저항성을 나타냈다.

요약하자면, 다양한 방식으로 물리화학적으로 개선된 니켈-

알루미나 촉매를 제조했으며 LNG의 수증기개질반응에 적용되었다. 

LNG의 수증기개질반응에서 제조된 촉매의 촉매 성능을 설명하기

위해 N2 흡탈착분석, XRD, TPR, TEM, H2-TPD 및 CH4-TPD 

분석과 같은 몇 가지 특성분석을 수행했다. 촉매의 니켈분산도 및

반응물 친화도는 LNG의 수증기개질반응에 있어서 촉매 성능을

결정하는 중요한 요소로 작용한다고 결론지을 수 있다.

주요어: 수소 생산, 액화천연가스의 수증기 개질, 니켈 촉매,

에폭사이드 유도 졸-겔법, 제로젤, 에어로젤, 니켈-철-알루미나,

니켈-붕소-알루미나
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