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Hydrous hydrazine (N2Hs-H20) is a promising hydrogen carrier for convenient
storage and transportation owing to its high hydrogen content (8.0 wt%), low material cost
and stable liquid state at ambient temperature. Particularly, generation of only nitrogen as
byproduct, in addition to hydrogen, thus obviating the need for on-board collection system
for recycling, ability to generate hydrogen at moderate temperatures (20-80 °C) which
correspond to the operating temperature of a proton exchange membrane fuel cell
(PEMFC), and easy recharging using current infrastructure of liquid fuels make hydrous
hydrazine a promising hydrogen source for fuel cell electric vehicles (FCEVSs). Since
hydrogen can be generated from catalytic hydrazine decomposition, the development of
active, selective and cost-effective catalysts, which enhance the complete decomposition
(N2Hs — N2+2H32) and simultaneously suppress the incomplete decomposition (3N2Hs —
4NHs+N32), remains a significant challenge.

In this dissertation, CeO> powders and various Ni-based catalysts for hydrous
hydrazine decomposition were prepared using solution combustion synthesis (SCS)
technique and investigated. SCS is a widely employed technique to synthesize nanoscale
materials such as oxides, metals, alloys and sulfides, owing to its simplicity, low cost of
precursors, energy- and time-efficiency. In addition, product properties can be effectively
tailored by adjusting various synthesis parameters which affect the combustion process.

The first and second parts of this work (Chapters 2 and 3) are devoted to
investigating the correlation between the synthesis parameters, combustion characteristics
and properties of the resulting powder. A series of CeO», which is a widely used material
for various catalytic applications and a promising catalyst support for hydrous hydrazine
decomposition, and Ni/CeO nanopowders as model catalysts for the target reaction were

synthesized using conventional SCS technique. This demonstrated that crystallite size,
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surface property and concentration of defects in CeO- structure which strongly influence
the catalytic performance, can be effectively controlled by varying the synthesis parameters
such as metal precursor (oxidizer) type, reducing agent (fuel), fuel-to-oxidizer ratio and
amount of gas generating agent. The tailored CeO> powder exhibited small CeO- crystallite
size (7.9 nm) and high surface area (88 m?/g), which is the highest value among all prior
reported SCS-derived CeO, powders. The Ni/CeO, catalysts synthesized with 6 wt% Ni
loading, hydrous hydrazine fuel and fuel-to-oxidizer ratio of 2 showed 100% selectivity
for hydrogen generation and the highest activity (34.0 h' at 50 °C) among all prior reported
catalysts containing Ni alone for hydrous hydrazine decomposition. This superior
performance of the Ni/CeO- catalyst is attributed to small Ni particle size, large pore size
and moderate defect concentration.

As the next step, SCS technique was used to develop more efficient and cost-
effective catalysts for hydrous hydrazine decomposition. In the third part (Chapter 4),
noble-metal-free  NiCu/CeO, catalysts were synthesized and investigated. The
characterization results indicated that the addition of Cu to Ni/CeO: exhibits a synergistic
effect to generate significant amounts of defects in the CeO> structure which promotes
catalytic activity. The 13 wt% NiosCuos/CeO> catalysts showed 100% H selectivity and
5.4-fold higher activity (112 h'* at 50 °C) as compared to the 13 wt% Ni/CeO2 (20.7 hl).
This performance is also superior to that of most reported non-noble metal catalysts and is
even comparable to several noble metal-based catalysts. In the fourth part (Chapter 5), low
Pt loading NiPt/CeO> catalysts were studied. The modified SCS technique was developed
and applied to prepare NiPt/CeO. catalysts, that overcomes the typical problem of
conventional SCS which leads to deficiency of Pt at catalyst surface due to the diffusion of
Pt into bulk CeO». The NiosPto4/CeO, catalysts with 1 wt% Pt loading exhibited high
activity (1017 h at 50 °C) along with 100% H. selectivity owing to the optimum
composition of NiPt alloy, high metal dispersion and a large amount of CeO, defects. Its
activity is higher than most of the reported NiPt-based catalysts which typically contain
high Pt loading (3.6-42 wt%).

Next, the intrinsic Kinetics of hydrous hydrazine decomposition over the NiPt/CeO>
catalysts, which are necessary for efficient design and optimization of the hydrous

hydrazine-based hydrogen generator system, were investigated (Chapter 6). From the
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experimental data obtained at different reaction temperatures, the intrinsic kinetic model
based on the Langmuir-Hinshelwood mechanism was established. The developed model
provides good predictions with the experimental data, especially over a wide range of
initial reactant concentration, describing well the variation of reaction order from low to
high reactant concentration.

Finally, the conclusions of the dissertation and recommendations for future work

are summarized in Chapter 7.
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CHAPTER 1. INTRODUCTION

1.1 Hydrogen as alternative energy carrier in transportation applications

Concerns about energy supply security and climate change prompt one to reduce
the reliance on fossil fuels as primary energy carrier while stimulating the development of
clean and sustainable energy carriers. Hydrogen (H2) has been considered as a promising
alternative energy carrier. Hydrogen is the most abundant element on Earth and is a
sustainable source since hydrogen can be obtained from water and biomass. When it is
used in a fuel cell to generate power, no air pollutants and greenhouse gases are produced,
and its energy efficiency is 2-3 times higher than that of traditional combustion
technologies.

Accordingly, efforts are globally underway to transform the energy economy from
one dependent on fossil fuels to that based on hydrogen. This movement is particularly
notable in the transportation sector. The first mass-produced hydrogen fuel cell electric
vehicles (FCEVs), which utilize polymer electrolyte membrane fuel cells (PEMFCs), were
introduced in 2013-2014 by Hyundai, Toyota and Daimler [1]. As shown in Figure 1.1, the
number of FCEVs on the road is increasing gradually [2]. In addition, according to the
national hydrogen scenarios report, sales of FCEVs will reach 8.9 million per year by 2050,
which is roughly half of all light duty vehicle sales in the U.S [3]. However, the adoption
of FCEVs has so far been heavily dictated by government policy instruments, such as
financial incentives, sales mandates and free vehicle charging [1]. It implies that there are

still many technological barriers in FCEVSs, preventing its widespread use.
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Figure 1.1 The monthly U.S. FCEV sales from April 2016 to October 2017 [2]

Hydrogen is the lightest gas and hence has low volumetric energy density although
its mass energy density is much higher as compared to conventional fuels such as gasoline
and diesel (Figure 1.2) [4-6]. This issue presents significant difficulty in storing large
quantity of hydrogen for FCEVs. All FCEVs which are currently available on the market
adopt the high-pressure hydrogen storage tank system (700 bar). As shown in Figure 1.2,
its volumetric energy density (~1.3 kWh/L) remains poor and is lower than the ultimate
technical system target (1.7 kWh/L) of onboard hydrogen storage for light-duty FCEVs
proposed by the U.S. Department of Energy [7]. Despite the high energy efficiency of a
fuel cell system, due to the low volumetric energy density of hydrogen gas, the average
driving range of FCEVs on the market is about 350 miles, which is somewhat shorter than

that of gasoline cars (400 miles).
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Figure 1.2 Gravimetric and volumetric energy density of various H> carriers (Data
sourced from refs. [4-6])

In addition, using the high-pressure hydrogen storage tank system is responsible for
the high cost of hydrogen fuel to customers. The average price at retail hydrogen fueling
stations currently operating in California is $13-16 per gallon gasoline equivalent (gge)
which is about 4~5 times as much as gasoline fuel (~$3 per gallon) [8]. Most of this high
cost (86-88%) is related to delivery, storage and refueling of hydrogen gas (Figure 1.3) [8].
Hence, efficient hydrogen carrier which can overcome the drawbacks of compressed

hydrogen storage is a key for the widespread commercialization of FCEVs [9,10].
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Figure 1.3 Major components of the average retail price of hydrogen fuel in U.S., 2018

[8]

1.2 Hydrous hydrazine as Hz carrier for FCEVs

Towards this aim, various liquid-phase hydrogen carriers have received much
attention as a feasible alternative owing to their convenient transportation, handling,
refueling, and potential use of existing infrastructure for conventional fuels such as
gasoline and diesel, which can significantly reduce the price of hydrogen fuel at retail
hydrogen stations [11,12]. Several liquid-phase hydrogen carriers are presented in Table

1.1.



Table 1.1 Various liquid-phase hydrogen carriers [13-19]
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H> carriers H2 Operating | Yield | H generation Catalyst
capacity | temperature | (%) rate
(Wt%%) (°C) (mol/molca/min)

Indoline (CgHgN) 1.7 >100 81 1.35 Pd/silica
(at 100 °C)

Hs-N-ethlyindole 5.23 160-190 100 0.13 Pd/Al2O3
(C10H19N) (at 190 °C)

H1s-dibenzyltoluene 6.2 >250 97 166.52 Pt/C

(Ca1Hsg) (at 310 °C)

H12-N-ethyl 5.8 200-270 95 176.79 Pt/Al2Os3
carbazole (C14H2sN) (at 230 °C)
Tetrahydroquinoline 2.9 138 100 0.08 Ir-complex

(CoHu1N) (at 138 °C)
2-aminoethanol 6.6 105-135 77 0.05 Ru-complex
(C2H7ON) (at 105 °C)
Formic acid 4.4 25-90 100 63.50 Pd/PDA-
(CH202) (at 50 °C) rGO
Hydrous hydrazine 8.0 25-80 100 34.27 NiPt/PDA-
(N2H4-H20) (at 50 °C) rGO

Among them, hydrous hydrazine such as hydrazine monohydrate (N2H4-H20) is

promising for FCEV application owing to its high hydrogen content (8.0 wt%), low

material cost as compared to other chemical hydrides and ability to generate hydrogen at

moderate temperatures which correspond to the operating temperature of a PEMFC used

for FCEVs [5,20]. In addition, generation of only nitrogen as byproduct obviates the need

for on-board collection system for spent fuel regeneration.

Basically, hydrogen can be generated from hydrazine decomposition which occurs

via two competing pathways: complete decomposition [N2Ha4 (1) — N2 (g) + 2H2 (g)] and

incomplete decomposition [3N2Hs (I) — 4NHs (g) + N2 (g)]. Only the complete

decomposition leads to hydrogen generation while the incomplete decomposition liberates
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ammonia which is poison for PEMFCs [21,22]. Therefore, to maximize the efficiency of
hydrous hydrazine as an on-board hydrogen carrier, one must develop highly active and
selective catalysts which facilitate hydrogen generation and suppress the incomplete

decomposition.

1.3  Solution combustion synthesis

Solution combustion synthesis (SCS) is a self-sustained thermal process where the
main source of heat comes from combustion reaction between reducing agent (fuel) and
metal oxidizer. In general, since the combustion reaction is completed within a short time
with high temperature, various solid products (e.g., metals, metal oxides, alloys and
sulfides) can be obtained simply and rapidly [23,24]. More importantly, the mixing of
precursors in aqueous solution at the molecular level and the generation of a large amount
of gaseous byproducts during combustion allow the formation of highly porous nanosized
products with uniform composition and high metal dispersion. Further, the properties of
products are influenced strongly by combustion characteristics which can be also
influenced by adjusting the SCS parameters such as ratio of precursor oxidizers, fuel-to-
oxidizer ratio and fuel type [24,25]. Thus, the SCS technique can enable one to effectively
control the combustion process, by optimizing the SCS parameters and hence to tailor
catalysts for a specific application. A schematic representation of the SCS technique is

shown in Figure 1.4.



28

Metal oxidizers
Fuel
Distilled water

Figure 1.4 Schematic representation of solution combustion synthesis (SCS)

The typical temperature-time profile of an aqueous precursor solution during SCS
is shown in Figure 1.5. It shows that after evaporation of the solvent from the aqueous
precursor solution, ignition occurs, leading to combustion along with gas evolution. During
combustion, the temperature rapidly increases to a maximum value, followed by rapid
cooling due to gas evolution and heat loss to the surroundings. Therefore, combustion
characteristics of SCS can be expressed in terms of the ignition temperature, flame
temperature and the amount of gases released during combustion. The ignition temperature
is related to the temperature of a specific phase transformation, that is, decomposition of

the oxidizer or fuel in mixture [25-27]. The maximum combustion temperature refers to
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the heating effect of combustion. Adequate amount of heat, namely adequate maximum
combustion temperature, is necessary for sustaining combustion and formation of products
with desired crystallinity but too high temperature may cause agglomeration and sintering
of nanoparticles. On the other hand, the gas evolution during combustion dissipates the
heat, restrains agglomeration and promotes the porosity of products. Generally,
combustion temperatures such as ignition temperature and maximum combustion
temperature can be determined by measuring the temperature change using sensitive
thermocouple while the amount of gases released during combustion can be estimated from

the stoichiometric equilibrium combustion reaction equation.
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Figure 1.5 Typical temperature-time profile of a precursor solution during combustion
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1.4 Research objectives

This study is directed towards developing active, selective and cost-effective
catalysts using SCS technique for the decomposition of hydrous hydrazine. For SCS,
understanding the effects of various SCS parameters on combustion characteristics and
reaction mechanism, and their correlation with product properties, is important to
effectively control the synthesis process and to find optimum conditions where the product
has favorable properties for the target reaction. Towards this aim, cerium oxide (CeO.) and
nickel catalyst supported on CeO> (Ni/CeO3) were selected as a model material and a model
catalyst, respectively, for SCS study and prepared with systematic variation of SCS
parameters. CeO> has been widely used as a component or support of catalysts for various
catalytic applications including the decomposition of hydrous hydrazine owing to its
unique properties (e.g. ability to disperse metals on its surface and strong interaction with
metals) to enhance catalytic performance [28]. Ni has been also widely studied as a catalyst
component for hydrous hydrazine decomposition owing to its decent activity and low cost
as compared to other active metals such as Rh and Ir [29]. Although there are some prior
studies using SCS to produce CeOz and Ni/CeO,, they have not systematically addressed
the quantitative effects of synthesis parameters on product properties, and the combustion
mechanism for the formation of CeO. and Ni/CeO2, has also not been investigated.
Moreover, there have been no studies preparing catalysts using SCS technique for hydrous
hydrazine decomposition.

Various catalysts containing noble (Ir, Rh, Pd and Pt) and transition metals (Ni, Fe,
Co and Cu) have been investigated for efficient catalytic decomposition of hydrous

hydrazine [30-38]. Since it was reported that the addition of Pt significantly promotes
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catalytic property of Ni for hydrous hydrazine decomposition, NiPt bimetallic catalysts on
various supports are currently the most promising ones, exhibiting 100% selectivity
towards hydrogen generation and high activity. All the reported catalysts, however, contain
large amount of Pt up to 42 wt% [39-50]. Therefore, to make the on-board system based
on hydrous hydrazine more affordable, it is essential to substantially decrease or eliminate
the amount of Pt in catalysts, without losing the catalytic performance. The obtained
knowledge from the SCS studies of CeO2 and Ni/CeO: can be utilized to develop efficient
and cost-effective Ni-based catalysts supported on CeO: (e.g. noble-metal-free bimetallic
or low Pt loading catalysts).

Recently, beyond the development of efficient catalysts for the decomposition of
hydrous hydrazine, the reaction studies under practical conditions (e.g. continuous
hydrogen generation, non-diluted N2Hs-H2O and large scale) have been reported [48,51].
In contrast, there are very few Kinetic studies for the reaction which is essential for the
design of reactor and to examine the feasibility of hydrous hydrazine-based hydrogen
generator system for FCEVs. Only one kinetic model based on power-law expression has
been reported [49]. This study found that the reaction order varies with the concentration
of hydrous hydrazine and proposed multiple parameter sets to capture the reaction behavior
according to the range of hydrous hydrazine concentration. Therefore, a more robust and
reliable kinetic model to describe the reaction behavior over various operating conditions

is required. In summary, the research objectives of this dissertation are as follows:
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Synthesize CeO> and Ni/CeO; catalysts using SCS and investigate the effects of SCS
parameters on combustion characteristics, reaction mechanism and their correlation
with product properties, and determine the SCS condition where the products have
favorable properties for hydrous hydrazine decomposition.

Evaluate catalytic performance of SCS-derived Ni/CeO; catalysts for hydrous
hydrazine decomposition and compare with that of reported catalysts prepared by
different methods.

Develop active, selective and cost-effective Ni-based catalysts (e.g. noble-metal-free
bimetallic or low Pt loading catalysts) for hydrous hydrazine decomposition using
SCS technique.

Determine intrinsic reaction Kinetics for hydrous hydrazine decomposition and

develop a robust and reliable kinetic model.
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CHAPTER 2. SOLUTION COMBUSTION SYNTHESIS OF HIGH
SURFACE AREA CERIUM OXIDE POWDERS FOR
CATALYTIC APPLICATIONS

2.1 Introduction

Cerium (IV) oxide (CeO>), one of the most important rare-earth materials, is
technologically important owing to its widespread applications such as i) catalysts for fluid
cracking in oil refineries [52], hydrocarbon oxidation [53], methanol dissociation [54],
water—gas shift reaction [55] and automotive exhaust treatment [56,57], (ii) electrolytes for
solid oxide fuel cells [58], (iii) oxygen sensors [59], (iv) polishing agents [60] and (v)
anodes for solar cells [61]. Recently, nanocrystalline CeO: has received much attention in
catalytic applications owing to its unique redox properties, high oxygen storage capacity
and ability to disperse metal on its surface [28,62,63]. One of the most beneficial properties
for catalytic applications is high surface area which can provide more active sites and thus
promote catalytic activity. Specific surface area of commercial CeO2 materials, however,
is low (<10 m?/g) since these are prepared by calcination of cerium oxalate or hydroxide
[28,64,65]. Accordingly, synthesis of high surface area CeO; is among the challenges in
catalytic applications.

Towards this aim, various methods have been used to develop high surface area
CeO2 nanomaterials [66-72]. Up to now the specific surface areas of CeO> reported in the
literature are as high as 349 m?/g for solvothermal synthesis of unheated ceria aerogels
from cerium alkoxides in alcoholic solvent and supercritical drying [73], 277 m?g for
combined sol-gel and solvothermal synthesis of cerium alkoxides [65], and 250 m?/g for

micro-emulsion synthesis of cerium nitrate with surfactants [74]. These methods, however,
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have some limitations for practical applications because they require expensive precursors,
surfactants and/or complicated preparation processes such as multi-step synthesis, harsh
synthesis conditions and long reaction time. In this respect, solution combustion synthesis
(SCS), a non-conventional one-step method, is a promising approach for the production of
nanosized materials with high surface area [24]. Although there are some prior studies
using SCS to produce CeO3, they have not systematically addressed the quantitative effects
of synthesis parameters on product properties and the combustion mechanism for the
formation of CeO: has also not been investigated. Most of the studies have focused on the
effect of a new combustion system (e.g. different fuel type or addition of template) on
properties of CeO2 and not on a systematic investigation as in the present work [75-79].
In this chapter, nanocrystalline CeO2 powders were prepared by varying the SCS
parameters including fuel type (glycine and hydrous hydrazine), cerium oxidizer (cerium
nitrate hexahydrate and ceric ammonium nitrate), fuel-to-oxidizer ratio and addition of gas
generating agent (ammonium nitrate). Detailed characterization was conducted to
determine the combustion characteristics and the physical properties of CeO2 powder.
Finally, the combustion mechanism for the formation of CeO; and the correlation between
the SCS parameters and the product properties was established. In addition, the SCS

condition, where the CeO2 powder has the highest specific surface area, was determined.

2.2 SCS systems under investigation

Cerium nitrate hexahydrate and cerium ammonium nitrate were used as oxidizer
precursors because both not only have good solubility in water and relatively low

decomposition temperature that results in the formation of active component for
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combustion reaction, but also are relatively inexpensive and readily available commercially.

For similar reasons, glycine and hydrous hydrazine were selected as typical carbonaceous

and non-carbonaceous fuels, respectively. In addition, it has been reported that both

reductive compounds easily form complexes with various metal ions, thus facilitating

homogeneous mixing of cations in solutions [25,77,80,81]. Based on cerium precursor and

fuel types, the investigated combustion systems can be classified into four cases, for which

the stoichiometric equations under equilibrium conditions are presented below.

(i) Cerium nitrate hexahydrate [Ce(NO3)3-6H.0] and glycine(C2HsNO2)

Ce(NO3)s - 6H,0 + (¢ + D) CHsNO, +2 (¢ — 10,

N, +

[12+5§¢+3)] 1,0

5
- Ce0, +[2(¢ +3)| o, + [3+(f+9)]
(it) Cerium ammonium nitrate [(NH4)2Ce(NO3)e] and glycine(C2HsNO>)

(NH)2Ce(NO3)s + (¢ +DCoHsNO, +2 (¢ — 1)0;

w, + orto)

- ce0; +[2(p +5)] o, + [+

- H, 0

(2.1)

(2.2)

(iii) Cerium nitrate hexahydrate [Ce(NO3)3-6H20] and hydrous hydrazine (N2Hs-H20)

Ce(NO3)3 - 6H,0 + (¢ + 5/2)N,H, - H,0 + (¢ — 1)0,

~ Ce0, + LBy, 4 6+ 3(p + 2.5)]H, 0

(2.3)
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(iv) Cerium ammonium nitrate [(NHa4)2Ce(NOz3)s] and hydrous hydrazine (N2Hs-H20)
(NH4)2Ce(NO3)g + (¢ + 5)NHy - H,0 + (¢ — 1)0,

[8+2(¢p+5)]

—>C302+ 2

N, + 252, 0 (2.4)

In the above equations, ¢ is defined as the fuel-to-oxidizer ratio. ¢=1 means that the
initial mixture does not require atmospheric oxygen for complete oxidation of fuel, whereas
#>1 and ¢<1 imply fuel-rich and fuel-lean conditions, respectively [25]. In addition, in
some experiments, ammonium nitrate was used as a gas generating agent to increase
surface area of products [25]. For ease of comparison in cases where ammonium nitrate

was used, the molar ratio of ammonium nitrate to metal nitrate (AN/MN ratio) was defined.

2.3 Experimental

2.3.1 Solution combustion synthesis procedure

The CeO2 powders were prepared by solution combustion synthesis (SCS). In a
typical experiment, a cerium precursor [(NH4)2Ce(NOs)s (CAN, Alfa Aesar, >98%) or
Ce(NO3)s.6H,0 (CN, Alfa Aesar, >99.5%)], a fuel [NH2CH2COOH (GL, J.T.Baker,
>09.5%) or N2H4-H20 (HH, Alfa Aesar, >99%)] and a gas generating agent [NH4sNOs (AN,
Alfa Aesar, >95%)] were dissolved in minimum amount of distilled water with different
fuel-to-oxidizer ratios (¢=0.5-3) and molar ratios of ammonium nitrate to metal nitrate
(AN/MN ratio=0-9). The mixture was then heated over a hot plate to induce self-sustained
combustion. At the point of complete dehydration (within 5-10 min), the solution started
to boil with frothing and foaming, and ignition took place, followed by rapid increase of

temperature and evolution of a large quantity of gases. Meanwhile, the temperature change
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during combustion was monitored using a K-type thermocouple (0.125 mm diameter) in
order to determine the ignition temperature (Tig) and the maximum combustion temperature
(Tmax). The experimental error for the measurement of ignition temperature and maximum
combustion temperature was determined to be less than £5 °C and £10%, respectively. The
standard deviation is indicated by error bars. The combustion behavior was also monitored

by video recording (Phantom V5.1, Vision Research Inc.).

2.3.2 Thermodynamic calculations of adiabatic combustion temperature

To calculate the adiabatic temperature (Tad) and equilibrium products for a given
SCS condition [Egs. (2.1-4)], thermodynamic calculations were conducted using the
“Thermo” software package [82]. This software is based on optimizing the Gibbs free

energy of multicomponent and multiphase combustion systems.

2.3.3 Material characterization

To determine the phase composition and crystallinity of the products, X-ray
diffraction (XRD) experiments were carried out using Rigaku SmartLab X-Ray
Diffractometer with CuKa radiation (A = 0.1541 nm) and power 40 kV x 40 mA. The
intensity data were collected by step-scanning over 10-90° with a step of 0.02°. The

crystallite size of CeO> was calculated using the Scherrer equation [83]:

09421
P [ cosOg

(2.5)

where dp is average crystallite or particle size, A (1.54 A) is wavelength of CuKo radiation,

S is the full width at half maximum and s is Bragg’s diffraction angle. To measure the
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specific surface area and pore volume, nitrogen adsorption—desorption analysis was
conducted using a Quantachrome Autosorb instrument. Raman spectra were acquired using
a Thermo Scientific DXR2 spectrometer with a 50X objective, 633 nm filter and a power
of 5 mW. The spectral resolution was about 3 cm™*. The thermal decomposition behavior
of the precursors was examined from TGA experiments (Instrument Specialists), where the
samples were heated in air to 800 °C at 10 ‘C/min heating rate. The measurements were
duplicated 2-5 times to ensure repeatability and each reported data (i.e. crystallite size,
specific surface area and pore volume) is an average value. The standard deviation was less
than 10%.

X-ray photoelectron spectroscopy (XPS) studies were carried out using a Kratos
Axis Ultra DLD system with monochromatic AlKa (1486.6 eV) X-ray source to examine
surface and defect properties of the CeO> samples. The binding energy of C1s was used as
an internal standard. The spectra were fitted with linear background and 50% Gaussian/50%
Lorentzian (product form) function using the CASA-XPS software. To investigate the
morphology of the as-synthesized CeO> samples, scanning electron microscopy (SEM)
images were obtained using a FEI Nova NanoSEM at 5 kV acceleration voltage. The
microstructural properties were studied using transmission electron microscopy (TEM) and
high resolution TEM (HRTEM). Both TEM and HRTEM images were obtain using a FEI
Tecnai G2 20 at 200 kV. To prepare the TEM samples, the as-synthesized powders were
grounded and dispersed in water by ultrasound, and then a few drops of the resultant
suspension were deposited on a carbon-coated copper grid and dried at ambient

temperature.
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2.4 Results and discussion

2.4.1 The glycine fuel systems
2.4.1.1 Cerium nitrate-glycine system (CN+GL)

The TGA is an effective method to understand thermal decomposition behavior of
materials, which enables one to clarify the SCS mechanism. The TGA curves for
decomposition of precursors in Ce(NOz)3-6H20-glycine (CN+GL) system are shown in
Figure 2.1. Figure 2.1a shows that the decomposition of Ce(NO3z)3-6H20 proceeds in two
stages which, based on TG-DTG analysis, involve one step for dehydration and three steps

for decomposition of nitrate species, as follows [84]:

Dehydration

Ce(NO3); - 6H,0 — Ce(NO3)s + 6H,0 (2.6)

Decomposition to CeO>

Ce(N0O3)s - Ce(NO3), + NO, T +1/,0, 1 (2.7)

Ce(N0O3), - CeNO3 + N0, T +1/,0, 1 (2.8)

CeNO; — CeO, + NO 1 (2.9)
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Based on this knowledge, the theoretical weight loss for each step was calculated
and is presented in Figure 2.1a. It shows that the first stage (<245 °C) of weight loss is
associated with dehydration. The following second (245-400 °C) stage is related to
decomposition of the nitrate groups. The thermal decomposition of glycine has been
studied previously [85,86] and can be summarized as follows: (i) first weight loss takes
place in the temperature range 230-310 °C, and the main gaseous products of the
decomposition are NHs, H20, and CO.. (ii) The second stage occurs in the temperature
range 310-700 °C, where CO, HCN and HNCO are released. The TGA curve for thermal
decomposition of glycine (Figure 2.1b) shows this two-stage feature. First, a sharp weight
loss starts at 210 °C, and is followed by a gradual weight change from 290 °C until all
glycine is decomposed. The temperature range of each stage agrees well with the prior
literature.

The temperature-time profile for SCS in CN+GL system with ¢=2 is shown in
Figure 2.2. After dehydration of the aqueous precursor solution, ignition occurred at 265 °C,
leading to sharp temperature increase to a maximum value (Tmax= 695 °C). It is important
to note that according to TGA results (Figure 2.1), Ce(NO3)3-6H20 releases NO2 and O2
while glycine produces NHs, CO2 and H>O at ~265 °C. This suggests that ignition is
triggered by reaction between these gaseous products. It is known that NO; reacts with
NHs, leading to a highly exothermic reaction [87]. Therefore, the generation of NO2 and
NHz from decomposition of Ce(NO3)3-6H-0 and glycine, respectively, followed by their

reaction, is the trigger for ignition in the present system.
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Figure 2.2 Temperature-time profile for SCS in CN+GL system (¢=2)

The combustion process for CN+GL system, recorded by the digital camera, is
shown in Figure 2.3. Visually, combustion was initiated from a local spot in the condensed
phase and then flame propagated to the gas phase along with the gases released from the
spot. The flame spread rapidly and widely in the gas phase, leading to vigorous combustion
in the entire volume of the reaction mixture for a short duration (~4 sec). This feature
corresponds to the volume combustion synthesis mode [24]. In addition, Figure 2.3 shows
that combustion propagation is governed mainly by the gas phase, while condensed phase
reactions, which lead to the formation of SCS products, do not directly contribute to the
combustion process. For this mechanism, physical properties and microstructure of SCS
products should primarily depend on the temperature-time history and gas evolution

amount [24].
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Figure 2.3 Combustion process for CN+GL system (¢=2)

2.4.1.2 Cerium ammonium nitrate-glycine system (CAN+GL)

To examine the effect of metal precursor type on the combustion mechanism,
(NH4)2Ce(NOz3)s instead of Ce(NO3)3-6H.O was used as the cerium precursor and the
(NH4)2Ce(NO3)s-glycine (CAN+GL) system was investigated using the same experimental
procedure. The TGA curve of (NH4)2Ce(NOz)s is shown in Figure 2.4a, where a sharp
weight loss may be seen in the temperature range 185-250 °C and agrees well with prior
work [88,89]. The overall decomposition of (NH4).Ce(NOz)s may be represented as

follows [88]:

(NH,),Ce(N0O3)¢ — CeO, + 2N,0 + 4N O, + 0, + H,0 (2.10)

where the final product CeO> corresponds to 31.4% of the initial weight. Figure 2.4b shows
the temperature-time profile during SCS for the CAN+GL system, where it may be seen
that ignition occurs at ~210 "C which corresponds to the formation of NH3 from the

decomposition of glycine (Figure 2.1b). This suggests that the formed NHs reacts with the
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NO; and N20 gases produced from the decomposition of (NH4)2Ce(NO3)e. These reactions
(2NHs + 2NO2 —N2 + N2O +3H0, -147.0 kJ/mol; 2NHs + 3N20O — 4N + 3H:0, -277.9
kJ/mol) are exothermic, leading to combustion [90,91]. Consequently, this combustion
process is characterized by two temperature peaks at about 1010 and 1095 °C,
corresponding to the two exothermic reactions between NO2-NHz and N2O-NHs,
respectively. The video frames of the CAN+GL system are not shown here because its
combustion behavior is essentially the same as that of the CN+GL system. Based on the
TGA curves and SCS temperature profiles, it may be concluded that the combustion
reaction for both CN+GL and CAN+GL systems is triggered by the exothermic reaction

between NH3 and nitrogen oxides (NO2 and N20).
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2.4.1.3 Effect of fuel-to-oxidizer ratio (¢)

The SCS experiments for the above systems were conducted for different ¢ values
to understand its effect on combustion behavior. Figure 2.5a shows the measured Tmax
values for both systems, where it may be seen that both exhibit a maximum at ¢=1 and that
Tmax for the (NH4)2Ce(NO3)s system is always higher than that for Ce(NO3)s-6H.0. These
features were also confirmed by thermodynamic calculations (Figure 2.5b). As expected,
the trends of the calculated Tas agree well with the measured Tmax although there is a
significant difference between the Tag and Tmax values. The Taq is always higher than Tmax
due to nonadiabatic experimental conditions. Since combustion experiments were carried
out using a glass beaker and hot plate, heat generated during combustion could easily
transfer to the surroundings. Also, heat could be rapidly carried away from the system by
gases evolved during combustion (advection effect). Other possible reason is delay of the
thermocouple signal during the sudden change of the temperature.

For both systems, it was visually observed that the color of CeO, powders become
darker from light yellow at ¢ >2. This could be attributed to formation of black carbon by
incomplete combustion which is commonly observed at fuel-rich conditions [92]. As
shown in Figure 2.5, away from stoichiometry (¢=1), reaction temperature decreases due
to dilution of either reducing or oxidizing species in precursor solution, resulting in
incomplete combustion which leave residual nitrate and carbon species from metal nitrate

and glycine, respectively.
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2.4.2 The hydrous hydrazine fuel systems (CN+HH and CAN+HH)

To investigate the effect of fuel type on SCS, hydrous hydrazine (N2H4-H20) was
used as fuel along with the same two Ce precursors as with glycine, Ce(NO3z)3-6H20 and
(NH4)2Ce(NO3)e. In contrast to the glycine system, in both cases it was observed that a
brownish precipitate formed once hydrous hydrazine was added to the solution. It has been
reported that some specific metal ions react with hydrazine to form metal-hydrazine
complexes, which have been investigated as combustion initiators [93,94]. To our
knowledge, however, there are no studies reporting such complexes with cerium.

The Raman spectra for the precipitates of both Ce(NOz3)3-6H>0-N2Hs-H20
(CN+HH) and (NHa)2Ce(NOz3)s-N2H4-H2O (CAN+HH) systems are shown in Figure 2.6.
The presence of hydrazine (965, 1080, 1630 and 3300 cm?), ionic NOs™ (720, 740 and 1045
cm™) and metal (465 cm™) were confirmed in both precipitates, suggesting the formation
of cerium hydrazine complex [95-98]. Interestingly, the precipitates for both systems show
almost identical Raman spectra, which implies that the structure of precipitate does not
depend on the cerium precursor type. In fact, when N2Hs-H>O was added to
(NH4)2Ce(NOz3)s solution, it led to formation of brownish precipitate as well as the
evolution of ammonia gas, while for cerium nitrate it yielded only the precipitate. Thus, it
appears that for CAN+HH system, the ammonium ion in the solution escapes in the form
of gas during the precipitation, leaving only cerium nitrate to react with hydrazine. It was
also confirmed that there were no Raman peaks corresponding to NH4 (2870 and 3040 cm’

1 for the precipitate of CAN+HH system [99].
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Figure 2.6 Raman spectra of precipitate in CAN+HH and CN+HH systems

Generally, the structure of metal-hydrazine complexes can be expressed as
Ce(NO3)x(N2Ha)y. It is reported that the combustion behavior of metal hydrazine
complexes, which can be classified into three types based on the propellant chemistry:
decomposition, detonation and deflagration, depends on the nature of metal ions and its
anion (NOs", SO4%, C204% or etc.) [93,94]. Since there are no prior studies investigating
the cerium hydrazine nitrate complex and its structure is unknown, determining the
structure of the complex and defining the stoichiometric coefficients (x and y) are important
to understand the correlation between its structure and combustion behavior. In order to
define the stoichiometric coefficients, the prepared cerium hydrazine complex was fully
dried at 110 °C to remove water and unreacted hydrous hydrazine, and then the weight loss

by thermal decomposition was investigated using TGA (Figure 2.7a). Also, the weight
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losses for thermal decomposition of various possible cerium hydrazine complexes were
calculated and are listed in Table 2.1. As shown in Figure 2.7a, the observed weight loss
for Ce(NOs)x(N2H4)y was 59.25%, which agrees with the calculated weight loss 59.24%
for Ce(NOz3)3(N2Ha)3, suggesting that the structure of the cerium hydrazine complex is

Ce(NO3)3(N2H4)s.
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Table 2.1 Theoretical weight loss of different cerium hydrazine complexes

Weight loss, %
Ce(NO3)2(N2H4)3 52.2
Ce(NO3)3(N2Ha)2 55.9
Ce(NO3)3(N2Ha)3 59.2
Ce(NO3)3(N2Ha)4 62.1

Figure 2.7b shows the temperature-time profile for SCS in the CAN+HH system.
The case of CN+HH is not shown because both systems formed the same cerium hydrazine
complex and hence produced the same combustion features. The ignition temperature was
observed to be ~135 °C, which is related to the boiling point of hydrazine (~114 °C). For
SCS of hydrazine fuel systems, it has been shown that ignition is triggered by the reaction
of hydrazine vapor with ambient oxygen [25,100].

The video frames during the SCS process are shown in Figure 2.8. As expected, the
flame was initiated in the gas phase, resulting from the reaction between hydrazine vapor
and ambient oxygen. Then the flame triggered combustion in the condensed phase,
followed by steady wave propagation with moderate velocity along the cerium hydrazine
complex. These features correspond to the self-propagating high-temperature synthesis
mode, and also deflagration, based on the principles of propellant chemistry [24,101]. As
noted above, combustion type is determined by the nature of metal ion and its anion.
Therefore, it can be concluded that the cerium hydrazine complex consisting of Ce3* and
NOz ions leads to deflagration-type combustion. Typically, the deflagration of metal

hydrazine complexes is caused by the decomposition of N-N bond in hydrazine to Np,
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which releases ~622 kJ/mol energy [94]. Thus, combustion in the condensed phase is

governed by the highly exothermic reaction between N2H4 and NOgz™ in the complex.

Figure 2.8 Combustion process for CAN+HH system

Based on the above considerations, the combustion mechanism of hydrazine-
cerium nitrate system can be described as follows. First, water is evaporated from the
precursor solution which initially contains cerium hydrazine complex, unreacted hydrazine
and water. As the temperature approaches the boiling point of hydrazine, unreacted
hydrazine is released to the gas phase and reacts with ambient oxygen to initiate the
reaction. Then, the flame produced by the reaction triggers combustion of the cerium
hydrazine complex in the condensed phase. Finally, the combustion wave, which is driven
by the exothermic reaction between N2Hs and NOgz™ species, propagates along the cerium

hydrazine complex, producing fine and fluffy CeO2 powders.

2.4.2.1 Effect of fuel-to-oxidizer ratio (¢)

Experiments were also carried out to determine the effect of fuel-to-oxidizer ratio
(¢). The Tmax values are shown in Figure 2.9, along with the computed Taq Vvalues, both

curves exhibiting a maximum at ¢ ~1.5. As expected, the adiabatic temperatures, Taq are
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always larger than the measured Tmax values. The feature of both Tag and Tmax reaching
maximum value under fuel-rich conditions (¢ ~1.5) is different from the glycine fuel cases
(Figure 2.5) and relates to the reaction mechanism. As noted in section 2.4.1, the ignition
trigger for glycine cases is exothermic reaction between NHs and nitrogen oxides (NO2 and
N20), both released from solution phase precursors. Away from stoichiometry (¢ = 1), the
proportions of reducing and oxidizing species result in dilution, decreasing reaction
temperature. In the hydrous hydrazine fuel cases, the ignition trigger is reaction of
hydrazine vapor with ambient oxygen. Owing to formation of the metal-hydrazine complex,
there is less free hydrazine in solution, requiring ¢ > 1 for combustible mixture to form in
the vapor phase. For hydrous hydrazine fuel case, no color change of the CeO, powders
with variation of ¢ was observed because incomplete combustion of this system may leave

only residual nitrate species which is not visually distinguishable.
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2.4.3 Cerium ammonium nitrate/ammonium nitrate-hydrous hydrazine system
[(CAN/AN)+HH]

To investigate the influence of a gas generating agent on the SCS process and
product properties, ammonium nitrate (AN) was added to the precursor solution for
CAN+HH system (¢#=2). It is known that the thermal decomposition of ammonium nitrate
occurs in the temperature range 230-260 °C, generating N2O and H>O gases [102].
Therefore, the addition of ammonium nitrate not only promotes gas evolution but also
affects the combustion temperature since N2O can cause combustion reaction when
combined with fuel.

Figure 2.10 shows that the measured Tmax increases from 845 to 1081°C with an
increase of AN/MN ratio from 0 to 1.5. When this ratio increases further up to 9, Tmax
decreases to about 700°C. Since AN serves as an oxidizer in the combustion reaction,
addition of AN to CAN+HH system lowers the fuel-to-oxidizer ratio (¢). As shown in
Figure 2.10, as AN/MN ratio increases from 0 to 9, ¢ value of (CAN/AN)+HH system
decreases from 2 to 0.65 and notably the change in combustion condition occurs at AN/MN
ratio of 2 (¢=1) from fuel-rich to fuel-lean mode. For the fuel-rich combustion cases
(AN/MN ratio=0-1.5), addition of AN leads to increase of Tmax, While combustion under
fuel-lean conditions (AN/MN ratio=4-9) results in a lower Tmax value. The Tmax value
reaching maximum under fuel-rich conditions follows from the discussion above in the

context of Figure 2.9.
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system

2.4.4 Physicochemical properties of CeO2 powders
2.4.4.1 Crystallite size

The SCS parameters such as fuel type, metal precursor type, fuel-to-oxidizer ratio
(¢) and gas generating agent affect the reaction mechanism as well as combustion
characteristics including the maximum temperature and the amount of evolved gas [24,25].
In general, the combustion temperature is related to formation of products with desired
crystallinity and purity, although too high temperature may lead to particle agglomeration,
causing pore shrinkage. The gases produced during SCS dissipate the heat, suppress
particle agglomeration and promote pore formation. Therefore, the properties of the

resulting powders depend strongly on the utilized SCS parameters.
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Figure 2.11a shows the XRD patterns of the representative CeO, samples for each
system [CN+GL, CAN+GL, CAN+HH and (CAN/AN)+HH]. All XRD peaks clearly
exhibit a typical cubic fluorite structure of CeO2 (JCPDS No. 34-0394), corresponding to
the (111), (200), (220), (311), (222) and (400) planes. It may be noted that the crystallinity
of CeO, samples depends on the SCS systems. This may be attributed to the differences in
combustion temperature which is mainly determined by SCS parameters (cerium precursor,
fuel and gas generating agent). Thus, with GL fuel, CAN exhibits higher crystallinity than
CN owing to higher Tmax values (CAN+GL, 1080 °C; CN+GL, 740 °C). With CAN
precursor, GL fuel yields higher crystallinity as compared to HH due to higher Tmax values
(CAN+GL, 1080 °C; CAN+HH, 840 °C). Similarly, the addition of AN produces lower
crystallinity as compared to CAN+HH [(CAN/AN)+HH, 680 °C; CAN+HH, 840 °C]. The
XRD patterns of all samples with different ¢ and AN/MN ratio are not shown but the trends
between crystallinity and Tmax were similar. Meanwhile, although the formation of residual
carbon by incomplete combustion was visually confirmed for glycine fuel system with
fuel-rich conditions (¢>2), any impurity phases such as carbon and nitrate were not

observed from XRD patterns likely due to low content or low crystallinity.
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The average crystallite size of CeO> samples was estimated from most prominent
XRD peak corresponding to (111) plane using the Scherrer equation and is shown in Table
2.2. As expected, owing to higher Tmax values which increase particle agglomeration, CeO-
of CAN+GL system with ¢=2 exhibited larger crystallite size (21.7 nm) than those of both
CN+GL (18.3 nm) and CAN+HH systems (10.2 nm). Table 2.2 also shows the crystallite
sizes of CeO; prepared at different ¢ value for both fuel systems. The relatively high Tmax
of glycine fuel cases yields CeO» with larger crystallite size (21.7-38.7 nm) as compared
to hydrazine cases (10.2-14.8 nm). It may also be seen that the trends of crystallite size by
¢ value for both glycine and hydrazine fuel cases corresponds well to Tmax (Figures 2.5 and
2.9). For CAN+GL system, the crystallite size increases with increase of ¢ value from 0.5
to 1. When ¢ increases further up to 2, the crystallite size decreases. Similarly, for the
hydrazine system, the crystallite size increases with increasing ¢ value from 0.5 to 1.5 and
then decreases for ¢=2. It was observed for both fuel cases that the crystallite size increases
again from ¢>2 despite continuous decrease of Tmax. This may result from the incomplete
combustion which leads to formation of residual impurities as well as a decrease of the
total amount of produced gases. The effect of gas evolution which prevents particle
agglomeration diminishes, resulting in the formation of crystallites with larger size.

For the (CAN/AN)+HH system, the crystallite size increases with increasing
AN/MN ratio from 0 to 1.5. The addition of AN increases combustion temperature as well
as amount of gas evolved which have the opposite effect on crystallite size. It appears that
for AN/MN ratio = 0-1.5, the former effect predominates. When the AN/MN ratio increases
further up to 9, the crystallite size decreases significantly due to the enhanced gas evolution

and lower Tmax by the decrease of ¢, resulting in the formation of crystallites with smaller
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size (~8 nm). Figure 2.11b shows the TEM bright field image of CeO, powders prepared
from (CAN/AN)+HH with AN/MN ratio of 4. The particles exhibit irregular shapes but
with uniform size distribution. The estimated particle size distribution obtained after
counting 300 particles is shown in Figure 2.11b (inset). The mean particle size (d) is 8.8 +
2.4 nm, which is in agreement with the XRD analyzed value. The HRTEM image (Figure
2.11c) with FFT analysis (inset) shows that the particles exposed mainly {111} planes
together with {100} planes, which correspond to lattice spacing of 0.31 and 0.27 nm,
respectively. It has been reported that different crystal planes of CeO exhibit different
properties (e.g. surface stability, oxygen vacancies formation energy, and interaction with
surface molecules) and {100}, which has high surface energy and thus is a highly reactive

plane, could provide active sites for catalytic reactions using CeO2[103,104].
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Table 2.2 Textural and structural properties of CeO: as a function of fuel type, cerium
precursor, fuel-to-oxidizer ratio (¢), and amount of gas generating agent

Svstem ’ AN/MN | CeO; crystallite Pore volume BET surface
y ratio size (nm) (cm®/g) area (m?/g)
05 - 27.0 0.026 29
1 - 38.7 0.040 13
15 - 24.5 0.055 21
CAN+GL
2 - 21.7 0.100 30
2.5 - 22.7 0.066 25
3 - 26.5 0.045 19
CN+GL 2 - 18.3 0.135 34
0.5 - 10.4 0.051 47.9
1 - 11.7 0.063 43.7
15 - 13.1 0.060 37.7
CAN+HH
2 - 10.2 0.064 44.3
2.5 - 12.6 0.060 441
3 - 14.8 0.056 38.0
2 0.25 12.8 0.064 45.7
2 0.67 135 0.065 47.1
CANIAN* 15 1 150 17.4 0.075 53.2
HH
2 4.00 7.9 0.084 87.7
2 9.00 8.4 0.081 85.9
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2.4.4.2 Defect structure in cerium oxide

Raman spectroscopy was applied to clarify the structural and chemical details of
the CeO2 samples. Figure 2.12 shows the Raman spectra of the representative CeO>
samples for each system. For the samples prepared from CN+GL and CAN+GL systems
(¢=2), a characteristic strong Fzq band at 465 cm™ of cubic fluorite structured CeO, was
observed [105,106]. This Fog band is attributed to a symmetrical stretching mode of oxygen
atoms around each Ce** cation. The weak peak at 636 cm™ was also observed, indicating
the presence of impurities which could not be detected from the XRD measurement. To
further confirm the impurity phases, Raman spectra in the range 850-1900 cm™ of the CeO;
powders prepared from CAN+GL system with different ¢ were investigated (Figure 2.13).
The sample prepared by combustion at stoichiometric condition (¢=1) shows only a Raman
band at 1177 cm™ due to second-order longitudinal optical (2LO) mode [105,106].
Whereas the sample prepared at fuel-rich condition (¢=2) shows the 2LO band as well as
the Raman bands around 1045, 1360 and 1570 cm™. The 1045 cm™ band corresponds to
symmetric stretching mode of NO* ion while 1360 and 1570 cm™ bands belong to defect-
derived and graphite structure-derived modes of carbon materials, respectively
[98,106,107]. This result suggests that, for glycine fuel cases with fuel-rich condition (¢>2),
incomplete combustion between metal nitrate and glycine containing carbon species occurs,

leading to the formation of nitrate and carbon residues.
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Figure 2.12 Raman spectra CeO> powders prepared from CAN+GL, CN+GL, CAN+HH

and (CAN/AN)+HH systems (¢=2, AN/MN ratio=4)
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Meanwhile, the Fzq band of the CeO, powders prepared from CAN+HH and
(CAN/AN)+HH systems was broadened and shifted towards lower wavenumber compared
to that of CN+GL and CAN+GL systems. It has been reported that the width and position
of the F2g band depend strongly on phonon confinement, strain, crystallite size and defects.
The broadening of the Fo4 band can be explained by phonon confinement associated with
the presence of smaller CeO crystallites [106,108,109]. This is consistent with the XRD
results where the CeO, sample for (CAN/AN)+HH system at ¢=2 and AN/MN ratio=4 has
the smallest crystallite size. On the other hand, the peak shift relates to CeO, crystallite size
as well as presence of oxygen vacancies as a defect in the CeO: lattice. It has been reported
that, when CeO; crystallite size decreases, the defect concentration increases and the
increased defects cause shift of the Fog band [110-112]. Indeed, the certain extent of defects
was identified from the broad mode at 550-650 cm™ (D band), attributed to punctual defects
in the ceria lattice induced the formation of oxygen vacancies (Figure 2.12). The CeO:
sample prepared from (CAN/AN)+HH system showed the highest degree of defects, which
was estimated from the peak area of D band, likely owing to its smaller crystallite size. It
is known that the defects in CeO2 have an important role to improve redox properties of
Ce**/Ce®* and thus promote catalytic activity of CeO, for many applications [113-115].
For the samples prepared with hydrous hydrazine fuel and ¢=2, impurity phases could not
be observed (Figure 2.13), because the combustion reaction was conducted near the
stoichiometric condition (¢=1.5). However, when ¢ increases to 3, the incomplete

combustion occurred, resulting in nitrate residues.

Surface and defect properties of the CeO2 samples were investigated using XPS

analysis. The Ce 3d spectra of representative CeO powders for each system [CN+GL,
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CAN+GL, CAN+HH and (CAN/AN)+HH] are shown in Figure 2.14. The spectra of Ce
3d can be deconvoluted into a superposition of eight subpeaks: v (882.2 eV), v' (884.5 eV),
V" (889.1 eV), V' (898.3 eV), U (900.7 eV), u’ (902.4 eV), u” (907.3 eV) and u” (916.6
eV), where v and u indicate the spin-orbit coupling 3ds» and 3ds, respectively [116]. The
subpeaks labeled as v’ and u’ are attributed to Ce3* and the other six peaks are assigned to
Ce*. From the ratio of integrated peak areas of Ce®* to that of total Ce3* and Ce**, the

concentration of Ce3* of the samples can be calculated as shown [117]:

Ap+Ay
Apt+ Ayt Ayt Ayt Ay + Ay Ay b Ay

[Ce3*] = (2.11)

where A is the integrated area corresponding to subpeak i. It was found that the Ce3*
concentration on the samples prepared from CN+GL, CAN+GL, CAN+HH and
(CAN/AN)+HH systems is 19.4, 18.6, 22.7 and 24.3%, respectively. Thus, the proportion
of Ce3* on hydrous hydrazine fuel cases was higher than that of glycine fuel cases and the
highest value was found for the sample of (CAN/AN)+HH system. It has been known that
oxygen vacancies (defect) can be produced through the transformation between Ce®** and
Ce*, and thus the higher the concentration of Ce**, the more oxygen vacancies [118].
Therefore, this result agrees well with the Raman analysis. Moreover, the defect
concentration (up to 24.3%) of our samples was compared with that of pure CeO- reported
in the literature (7-35%), indicating that our samples have a moderate defect concentration

[77,112,115,119,120].
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Figure 2.14 X-ray photoelectron spectra of CeO> powders prepared from (a) CN+GL, (b)
CAN+GL, (c) CAN+HH and (d) (CAN/AN)+HH systems (¢=2, AN/MN ratio=4)

2.4.4.3 Surface area

The N2 adsorption-desorption isotherms for the representative samples are shown
in Figure 2.15. The samples exhibited the isotherm shape of a composite type Il and IV
according to the IUPAC classification [121]. This is characteristic isotherm of materials
with a broad pore size distribution in the meso and macro ranges. Also, the hysteresis loop
belongs to type H3 which is a feature of disordered porous materials with non-uniform
pore network [121]. This pore structure may be related to the nature of SCS where pore

structure is formed by gases evolved during the combustion process.
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Figure 2.15 N2 adsorption-desorption isotherms of CeO2 powders prepared from (a)
CN+GL, (b) CAN+GL, (c) CAN+HH and (d) (CAN/AN)+HH systems (¢=2, AN/MN
ratio=4)

From the isotherms of all samples, the pore volume and the BET surface area were
derived and are presented in Table 2.2. For CAN+GL system, as ¢ increases from 1 to 2,
the pore volume increases owing to an increase in amount of evolved gases during SCS
(from 21.3 to 31.3 mol) and a decrease of combustion temperature (Figure 2.5). As more
gases are released during combustion, more porosity increases and more heat from
combustion is carried away from the system, thereby restraining particle agglomeration. A
similar trend for the pore volume was observed for the CAN+HH system. For ¢ from 0.5
to 1, the effect of gas evolution predominates over the effect of combustion temperature,

resulting in increase of pore volume, while the opposite holds for ¢ from 1 to 2. For both
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CAN+GL and CAN+HH systems, the pore volume decreases for ¢>2 due to mitigation of
gas evolution effect by the incomplete combustion. As shown in Table 2.2, the BET surface
areas for all investigated systems except (CAN/AN)+HH system mainly depend on the
crystallite size of CeO; rather than the pore volume. As CeO crystallite size decreases, the
BET surface area increases. For glycine fuel systems yielding larger crystallite size (18.3-
38.7 nm), CeO2 powders have lower surface area (13-34 m?/g), while smaller-sized CeO>
crystallites (10.2-14.8 nm) produced from hydrazine fuel systems have higher surface area
(37.7-47.9 m?/g). For (CAN/AN)+HH system, the expected effects of AN as a gas
generating agent on pore volume and surface area are obviously confirmed. With
increasing AN/MN ratio up to 4, both the pore volume and the BET surface area increase
considerably due to enhanced gas evolution and the lowered combustion temperature.
When AN/MN ratio increases further, the promoting effect of AN becomes insignificant.
The effect of AN on morphologies of CeO2 powders was also confirmed by SEM analysis
(Figure 2.16). For AN/MN ratio = 0 case (Figure 2.16a and b), the product has a sponge-
like structure with a broad pore size distribution. These roundish pores are formed by the
rapid gas evolution during combustion. The AN/MN ratio = 1.5 case exhibits a similar
structure but with smaller sized pores owing to the higher Tmax likely causing pore
shrinkage (Figure 2.16c and d). For AN/MN = 4 case, the further enhanced gas evolution
leads to a more porous structure with larger macro-pores (Figure 2.16e) and the lower Tmax
prevents agglomeration of ceria particles during combustion, resulting in a nanoscale

surface structure (Figure 2.16f). This observed trend is in agreement with the BET results.
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Figure 2.16 SEM images of CeO> powders prepared from (CAN/AN)+HH system; (a, b)
AN/MN ratio=0, (c,d) 1.5and (e, f) 4

For many catalytic applications of CeO> such as emissions control, water gas shift,
CO oxidation and methane reforming, high surface area CeO2, which possesses more active

sites, is desired to achieve high catalytic activity. In our study, specific surface areas of up
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to ~88 m?/g were obtained using facile SCS route. This value is significantly higher than
that of commercial CeO2 (<10 m?/g). This result was compared with other CeO, powders
synthesized by SCS, but under different conditions [75-79]. From the literature, it was
found that only two studies reported higher surface area than our sample [furfuryl alcohol
(95.3 m?/g) and EDTA (163.5 m?/g) fuel systems] [78,79]. However, we could not
reproduce these results and indeed the experimental values we obtained were much lower
than the reported ones as well as our best result. The BET surface area of CeO; for furfuryl
alcohol and EDTA fuel systems were 60.7 and 8.6 m?/g, respectively. Therefore, to our
best knowledge, the CeO> nanopowder synthesized in this study provides the highest
surface area among all CeO> prepared by the SCS method. As noted in the section 2.1,
although the highest surface areas of CeO. reported in the literature are in the range 250-
350 m?/g, higher than SCS-derived products, one-step SCS process is promising in terms

of feasibility for practical applications.

2.5 Conclusions

In this chapter, CeO> powders were synthesized using SCS, varying the synthesis
parameters in terms of fuel [glycine (GL) and hydrous hydrazine (HH)], cerium precursor
[Ce(NOz3)3-6H20 (CN) and (NH4)2Ce(NO3)s (CAN)], fuel-to-oxidizer ratio (¢, 0.5-3) and
gas generating agent [NHsNOs (AN)]. The SCS experimental results demonstrated that the
combustion mechanism depends strongly on the Ce precursor and fuel type. For CN+GL
and CAN+GL systems, ignition is triggered by the gas-phase reaction between NH3z and
nitrogen oxides (NO2 and N20) produced from the decomposition of glycine and cerium

precursors, respectively. Owing to the different thermal decomposition properties of Ce
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precursors, ignition for the CN+GL case occurs at ~265 °C by NO, formation from
decomposition of Ce(NO3)3-6H20, while for the CAN+GL case, NH3 formation from
decomposition of glycine leads to ignition at ~210 °C. In contrast, for the HH fuel system,
the cerium precursor reacts with the fuel and forms a cerium hydrazine nitrate complex.
The structure of the complex is the same regardless of the cerium precursor type. The
ignition is initiated by evaporation of hydrazine with subsequent reaction of the fuel vapor
with ambient oxygen. This induces combustion with the reaction between NO3™ and N2H4
in the complex.

The characterization results revealed that the physicochemical properties such as
crystallite size, surface area, pore volume and defect concentration depend on the
combustion features, including maximum combustion temperature and amount of gas
evolution, which are affected by the synthesis parameters. It was shown that decrease in
crystallite size of samples is accompanied by proportional increase in defect concentration
and specific surface area. The use of hydrous hydrazine fuel with ¢ = 2 and AN/MN ratio
= 4 allowed one to obtain CeO. nanopowder with small crystallite size (~8 nm), moderate
defect concentration (24.3%) and high surface area (~88 m?/g), which is the highest surface
area among all CeO, samples prepared in this study and all SCS-derived CeO, powders
reported in the literature. This work demonstrates that SCS is a facile one-step method to
prepare high surface area CeO2 nanopowders for many applications in catalysis. Moreover,
controlling physicochemical properties of products by adjustment of synthesis parameters

can enable one to achieve its full potential in specific applications.
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CHAPTER 3. SOLUTION COMBUSTION SYNTHESIS OF
NICKEL/CERIUM OXIDE CATALYSTS FOR HYDROGEN
GENERATION FROM HYDROUS HYDRAZINE
DECOMPOSITION

3.1 Introduction

Over the past decades, various metal nanoparticles containing noble (Ir, Rh, Pd and
Pt) and transition metals (Ni, Fe, Co and Cu) have been investigated to find a proper
catalyst for selective hydrous hydrazine decomposition, which facilitate the complete
decomposition [N2Hs (I) — N2 (g) + 2H2 (g)] while suppressing the incomplete
decomposition [3N2Ha (I) — 4NHs (g) + N2 (g)] [30,31,33,38,122-126]. Among them, Ni-
based catalysts have been actively studied owing to its decent activity and low cost as
compared to other active metals such as Rh and Ir. Recent studies also show that the use
of metal oxides (Al.O3, CeO-, La,Ozand MnQy) as supports significantly enhances catalyst
performance by providing high metal surface area and strong metal-support interaction
[44,46,48,50,127-130]. Notably, it was reported that CeO> produces strong interaction with
Ni metal particles, enhancing significantly the catalytic performance of Ni [46].

This chapter is focused for the first time on a non-conventional one-step method,
namely solution combustion synthesis (SCS), as a preparation method of metal catalysts
supported on metal oxide for hydrous hydrazine decomposition. Ni/CeO: catalysts, as a
representative of metal catalysts supported on metal oxide, are prepared by SCS by varying
the synthesis parameters to develop efficient catalysts for hydrous hydrazine
decomposition and to understand the effects of the synthesis parameters on the SCS process

and its correlation with the physical and catalytic properties. Finally, the catalytic
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performance of the Ni/CeO- prepared by SCS is compared with that of catalysts prepared

by different prior methods.

3.2 Experimental

3.2.1 Catalyst preparation

The SCS was used for preparation of all the studied catalysts in this work and the
experimental procedure is schematically shown in Figure 3.1. In a typical experiment,
stoichiometric amount of nickel nitrate hexahydrate [Ni(NOz)2.6H.0O, Alfa Aesar, 98%]
and cerium ammonium nitrate [(NH4)2Ce(NOz)s, Alfa Aesar, 98+%] as metal oxidizers
were dissolved in a minimum amount of distilled water and then added to hydrous
hydrazine (N2H4.H20, Alfa Aesar, 99+%) or glycine (NH.CH2COOH, Alfa Aesar, 99.5%)
as fuel. The amounts of metal oxidizers were determined to prepare catalysts with different
nickel loading (3 to 68 wt%). The Ni contents of the catalysts were determined by atomic
absorption spectroscopy (Table 3.1). The amount of fuel was adjusted by the fuel-to-
oxidizer ratio, ¢ and four values (0.5 to 3) were selected to investigate the effect of ¢ on
the SCS behavior and properties of the resulting products. After thorough mixing of the
obtained solution, the mixture was heated over a hot plate to induce the self-sustained
combustion. Typically, after dehydration of the aqueous precursor solution, ignition
occurred, leading to combustion along with large gas evolution. During combustion, the
temperature abruptly increased to a maximum value, followed by rapid cooling due to gas
evolution and heat loss to the surroundings (Figure 3.2). The temperature change during
combustion was monitored using an R-type thermocouple (tip diameter 0.125 mm) and the

combustion behavior was also monitored by video recording. After cooling to room



74

temperature, the resulting powders were calcined in air at 400 °C for 4 h and then treated
at 400 °C for 1 h in a flow of 10 vol% hydrogen, balance argon, to reduce NiO to Ni. All
the prepared catalysts are designated as x wit% Ni/CeO»-y-z, where ‘x’ is the wt% of Ni
present in the catalyst, ‘y’ is the type of fuel and ‘z’ is the ¢ value. For example, 6 wt%
Ni/CeO2-HH-2 denotes a Ni/CeO catalyst with 5.8 wt% Ni loading, prepared with hydrous

hydrazine as fuel and ¢ = 2.

Metal oxidizers

Ni(NO3),-6H,0 (NH4),Ce(NO;)¢ Fuel Distilled water
| | | |
2
Heating Jacket
(350 °C)
v

Auto Ignition /
Combustion

v

Calcination
(400°C, 4 hr, air)

v

Reduction
(400°C, 1 hr, pure Hg)

v
Ni/CeO, catalysts

Figure 3.1 Schematic diagram for the preparation of Ni/CeO catalysts using solution
combustion synthesis
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Table 3.1 Ni contents of catalysts determined by atomic absorption spectroscopy (AAS)

Sample Actual Ni content (wt%)
3 wt% Ni/CeO> 2.8
6 wt% Ni/CeO: 5.8

13 wt% Ni/CeO> 12.7

24 wt% Ni/CeO2 23.6

68 wt% Ni/CeO: 68.4

1200 4 — Hydrous hydrazine
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© temperature
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Figure 3.2 Temperature-time profiles for SCS in hydrous hydrazine and glycine fuel
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To calculate the adiabatic temperature for a given SCS condition and compare to
the experimentally measured maximum temperature, thermodynamic calculations were
conducted using the “Thermo” software package, which is based on the minimization of
thermodynamic potential and includes properties of more than 2500 compounds [82]. The
combustion reactions between metal oxidizers and fuel [Eq. (3.1) for hydrous hydrazine

and Eq. (3.2) for glycine] considered for the thermodynamic calculations are shown below:

aNi(NOs); + B(NH,);Ce(NO3)s + ¢ + 2 + 5B NpH, + (@ + B) (¢ — 1O,

— aNi0 + BCe0, + |(a + B)¢ + S a + 9B| Ny + [2(a + f)¢ + 3a + 9B1H,0
(3.1)

aNi(NOs); + B(NH,);Ce(NO3)s + [ + > +2 | C,HsNO, + |2 (@ + p) (0 — D] 0
- aNi0 + BCe0, + [2 ((a +P)p+a+ §ﬁ>] o,

+(@+po+2a+Z)| N+ [E((@+ o +3a+2p)|H,0
(3.2)

where « and S are the number of moles of Ni and Ce, respectively. The number of moles

of evolved gases per mole of product was calculated based on Egs. (3.1) and (3.2).

3.2.2 Catalyst characterization

The XRD, BET and TEM units which are described in Chapter 2.3.3 were used to
examine the structural and morphological properties of the Ni/CeO. catalysts. The mean
particle size of Ni in catalysts was determined from the XRD patterns by the Scherrer

equation and confirmed with TEM pictures. The Ni loading in the catalysts was measured
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using atomic absorption spectroscopy (AAS) on a PerkinElmer AAnalyst 300. The H>
temperature programmed reduction (H2-TPR) experiments were carried out with 200 mg
NiO/CeO2 sample packed in a stainless-steel column, using a Gow-Mac Model 20 thermal
conductivity detector. Prior to TPR studies, N2 gas was passed at 200 °C for 1 h to pretreat
the sample and then cooled to room temperature. A 10 vol% H2/N2 mixture as reducing gas
was flowed until the baseline of TCD signal became stable and then the sample temperature
was increased at a constant 10 °C/min rate from room temperature to 700 °C. The amount

of H2 consumption as a function of temperature was determined from the TCD signal.

3.2.3 Catalytic decomposition of hydrous hydrazine

The catalytic reactions were conducted in a stainless-steel reactor (Parr Instrument
Company, Model 4592) with external heating, shown in Figure 3.3. The reactor volume,
including added fittings and tubing, was determined to be 63 ml. The catalyst was placed
in a small glass vial (3 ml) inside the reactor, under argon (99.999%) atmosphere and then
the reactor was preheated and held at the desired temperature (30-90 °C). Under magnetic
stirring of 1100 rpm, the reaction was initiated by injecting 2 ml diluted hydrous hydrazine
solution (0.4 M) with NaOH (0.5 M) into the vial containing the catalyst. In all cases, the
molar ratio of Ni in the catalyst to hydrous hydrazine was kept fixed at 1:10. The agitation
speed where the reaction rate was not controlled by external mass transfer was determined
by preliminary experiments to be above 900 rpm, where the highest reaction temperature
(90 °C) was tested because the mass transfer limitation would be the most severe (Figure
3.4). The concentration of NaOH (Sigma-Aldrich, 50% in H20), which plays an important
role in promoting the H» selectivity and kinetics of hydrous hydrazine decomposition

[19,131-133], was optimized and the highest catalytic activity and H selectivity were
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obtained in 0.5 M NaOH solution (Figure 3.5). The reaction progress was monitored by
measuring reactor pressure using a transducer (Omega Engineering PX35D1). After
reaction completion, the product gas composition was analyzed by mass spectrometer
(Hiden Analytical HPR-20) or micro gas chromatography (Agilent Micro GC 3000A), to
obtain the molar ratio of N2 to Hz and to assess the presence of NHs. The peak areas of H:
and N2 were calibrated using standard gas mixtures with different Ho/N2 molar ratios.

The selectivity for hydrogen generation («) was calculated based on the overall

decomposition reaction (Eq. 3.3), leading to Eq.3.4.

3N,H, - 4(1 — @)NH; + 6aH, + (1 + 2a)N, (3.3)

1
&= SNy /()2

(0<a<)) (3.4)

The reaction rate values for the catalysts were calculated based on all the Ni atoms

present, as follows:

Reaction rate(h™1) = —-2)__ (3.5)

n(metal)xt

where n(H) is the moles of produced Hz, n(metal) is the moles of Ni in catalyst, and t is
the reaction time for 50% conversion of hydrous hydrazine. The reported reaction rate
values are averages from 2-5 experiments. To test recyclability test of the catalyst, the

reaction was repeated for three runs under the same conditions as the first cycle. After the
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hydrogen generation was completed, the catalyst was separated from the reaction solution

by centrifugation, washed with water and tested under the same conditions.
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Figure 3.3 Schematic diagram of the experimental setup for hydrous hydrazine
decomposition
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3.3 Results and discussion

3.3.1 Combustion characteristics

The combustion characteristics including the measured maximum temperature, the
calculated adiabatic temperature, and the amount of evolved gas during combustion for all
catalysts studied are summarized in Table 3.2. The maximum temperature is an important
system characteristic and relates to formation of products with desired crystallinity,
although too high temperature may cause agglomeration and sintering of metal particles.
The gas evolution during combustion dissipates the heat, inhibits agglomeration and
promotes the porosity of products. As expected, the calculated adiabatic temperatures are
always higher than the measured maximum temperatures. The discrepancy is due to
nonadiabatic experimental conditions and possible delay of the thermocouple signal.
Nevertheless, the trends of the adiabatic temperature agree well with the measured

maximum temperature.

Table 3.2 Combustion characteristics of catalysts as a function of Ni loading, fuel-to-
oxidizer ratio and fuel

Sample Maximum temper.aturet () Amount of produced gases
Measured Adiabatic (mol)
3 wt% Ni/CeO2-HH-2 1100 1650 27.5
6 wt% Ni/CeO2-HH-2 940 1587 26.2
13 wt% Ni/CeO2-HH-2 795 1470 23.7
24 wt% Ni/CeO2-HH-2 800 1310 20.6
68 wt% Ni/CeO2-HH-2 754 933 13.9
6 wt% Ni/CeO2-HH-0.5 396 687 21.7
6 wt% Ni/CeO2-HH-1 454 1046 23.2
6 wt% Ni/CeO2-HH-3 1225 1931 29.2
6 wt% Ni/Ce02-GL-2 1150 1770 24.0
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The effect of different fuels on the combustion characteristics is shown in Figure
3.6 and Table 3.2. Visually, combustion with glycine fuel (6 wt% Ni/CeO2-GL-2) took
place vigorously within the entire volume of the precursor mixture with high maximum
temperature (~1150 °C) for a short duration (~2 sec). On the other hand, combustion with
hydrous hydrazine fuel (6 wt% Ni/CeO2-HH-2) occurred with ignition locally followed by
steady wave propagation along the mixture with moderate maximum temperature (~940
°C), lasting about 50 seconds until combustion was complete. The features of combustion
with glycine and hydrous hydrazine fuels correspond to the volume combustion synthesis

and the self-propagating high-temperature synthesis modes, respectively [24].

Figure 3.6 Combustion process for different fuel systems (a) hydrous hydrazine, and (b)
glycine
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The lower measured maximum temperature for the hydrous hydrazine fuel, as
compared to glycine, corresponds to the predictions for the adiabatic case (Table 3.2). The
different ignition temperatures for the two fuels can be related to their distinct combustion
mechanisms. As shown in Figure 3.2, the glycine system ignited at ~200 °C, which
corresponds to the formation of HNOz from the decomposition of cerium ammonium
nitrate. It is reported that cerium ammonium nitrate decomposes to NO; starting at 185 °C
which, in turn, reacts with H>O to form HNOs and NO [134,135]. The formed HNO3 then
triggers the combustion reaction with the fuel, as noted elsewhere [25,26]. The reaction
mixture also contains nickel nitrate but its decomposition to form HNO3 occurs at higher
temperature 252 °C [85], hence it is not the trigger for ignition in the present case. In
contrast, the ignition temperature of hydrous hydrazine fuel is ~120 °C and is related to its
boiling point (~114 °C), with subsequent reaction of the fuel vapor with ambient oxygen
[25].

The influence of Ni loading and ¢ value on the combustion characteristics is also
presented in Table 3.2, with hydrous hydrazine used as fuel. With increase of Ni loading
from 3 to 68 wt%, the maximum measured temperature and amount of gases evolved
during combustion decrease. On the other hand, with increasing ¢, the intensity of
combustion becomes significantly stronger and the amount of gases increases. These trends

for the effects of Ni loading and ¢ follow the predictions for the adiabatic case.

3.3.2 Physicochemical properties of Ni/CeO: catalysts
3.3.2.1 Structural properties

The XRD patterns of the 6 wt% Ni/CeO- catalysts prepared with different fuels at

¢ = 2 are shown in Figure 3.7. Both catalysts clearly exhibit the CeO, phase (JCPDS No.
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43-1002) while Ni phase was not observed, which suggests that Ni particles are highly
dispersed on the support. However, the possibility also exists that the Ni content is too low
to be detected by the XRD analysis. It is evident that peaks corresponding to CeO> phase
for the glycine fuel are sharper than those for the hydrous hydrazine fuel, indicating the
higher crystallinity of CeO. phase. Considering that the maximum temperature with
glycine fuel (1,150 °C) is higher than with hydrous hydrazine fuel (940 °C), the difference
of crystallinity for the two catalysts is in agreement with the combustion characteristics. In
addition, it is noticeable that the peaks of CeO phase in 6 wt% Ni/CeO2-HH-2 significantly
shift to higher degrees relative to those for the reference, whereas the peak shifting is less
obvious in 6 wt% Ni/CeO2-GL-2 catalyst. This peak shifting which indicates the lattice
contraction can be due to the partial incorporation of smaller Ni?* ions (0.81 A) into the
lattice of Ce** (0.97 A) to form a Ni-O-Ce solid solution [136]. Liu et al. reported that the
formation of such solid solution is favorable at lower calcination temperature and it may
decompose with high-temperature calcination [137]. Thus, the higher maximum
temperature with glycine fuel may hinder the formation of Ni-O-Ce solid solution. It is
known that formation of the solid solution yields the oxygen vacancies due to the charge
unbalance and lattice distortion caused by the differences between the radii and oxidation
states of Ni?* and Ce** ions [138-140]. This oxygen vacancy in the Ni-O-Ce solid solution
of Ni/CeO> catalysts modifies the electronic ability of Ni as an electron donor and alters
the interaction between the Ni and N2Hs molecules, which facilitates N-H bond

dissociation instead of N-N bond on Ni and makes the Hz generation easier [46].
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Figure 3.7 XRD patterns of 6 wt% Ni/CeO2-HH-2 and 6 wt% Ni/CeO,-GL-2 catalysts,
compared with the reference of CeO2 (JCPDS No. 43-1002)

For the XRD patterns of the 6 wt% Ni/CeO2-HH-z catalysts prepared at different ¢
values (Figure 3.8), the peaks of CeO. phase become sharper and stronger as ¢ increases,
indicating that the crystallinity of CeO> phase increases. In addition, the peak shifting is
more pronounced for the catalysts prepared at low ¢ value. The change of crystallinity and
peak shifting with variation of ¢ is reasonable considering that the maximum temperature
increases with an increase of ¢ value. The XRD patterns of the Ni/CeO»-HH-2 catalysts
with different Ni loading (Figure 3.9) clearly show the Ni phase (JCPDS No. 04-0850) as
well as the CeO> phase. As expected, the intensity of peaks for Ni phase diminishes with a
decrease of Ni loading and the Ni phase was not found for 3 and 6 wt% Ni/CeO,-HH-2
catalysts, possibly due to the high dispersion of Ni particles or the resolution limit of XRD

measurement. It may be seen that the peak shifting of CeO. peaks towards higher degrees
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is more pronounced for the catalysts with lower Ni loading. Thus, although higher
measured maximum temperature was observed at lower Ni loading, it appears that the
formation of Ni-O-Ce solid solution is favored at lower Ni loading. It has been reported
that, owing to segregation of Ni particles, formation of the solid solution is less favorable
with increase in Ni loading [141,142]. This implies that the formation of Ni-O-Ce solid
solution depends on combustion temperature as well as Ni loading, and is more strongly

affected by the Ni loading than the combustion temperature.
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Figure 3.8 XRD patterns of 6 wt% Ni/CeO,-HH-z catalysts as a function of ¢ (0.5 <z <3)
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Figure 3.9 XRD patterns of Ni/CeO,-HH-2 catalysts as a function of Ni loading

3.3.2.2 Morphological properties

The morphologies of the catalysts were observed by TEM analysis (Figure 3.10).
The average Ni particle size and size distribution histograms of the catalysts, obtained from
TEM images, is presented in Table 3.3 and Figure 3.11. The images show Ni particle size
ranging from 10.3 to 38.9 nm, close to those calculated from the XRD patterns using the
Scherrer equation [83]. It may be seen that the catalyst using hydrous hydrazine fuel has
smaller Ni particle size than that prepared using glycine fuel, due to the lower maximum
temperature which decreases agglomeration and sintering of particles [24]. Similarly, the
Ni particle size of the catalysts increases with increase of ¢ value. With an increase of Ni

loading from 3 to 6 wt%, the Ni particle size decreases due to the smaller maximum
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temperature. When the Ni loading increases further, however, the Ni particle size increases
significantly despite a decrease of the maximum temperature. It appears that for higher Ni
loadings (13-68 wt%), the effect of nickel segregation dominates the heating effect by

combustion.

Figure 3.10 TEM images of different catalysts. (a) 3 wt% Ni-CeO2-HH-2, (b) 6 wt% Ni-
Ce02-HH-2 (c) 13 wt% Ni-CeO2-HH-2, (d) 24 wt% Ni-CeO2-HH-2, (e) 68 wt% Ni-
Ce02-HH-2, (f) 6 wt% Ni-CeO2-HH-0.5, (g) 6 wt% Ni-CeO,-HH-1, (h) 6 wt% Ni-CeO»-
HH-3 and (i) 6 wt% Ni-CeO,-GL-2
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Sample

Ni particle size (nm)

XRD TEM

BET surface
area

(m?/g)

Pore size
(nm)

3 wt% Ni/CeO2-HH-2

NA 16.5

10.2

16.6

6 wt% Ni/CeO2-HH-2

NA 14.7

125

18.8

13 wt% Ni/CeO2-HH-2

20.9 19.2

14.7

155

24 wt% Ni/CeO2-HH-2

23.1 23.9

13.8

15.2

68 wt% Ni/CeO2-HH-2

37.4 38.9

6.8

12.7

6 wt% Ni/CeO2-HH-0.5

NA 10.3

12.0

14.8

6 wt% Ni/CeO2-HH-1

NA 11.9

121

15.7

6 wt% Ni/CeO2-HH-3

NA 17.5

5.2

17.0

6 wt% Ni/CeO2-GL-2

NA 16.2

11.9

13.2
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Figure 3.11 Ni particle size distribution histograms of Ni/CeO- catalysts
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The BET surface areas and pore sizes for all catalysts are also presented in Table
3.3. The BET surface areas are in the range 5.2 to 14.7 m?/g, although there was no clear
trend with the combustion characteristics. The pore size, on the other hand, increases with
increased amount of gases released during combustion. For samples with high maximum
temperature above 1100 °C, however, shrinkage of pore structure occurred regardless of
the level of gas evolution owing to sintering. In such cases, the heating effect by
combustion dominates the heat dissipation by gas evolution. Consequently, among the
investigated catalysts in this study, 6 wt% Ni/CeO2-HH-2 catalyst has the largest pore size

(18.8 nm).

3.3.2.3 Catalyst reducibility

The reducibility of the samples was investigated using H2-TPR experiments to
confirm the interaction between Ni and CeO, namely existence of the Ni-O-Ce solid
solution. The H2-TPR profiles of 6 wt% Ni/CeO2-HH-2 and 6 wt% Ni/CeO2-GL-2 samples
are shown in Figure 3.12. For the sample prepared with hydrous hydrazine fuel, two
hydrogen consumption peaks (o and ) were observed while, in contrast, only the g peak
was observed for the sample prepared with glycine fuel. The o peak is due to the reduction
of adsorbed oxygen which is linked to the oxygen vacancy on the Ni-O-Ce solid solution,
while the  peak corresponds to the reduction of NiO particles [140]. This feature indicates
that hydrous hydrazine fuel produces larger amount of Ni-O-Ce solid solution while it is
low or negligible for glycine fuel. This result agrees with the XRD analysis. Moreover, the
/5 peak of 6 wt% Ni/CeO,-GL-2 is positioned at slightly higher temperature as compared
to that of 6 wt% Ni/CeO2-HH-2. This indicates presence of larger NiO particles which are

more difficult to reduce and agrees with the average Ni particle sizes obtained from TEM
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analysis. As noted above, smaller Ni particle size and larger amount of solid solution for 6

wt% Ni/CeO,-HH-2 are both attributed to the relatively milder combustion characteristics.
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Figure 3.12 H2-TPR profiles of 6 wt% Ni/CeO2-HH-2 and 6 wt% Ni/CeO,-GL-2 samples

The H2-TPR profiles of 6 wt% Ni/CeO, samples prepared at different ¢ (Figure
3.13) shows that the intensity of o peak decreases while the g peak shifts to higher
temperatures with increasing ¢ values. These features further confirm that the formation of
Ni-O-Ce solid solution becomes more unfavorable, while the Ni particle size increases,
with increase of maximum temperature during SCS. The H>-TPR profiles of samples with

different Ni loadings (Figure 3.14) illustrate that the concentration of Ni-O-Ce solid
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solution depends on the Ni loading. For the samples with 68 and 24 wt% Ni loading, no a
peak was observed. As the Ni content decreases to 13 wt%, the « peak appears and its area
increases slightly with a decrease from 13 to 6 wt%. This indicates that the formation of
Ni-O-Ce solid solution is favorable at lower Ni loading, which agrees with the XRD results.
For the sample with 3 wt% Ni loading, the area of the o peak is slightly smaller than for 6
wt% Ni loading and the y peak is found, which is responsible for the reduction of oxygen
vacancies of free CeO. [138]. This implies that 3 wt% Ni loading leads to lower Ni-O-Ce
solid solution and is not sufficiently high for Ni particles to cover the CeO2 phase. The
temperature for the g peak generally increases with Ni loading, except for 6 wt% sample,
suggesting that it has the smallest Ni particle size which is confirmed from the TEM and
XRD analysis shown in Table 3.3. Prior studies also reported a minimum Ni loading for

the highest metal dispersion in Ni/CeO; catalysts [138,143].
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Figure 3.13 H>-TPR profiles of 6 wt% Ni/CeO2-HH-z samples as a function of ¢ (0.5 <z
<3)
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Figure 3.14 H>-TPR profiles of CeO2 and Ni/CeO2-HH-2 samples as a function of Ni
loading

3.3.3 Catalytic performance of Ni/CeO:2 catalysts
3.3.3.1 Effect of SCS parameters

The catalytic performance of different Ni/CeO: catalysts for hydrous hydrazine
decomposition was evaluated at 50 °C [n(Ni)/n(N2H4) = 0.1] and is summarized in Table
3.4. 1t was found that the catalytic activity and selectivity for hydrogen generation depend
strongly on the SCS synthesis parameters (ratio of precursor oxidizers, ¢ value and fuel
type). This finding aligns with the trend of physicochemical properties such as Ni particle
size, pore size and amount of Ni-O-Ce solid solution by changing the SCS synthesis
parameters. In summary, catalysts with smaller Ni particle size, larger pore size and higher

concentration of Ni-O-Ce solid solution show good catalytic performance. Too much
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concentration of the solid solution, however, was unfavorable for the catalytic performance
because the solid solution acts as a promoter but not an active site by itself [46]. It is well
known that small metal particle size increases the number of active sites [144], larger pore
size improves mass transport within pores [145], and Ni-O-Ce solid solution can enhance
catalytic activity and Hz selectivity of Ni/CeO> catalysts by modifying the electronic
properties of nearby metallic Ni [45,46,146]. The best catalytic activity was observed for
the 6 wit% Ni/CeO,-HH-2 catalyst, for which the reaction took 17.7 min for 50%
conversion of hydrous hydrazine, corresponding to a reaction rate of 34.0 h1. Also, its H2
selectivity was 100%, with the product gas containing only Hz and N2 in the molar ratio
H2/N2 = 2. This catalytic performance may be related to its physicochemical properties
such as relatively small Ni particle size (14.7 nm), large pore size (18.8 nm) and moderate

concentration of Ni-O-Ce solid solution.

Table 3.4 Catalytic performance of Ni/CeO: catalysts for hydrous hydrazine
decomposition [n(Ni)/n(N2H4) = 0.1, 50 °C].

Sample Ho> selectivity (%) Reaction rate (h)?
3 wt% Ni/CeO2-HH-2 100 209+0.7
6 wt% Ni/CeO2-HH-2 100 340+19
13 wt% Ni/CeO2-HH-2 99 21.8+1.72
24 wt% Ni/CeO,-HH-2 95 223%+19
68 wt% Ni/CeO2-HH-2 94 51+0.1
6 wt% Ni/CeO,-HH-0.5 100 21.1+0.9
6 wt% Ni/CeO,-HH-1 100 29.0+0.6
6 wt% Ni/CeO,-HH-3 98 26.6+1.3
6 wt% Ni/CeO2-GL-2 98 19.6+14

reaction rate was calculated at 50% conversion of hydrous hydrazine.
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3.3.3.2 Effect of reaction temperature

The hydrous hydrazine decomposition plots over the 6 wt% Ni/CeO,-HH-2 catalyst
at different temperatures are shown in Figure 3.15. As expected, the reaction rate
significantly increased about 30-fold with increase of reaction temperature from 30 to 90
°C (Figure 3.15a). The reaction times for 50% conversion were 67.0 £ 3.9, 5.9 £ 0.2, and
1.9+ 0.1 minat 30, 70 and 90 °C, respectively. The standard deviation of the reaction time
for 50% conversion is indicated by the error bars in Figure 3.15a. As shown in Figure 3.15b,
the selectivity to hydrogen generation is 99% at 30 °C and remains 100% in the temperature
range 40-70 °C. When the temperature increases further to 90 °C, the H» selectivity
decreases sharply to 93% owing to thermodynamic reasons, as reported elsewhere [37,147].
The reaction rate for 50% conversion are shown in Figure 3.15b and reported in Table 3.5.
Based on these data, the apparent activation energy (Ea) for catalytic decomposition of
hydrous hydrazine over the 6 wt% Ni/CeO>-HH-2 catalyst was determined to be 56.2 + 1.7
kJ/mol (Figure 3.16), which compares well with values for Ni catalysts reported in the
literature [43,50,146]. In recycling tests to assess catalyst reusability, the 6 wt% Ni/CeO.-
HH-2 catalyst retained 100% H. selectivity over 3 cycles and exhibited relatively small
decrease in catalytic activity, which has also been observed by others (Figure 3.17)

[37,123,133].
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Figure 3.15 (a) Time-course profiles and (b) Hz selectivity and reaction rate values for the
decomposition of hydrous hydrazine over 6 wt% Ni/CeO,-HH-2 catalyst as a function of
temperature [n(Ni)/n(N2Hz) = 0.1]
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Table 3.5 Reaction rate for the decomposition of hydrous hydrazine over 6 wt% Ni/CeO-
HH-2 catalyst at different temperatures

Temperature (°C) Reaction rate (h™)
30 8.9+05
40 16.0+1.3
50 340+1.9
60 57.3+24
70 102.5+3.5
80 181.1+0.9
90 297.9+15.2

34
Ea=56.2 £ 1.7 kd/mol
9. R*=0.995
14
<
04
-1 -
T ! T T T T T T

27 28 29 30 31 32 33
1000/T (K)

Figure 3.16 Arrhenius plot showing the apparent activation energy for hydrous hydrazine
decomposition over 6 wt% Ni/CeO,-HH-2 catalyst
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3.3.3.3 Catalytic recyclability

In recycling tests to assess catalyst reusability, the 6 wt% Ni/CeO>-HH-2 catalyst
retained 100% H: selectivity over 3 cycles and exhibited relatively small decrease in

catalytic activity, which has also been observed by others (Figure 3.17) [37,123,133].

1st run
2nd run
3rd run

n(product gas) / n(N_H,)

0o 10 20 30 40 50

Time (min)

Figure 3.17 Recycling test for hydrous hydrazine decomposition over 6 wt% Ni/CeO»-
HH-2 catalyst.

3.3.3.4 Comparison of catalytic performance with literature

The performance of the 6 wt% Ni/CeO,-HH-2 catalyst was compared to other Ni
catalysts synthesized by different methods (Table 3.6). Although a rigorous comparison is
difficult due to the variety of experimental conditions utilized, it indicates that the catalyst
prepared by SCS has higher activity, along with high H selectivity. The high activity of
the catalyst prepared by SCS arises in part from the highly porous structure which is a

typical feature of SCS products. As compared to the Ni/CeO- catalyst prepared by one-pot
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EISA method [50], the pore size of the 6 wt% Ni/CeO,-HH-2 catalyst is 6 times larger,
which facilitates the accessibility of reactants to the catalyst active sites. It is a possible
reason why the 6 wt% Ni/CeO,-HH-2 catalyst of this study exhibits better performance
even though the Ni content is much lower than in other works, providing an economic
advantage. To our knowledge, the catalyst developed in this study provides the highest
performance among all catalysts containing Ni alone. It is known, however, that addition
of noble metals significantly enhances the performance of Ni-based catalysts [19,44,48,50].
A current challenge is to develop other non-noble metal containing catalysts that exhibit

good performance [33].

Table 3.6 Comparison of catalytic performance of different Ni-based catalysts for
hydrous hydrazine decomposition

Reaction
p - conditions Reacti
Catalyst reparation o (%) eactl?ln Ref.
method  Metal/NoHs | T rate (h™)

molar ratio | (°C)

0.1 30 99|92 This
6 wt% Ni/CeO>? SCS

0.1 50 | 100340  ptudy

0.45 30 99 | 4.0
Ni(53.4 wt%)-0.08CeO, | Co-precipitation [46]

0.45 50 99 20.3
Ni (18.3 wt%)/CeO> Impregnation 0.45 30 65| 1.2 [46]
Ni (67.7 mol%)/CeO, | one-pot EISA 0.1 30 97|51 [50]
Ni (78 wt%)-Al,03-HT | Co-precipitation | 0.42 50 93 [26.3 [37]

4 Refers to the 6 wt% Ni/CeO2-HH-2 catalyst.
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3.4 Conclusions

In this work, for the first time, SCS was used to prepare Ni/CeO. catalysts for
efficient hydrogen generation from hydrous hydrazine, a promising hydrogen carrier for
fuel cell vehicles. By varying the SCS synthesis parameters in terms of ratio of precursor
oxidizers (nickel nitrate and ammonium cerium nitrate), fuel-to-oxidizer ratio (¢) and fuel
type (hydrous hydrazine and glycine), the correlation between combustion characteristics,
physicochemical and catalytic properties was investigated in detail. The catalyst
characterization demonstrates that Ni particle size, pore structure and amount of Ni-O-Ce
solid solution depend strongly on the combustion features, including maximum
temperature and amount of gas evolution. The use of hydrous hydrazine fuel with ¢ = 2
allows to obtain 6 wt% Ni powders with small Ni particle size (14.7 nm), large pore size
(18.8 nm) and moderate concentration of Ni-O-Ce solid solution which promote the
catalytic performance for hydrogen generation. This material exhibited 100% H:
selectivity and reaction rate of 34.0 h't at 50 °C, which is the highest activity among all
catalysts tested in this study and all catalysts containing Ni alone reported in the literature.
This work demonstrates that SCS is an effective method to prepare catalysts for selective
hydrogen generation from hydrous hydrazine decomposition at moderate temperatures for
fuel cell vehicle applications. It is also an example which demonstrates that understanding
the influence of SCS parameters on combustion characteristics and their correlation with
product properties can enable one to effectively control the combustion process and to

tailor catalysts for specific applications.
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CHAPTER 4. NOBLE-METAL-FREE NICKEL-
COPPER/CERIUM OXIDE CATALYSTS FOR HYDROGEN
GENERATION FROM HYDROUS HYDRAZINE
DECOMPOSITION

4.1 Introduction

In the previous chapter, it was confirmed that solution combustion synthesis (SCS)
is an effective method to prepare catalysts for hydrous hydrazine decomposition and, owing
to its high metal dispersion, highly porous structure, and the enhanced strong metal-support
interaction (e.g., formation of oxygen vacancy in CeO: lattice), Ni/CeO> catalysts prepared
by SCS with optimized synthesis conditions exhibited 100% Ha selectivity and the highest
catalytic activity among all prior reported catalysts containing Ni alone [148].

For hydrous hydrazine decomposition, bimetallic catalysts containing Ni and noble
metals, such as Pt, Rh and Ir, were shown to be effective for the reaction [40,149,150].
Nevertheless, the high cost of noble metals hinders their widespread application, so there
has been significant effort devoted to the development of efficient noble metal-free
catalysts [33,37,122,126,151-153]. A few studies have developed highly selective non-
noble metal catalysts [33,122,151], while their catalytic activity is still much lower than
that of noble metal catalysts.

In this chapter, to develop cost-effective and more efficient catalysts, CeO>
supported Ni-Cu, Ni-Fe and Ni-Co bimetallic catalysts were synthesized using SCS.
Although these secondary metals (Cu, Fe and Co) have been widely used together with Ni
to obtain synergistic effect for several important reactions such as water-gas shift and
reforming,[154-157] the exploration of these CeO> supported bimetallic catalysts has not

been performed for hydrogen generation from hydrous hydrazine. Remarkably, this study
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found for the first time that the concomitant use of Cu with Ni/CeO2 promotes the catalytic
activity significantly. Among the investigated samples, 13wt% NiosCuos/CeO- catalysts
exhibited superior activity with turnover frequency (TOF) of 1450.0 h! at 50 °C, which is
3.2 times higher than that of Ni/CeO., and selectivity for hydrogen generation was 100%
in the temperature range 30 to 70 °C. Characterization revealed the reason for the

synergistic effect observed for the NiCu/CeO; catalysts.

4.2 Experimental

4.2.1 Catalyst preparation

Nickel nitrate hexahydrate [Ni(NOs).-6H20, 98%], cerium ammonium nitrate
[(NH4)2Ce(NO3)s, 98+%], copper nitrate trihydrate [Cu(NO3)2-3H20, 98+%], iron nitrate
nonahydrate [Fe(NO3)3-9H>0, 98+%)], cobalt nitrate hexahydrate [Co(NO3).-6H20], and
hydrous hydrazine (N2Hs-H.O, 99+%) were purchased from Alfa Aesar. Sodium
hydroxide (NaOH, 50% in H20) was obtained from Sigma-Aldrich. The chemicals were
used without further purification. Deionized water was used throughout.

CeO: supported bimetallic catalysts [NiM/CeO2 (M = Cu, Fe, and Co)] were
synthesized by solution combustion synthesis (SCS). Typically, to prepare Ni1xCux/CeO>
catalysts with different Ni:Cu molar ratios (x = 0, 0.25, 0.5, 0.75, and 1), a stoichiometric
amount of metal oxidizers [Ni(NO3)2.6H20, Cu(NOz)2:3H20, and (NH4).Ce(NO3)es] were
dissolved in a minimum amount of deionized water in a glass beaker and then N2H4-H20
as a fuel, was added into the solution. After thorough stirring, the mixture was placed in a
preheated furnace to induce self-sustained combustion. After some time, the solution began

to boil and then ignition occurred, followed by rapid increase of temperature and evolution



103

of a large quantity of gases. The temperature change during the combustion process was
monitored using a sensitive K-type thermocouple with a tip diameter of 0.125 mm to
determine the maximum combustion temperature. The experimental error for the
measurement of maximum combustion temperature was determined to be less than + 10%.
After combustion, the obtained metal oxide powders were removed from the furnace,
calcined at 400 °C for 4 h in air, and then treated at 400 °C for 1 h in a flow of 10 vol%
hydrogen (balance nitrogen) to reduce NiO and CuO to Ni and Cu, respectively. For
comparison, NiosCuos/SiO2 samples were also prepared using SCS, followed by
calcination and reduction process similar to that for Ni;«Cux/CeQO> catalysts. Since the
nitrate precursor of silicon as an oxidizer for SCS is not available commercially, SiIO(NO3):
was first synthesized from the reaction of tetraethyl orthosilicate with nitric acid and then
was used for SCS. The stoichiometric combustion reaction of the system for preparing Ni-

xCux/CeO> catalysts is shown in the equation below.

aNi(NO3), + BCu(NO3), + y(NH,),Ce(NO3),
+[(a + B)(d +3/5) +¥(d + 5)IN;Hy + (a + B +¥) (¢ — 1O,

~ aNiO + BCu0 + yCeO, + [(a + B)(¢ +5/5) +¥(d +9) | N,

+H2(a + B)(@ +3/5) + ¥(2¢ + 14)]H,0 (4.1)

In the above equation, ¢ is defined as the fuel-to-oxidizer ratio and «, 8, and y are the
number of moles of Ni, Cu, and Ce precursors, respectively. Besides, on the basis of the
above equation, the number of moles of evolved gases per mole of product for each case

was calculated to estimate the level of gas evolution.



104

NiFe/CeO2 and NiCo/CeO- catalysts were synthesized using the same procedure
as for NiCu/CeO, catalysts described above. For all the CeO> supported catalysts studied
in this work, the loading amount of metals (Ni+M) and ¢ were fixed at 13 wt% and 2,

respectively.

4.2.2 Catalyst characterization

As described in Chapter 2.3.3 and 3.2.2, XRD, BET, SEM, XPS, Raman, H>-TPR
and AAS were used to characterize the physicochemical properties and metal contents of
the samples. Semi-quantitative elemental analysis was conducted at 10 kV acceleration
voltage using a JCM-6000PLUS NeoScope Benchtop SEM equipped with an energy

dispersive spectroscopy (EDS).

4.2.3 Catalyst decomposition of hydrous hydrazine

The catalytic decomposition reaction of NzHs-H>O was performed at the
temperature range of 30-80 °C in a stainless-steel reactor (Parr Instrument Company,
Model 4592) with external heating jacket, as presented in Chapter 3.2.3 (Figure 3.3).
Aqueous reactant solution containing N2Hs-H20 (0.4 M) and NaOH (6 M) was prepared
by adding 0.2 ml of N2H4-H20 to 10 ml of NaOH solution (6.1 M) under magnetic stirring.
The reaction was initiated by injecting 2 ml of the prepared solution into the reactor where
the catalyst was placed under stirring of 1100 rpm and argon (99.999%) atmosphere. In all
cases, the molar ratio of metal in the catalyst to hydrous hydrazine was kept fixed at 1:5.
The reaction progress was monitored by measuring reactor pressure using a transducer
(Omega Engineering PX35D1). After reaction completion, the composition of product gas

was analyzed by mass spectrometer (Hiden Analytical HPR-20) to obtain the molar ratio
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of N2 to Hz and to assess the presence of NHs. The selectivity for Hz generation () was

calculated based on the overall reaction as described in Chapter 3.2.3.

1

3N,H; = 4(1 = @)NH;3 + 6aH, + (1 4+ 2a)N,, a = 6{n(N2)/n(Hz)}-2

(3.3-4)

where n(N2) and n(H>) are the moles of produced N2 and Ha, respectively. The TOF was

calculated, as follows:

TOF (h~1) = n(Hz) (4.2)

n(metal)Xdmyetal Xt

where n(metal) is the moles of metal in the catalyst, t is the reaction time for 50%
conversion of hydrous hydrazine and dmetal is the metal dispersion of Ni or NiCu alloy. The
value of dmetar Was calculated from mean metal particle size, Ni or NiCu, determined by
XRD [144]. The reported TOF values are averages from 2 to 5 experiments. For testing the
durability of catalysts, the catalytic reaction was repeated 6 times by adding another

equivalent of N2H4-H20 into the reactor after completion of the previous run.

4.3 Results and discussion

4.3.1 Catalyst performance of CeO2 supported Ni-based bimetallic catalysts
4.3.1.1 Effect of secondary metal (Cu, Fe and Co) additions

To examine the effect of concomitant use of Ni/CeO> with another metal (M= Cu,
Fe and Co) on catalytic performance for the decomposition of hydrous hydrazine,

NiosMo.s/CeO; catalysts were prepared by SCS. The loading amount of metals (Ni+M) was



106

fixed at 13 wt% for all samples, while the actual metal contents were determined by atomic
absorption spectroscopy (Table 4.1). The catalytic decomposition of hydrous hydrazine
was performed in the presence of NaOH (6 M) at 50 °C under magnetic stirring of 1100
rpm [n(metal)/n(N2H4) = 0.2].

The time course plots of the decomposition of hydrous hydrazine at 50 °C over
Ni/CeO2 and NiosMos/CeO2 (M= Cu, Fe and Co) catalysts are shown in Figure 4.1a. It
indicates that gas evolution from the decomposition of hydrous hydrazine over the Ni/CeO>
catalyst is complete within 24 min and the molar ratio of product gas to N2H4 [n(product
gas)/n(N2Ha)] reaches 3 which implies only at 100% conversion and 100% H selectivity.
The Ha selectivity was further confirmed by mass spectroscopy, revealing that the product

gas contains only Hz and N2 in the molar ratio Ho/N2 = 2.0.

Table 4.1 Metal contents of catalysts determined by atomic absorption spectroscopy

Sample Metal content (wt%) Ni:M molar ratio
Ni Cu Fe Co (M= Cu, Fe and Co)
Ni/CeO: 12.7 - - - 1.00:0.00
Nio.75Cu0.25/CeO2 8.4 3.4 - - 0.73:0.25
NiosCuos/CeO2 6.5 6.5 - - 0.52:0.48
Nio.25CUo.75/CeO2 3.1 10.0 - - 0.25:0.75
Cu/CeO> - 12.5 - - 0.00:1.00
Nio.sFeos/CeO; 6.5 - 7.9 - 0.50:0.50
Nio5C005/CeO2 6.4 - - 6.6 0.49:0.51
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Figure 4.1 Time course plots of the decomposition of hydrous hydrazine at 50 °C over (a)
Ni/CeO2 and NiosMos/CeO2 (M = Cu, Fe, and Co) catalysts and (b) NizxCux/CeO2 (x =0,
0.25, 0.5, 0.75, and 1) catalysts
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For the NiosMos/CeO2 (M= Cu, Fe and Co) catalysts, the synergistic effect of
Ni/CeO- and secondary metal (M) on hydrous hydrazine decomposition was observed for
only the NiosCuos/CeO: catalyst, for which the catalytic activity is significantly enhanced
while H> selectivity remains at 100%. On the other hand, the addition of Fe or Co as a
secondary metal leads to decrease in Ha selectivity (86 % for NiosFeo.s/CeO2 and 48 % for
Nio5C00.5/Ce0z). Since the generation of NHs-free Hz from hydrous hydrazine is critical
for PEM fuel cell applications, only Cu serves as a suitable secondary metal for Ni/CeO>

catalysts to improve the catalytic performance for the decomposition of hydrous hydrazine.

4.3.1.2 Effect of metal composition

The catalytic performance of the series of Ni;xCux/CeO> (x =0, 0.25, 0.5, 0.75 and
1) samples for the decomposition of hydrous hydrazine is shown in Figure 4.1b. It can be
observed that the catalytic performance strongly depends on the metal composition. As the
Cu content increases (x = 0 to 0.5), the reaction rate increases gradually while the H>
selectivity remains at 100%. Increasing the amount of Cu (x = 0.5 to 1) leads to a decrease
in both catalytic activity and H> selectivity. Notably, the Cu/CeO> (x = 1) catalyst is totally
inactive, implying that Ni is the key active component for the reaction. This is consistent
with previous studies that Ni is the representative active non-noble metal and Cu itself is
inert for hydrous hydrazine decomposition [29].

Consequently, the optimal catalytic performance was found for NiosCuos/CeOz
catalysts, exhibiting 100% H: selectivity with a TOF of 1450.0 h' at 50 "C which is about
3.2-fold higher than the monometallic Ni/CeO; catalyst (447.2 h'). This catalytic activity
is superior to that of most reported non-noble metal catalysts and is even comparable to

that of many catalysts containing noble-metals such as Pt, Ir and Pd (Table 4.2)
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[33,122,127,153,158,159]. Moreover, the facile one-step SCS method to prepare the
catalysts provides some advantages over alternative methods used in the literature which

require surfactants and/or time-consuming processes (e.g. aging and drying) [152,160].

Table 4.2 Comparison of catalytic performance of different catalysts for the
decomposition of hydrous hydrazine

Sample Temgtz:r?ture H2 se(l(;)c)tivity React(ir(]J_?) rate* Ref.
Ni/CeO> 50 100 20.8 This study
Nio.sCuo.s/CeO2 30 100 13.9 This study
Nio.sCuos/CeO2 50 100 111.7 This study
Nio.sCuos/CeO2 70 100 371.1 This study
NiFe 70 100 5.1 [33]
NiFeMo 50 100 58 [151]
NiFe/Cu 70 100 37.5 [122]
NiisFe1o/(MgO)ss | 26 99 19.0 [152]
NiosCuos/MCNS 60 100 21.8 [158]

2D NiosFeos/CeO, | 50 100 19.1 [153]
NizFe/C 20 100 250 [160]
Nio.oaPto 07 25 100 5.6 [161]
Nio.olro.1 25 100 3.6 [32]
NisoPdao 50 82 7.5 [34]
NizoFesoPdao 50 100 50 [123]
Pt12Niss@G4-OH 70 100 240 [159]
NiPto.os7/Al203-HT | 50 99 110.9 [127]
Nilro.0s9/Al2O3-HT 30 99 25 [130]

* For comparison purposes, reaction rate was calculated with an assumption that all
the Ni atoms participated in the reaction (Eq. 3.5).
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Note that the reaction was performed under conditions where the reaction is not
controlled by mass transfer. The reaction rate at the highest reaction temperature (80 ‘C),
where external mass transfer limitation would be the most severe, was independent of the
agitation speed range 300-1100 rpm (Figure 4.2) and the average powder size of the
Nio5Cuo5/CeOz catalysts was 13.2 um (Figure 4.3). Accordingly, the external and internal
mass transfer limitations can be assumed to be negligible. Therefore, the synergistic effect
observed for the NiCu/CeO: catalysts originates essentially from the intrinsic performance.
More specifically, the enhanced activity of the NiCu/CeO2 samples may be attributed to a
combination of the modified electronic structure of catalyst surface, the small particle size
of active component, and the increased amount of oxygen vacancy within CeO3 structure,
as discussed later. The NiFe/CeO, and NiCo/CeO; catalysts with different Ni:M (M = Fe
and Co) molar ratios were also investigated for the reaction. For both Fe and Co cases, H>
selectivity decreases gradually with increasing the content of the secondary metal (Figure

4.4 and 4.5).
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4.3.1.3 Effect of reaction temperature

Figure 4.6 shows that the time course plots for the decomposition of hydrous
hydrazine over NiosCuos/CeQO> catalyst at different temperatures. The standard deviation
of the reaction time for 50% conversion is indicated by the error bars. The reaction rate
significantly increased about 45-fold with increase in the reaction temperature from 30 to
80 C. The TOFs for 50% conversion were 180.4, 516.6, 1450.0, 2480.5, 4817.0 and 8225.7
ht at 30, 40, 50, 60, 70 and 80 "C, respectively. The H; selectivity remained 100% in the
temperature range 30-70 ‘'C. When the temperature increased further to 80 'C, the
selectivity decreased to 97% owing to thermodynamic reasons as reported elsewhere [37].
The apparent activation energy (Ea) values for catalytic decomposition of hydrous
hydrazine over Ni/CeO2, Nio.75Cuo.25/CeO2, Nio.5Cuos/CeOz2, and Nio.25Cuo.75/CeO; catalyst
were determined to be 67.3, 64.2, 63.0, and 64.8 kJ/mol, respectively (Figure 4.7). The
Ni/CeO2 monometallic catalyst exhibits somewhat higher activation energy than the
NiCu/CeO: catalysts, which indicates a synergistic effect in the decomposition of hydrous

hydrazine over NiCu/CeO: bimetallic catalysts.

2 4

n{product gas) / n(N_H,)

0 20 40 60 80 100
Time (min)

Figure 4.6 Time course plots of the decomposition of hydrous hydrazine over
NiosCuos/CeO; catalyst as a function of temperature
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4.3.1.4 Catalyst durability

Further reaction experiments were conducted for the most active catalyst
(NiosCuos/CeOz). In durability test, the NiosCuos/CeO: catalyst retained 100% H:
selectivity over 6 runs and exhibited only a small decrease in activity (Figure 4.8). There
was not an obvious change of metal phases for the used catalysts according to the X-ray

diffraction (XRD) patterns (Figure 4.9). The slight deactivation may be attributed to a
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decrease in the active Ni sites by the strong binding of N2 species on the catalyst surface

[162].
3
T
=
E 9.
)
®
4? 1st
= 1 2nd
g_ = —3th
=1 4st
—— 5th
—— 6th
0 I T | T I T | T I T T T
20 40 60 80 100 120 140

Time (min)

Figure 4.8 Durability test for the decomposition of hydrous hydrazine at 50 °C over

Nio5Cuo.s/CeO; catalysts

700 4
600:
500:
400;

300

Intensity (a.u.)

200

100 +

CeOQ
(111)

— Used
—— Fresh

Figure 4.9 XRD patterns of fresh and used NiosCuos/CeO; catalyst

2 theta (degree)




116

4.3.2 Physicochemical properties of NiCu/CeO: catalysts

In this section, the NiCu/CeO> catalysts were characterized by BET, SEM-EDS,
XRD, XPS, Raman, and Hz-TPR techniques to identifying the reasons for the promoting
effect of Cu on the catalytic performance. These characterizations are described separately

below.

4.3.2.1 N2 adsorption-desorption isotherm analysis

The textural properties of NiixCu/CeO2 (x = 0, 0.25, 0.5, 0.75, and 1) catalysts
were confirmed by N2 adsorption-desorption isotherm as shown in Figure 4.10. All the
samples showed similar isotherm shapes and exhibited the characteristic feature of a
composite type 1I/1V isotherm with a type H3 hysteresis loop, which indicates disordered
porous materials with a non-uniform pore network and a broad pore size distribution in the
meso- and macro- ranges [121]. This disordered pore structure may be related to the nature
of SCS where pore structure is formed by gases evolved during the combustion process.
From the isotherms of the samples, BET specific surface area and total pore volume were
obtained (Table 4.3). The samples have similar values of specific surface area (16.7-20.6
m?/g) and total pore volume (0.077-0.088 cm?®/g). It suggests that the addition of Cu to
Ni/CeO- does not affect strongly the textural properties of the catalysts.

As noted above, the textural properties of SCS-derived products depend strongly
on gas evolution during combustion, which promotes porosity of products and inhibits
particle agglomeration by dissipating the heat. The degree of gas evolution can be
estimated indirectly from the amount of evolved gases. The number of moles of evolved
gases per mole of product for each case was calculated based on the combustion reaction

equation (Eqg. 4.1) and is shown in Table 4.3. As expected, the amounts of gases for each
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case are similar (21.6-21.9 mol). The Cu/CeO shows relatively smaller specific surface
area because of higher maximum combustion temperature which leads to particle

agglomeration and shrinkage of pore structure.
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Figure 4.10 N2 adsorption-desorption isotherms of Ni1xCux/CeO2 (x = 0, 0.25, 0.5, 0.75
and 1) catalysts

Table 4.3 Textural properties and combustion characteristics of Ni1xCux/CeO2 (x = 0,
0.25, 0.5, 0.75 and 1) catalysts

Particle size
BET
(nm) CeQZ Pore Max. | Amount
lattice surface
Sample Ni or parameter | area volume | temp. | of gases
cm?®/ °C mol

Ni/CeO: 21.7 | 27.7 | 5.4094 16.7 0.077 820 21.6

Nio.75CUo.25/

181 | 224 |54161 18.8 0.088 783 21.7

CeO,
NiosClos/ 1131 181 |5.4210 192 0083 |708 |216
CeO,
NiozsClozs/ | 105 | 505 | 5.4179 20.6 0.083 |798 |21.9
Ce0>

Cu/CeO; - 47.1 | 5.4099 12.3 0.050 900 21.9
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4.3.2.2 Scanning electron micrographs and energy-dispersive X-ray spectroscopy

The morphologies of the NiosCuos/CeO. catalyst were analyzed by scanning
electron microscopy (SEM) analysis and the images are presented in Figure 4.11. Figure
4.11a and b show that the material has a sponge-like porous structure with a broad pore
size distribution, revealing the presence of large macro-pores, and small macro-pores and
meso-pores, respectively. These roundish pores are formed by the rapid gas evolution
during combustion. This porous structure with a broad pore size distribution is consistent
with the results of N2 adsorption-desorption analysis. The elemental mapping analysis by
energy dispersive spectroscopy (EDS) demonstrates the uniform dispersion of Cu and Ni
elements over CeO, support (Figure 4.11c and d). From the SEM-EDS result, the molar
ratio of Ni to Cu was determined to be 0.53:0.47 which agrees well with the AAS result

(0.52:0.48).

Figure 4.11 (a,b,c) SEM images and (d) EDS elemental mapping of NigsCuos/CeO>
catalyst
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4.3.2.3 X-ray diffraction studies

Figure 4.12a shows the XRD patterns of the Ni1xCux/CeO: catalysts. All samples
clearly exhibit the diffraction pattern of the cubic fluorite-type CeO, (PDF No. 01-073-
6328). The pattern of Ni/CeO2shows a peak at 44.5°, corresponding to Ni(111) phase (PDF
No. 01-070-0989) while Cu/CeO: exhibits a peak at 43.3°, corresponding to Cu(111) phase
(PDF No. 01-089-2838). For the NiCu/CeO catalysts, the (111) peak of active component
Ni shifts towards the peak of Cu(111) in Cu/CeO: as the Cu content increases (Figure
4.12b). It may be attributed to the expansion of the Ni lattice due to the partial incorporation
of larger Cu (lattice parameter = 0.362 nm) into the lattice of Ni (0.352 nm), indicating the
formation of NiCu alloy phase. Meanwhile, Figure 4.12b reveals that the peak position of
Cu phase is not changed by the metal composition. This clearly indicates that the

NiCu/CeO: catalysts have a composite structure consisting of NiCu alloy and Cu phases.
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The NiCu alloying may be one of the possible reasons for the variation of catalytic
performance and activation energy with metal composition. For NiCu bimetallic systems,
it was shown theoretically and experimentally that the interaction between reactant and
metal surface depends on the electronic structure of the alloy surface which can be altered
by metal composition [163-165]. The interaction strength between NiCu alloy surface and
reacting species would lie in between Ni and Cu monometallic systems, which possess too
strong or too weak interaction. Therefore, according to the Sabatier principle, NiCu
alloying explains the improved activity of NiCu/CeO; catalysts. In addition, Yen et al.
reported that NiCu nanoparticles supported on mesoporous carbon nanosphere (MCNS)
with different metal composition exhibit improved catalytic performance for hydrous
hydrazine decomposition as compared to monometallic catalysts owing to modification of
the surface electronic structure by the NiCu alloying and the highest catalytic activity was
found for NiosCuos/MCNS [158].

Figure 4.13 shows the lattice parameter of NiCu alloy for the samples calculated
from the XRD results. The lattice parameter gradually increases with bulk Cu content. To
evaluate the degree of alloying of Ni with Cu, the theoretical lattice parameter was
calculated using Vegard’s law, where homogeneous alloying is assumed [166]. With
increasing Cu content, the degree of alloying increases from 36% (Nio.75Cuo.25/Ce0>) to
48% (NiosCuos/CeO2). When the Cu content increases further, however, the degree of
alloying decreases slightly to 45% (Nio.2sCuo.7s/CeQy). It appears that, at high Cu contents,
the individual metal atoms prefer to segregate rather than to form a homogeneous alloy

[167].
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Figure 4.13 Experimentally measured and theoretically calculated lattice parameter of Ni
in Ni1xCux/CeO2 (x = 0, 0.25, 0.5, 0.75 and 1) catalysts

In addition to NiCu alloying, particle size of the active component is also a critical

factor affecting the catalytic performance. For SCS, the particle size of products depends

strongly on the combustion temperature which can be controlled by adjusting the type and

ratio of precursors. In general, higher combustion temperature leads to larger particle size

by particle growth and agglomeration. Table 4.3 shows the measured maximum

temperature during combustion process and the average particle size of Ni or NiCu in the

catalysts. The particle size was calculated based on the XRD data using the Scherrer

equation [83]. As expected, the trend of the particle size agrees well with the maximum

combustion temperature. Notably, the combustion temperature of NiCu/CeO; bimetallic

systems is relatively lower than Ni/CeO, monometallic case, resulting in smaller metal

particles. Owing to the lowest combustion temperature, the smallest NiCu alloy particle
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size (13.1 £ 0.4 nm) was obtained for NiosCuos/CeO2. As shown in Figure 4.1b, the activity
of the catalysts appears to increase as the active metal particle size decreases since small
metal particle size would provide more active sites for catalytic reactions. Therefore, this
may be another reason why NiCu/CeO, bimetallic catalysts show better catalytic
performance than Ni/CeO and NiosCuos/CeO2 exhibits the highest catalytic activity.

It is also known that interaction between metals and support has a significant impact
on the catalyst performance. To investigate support effect, NiosCuos/SiO2 catalyst with
13wt% total metal loading was synthesized using SCS. The XRD pattern of NigsCuos/SiO2
exhibits the characteristic peaks of amorphous SiO2, NiCu alloy, and segregated Cu (Figure
4.14a). Average particle size of NiCu alloy and degree of alloying are 15.1 nm and 45%,
respectively (Figure 4.14b). These values are close to those found for NiosCuos/CeO2 (13.1
nm and 48%). Further, the NiosCuos catalysts supported on different supports were tested
in the decomposition of hydrous hydrazine. To avoid the dissolution of amorphous SiO2 in
NaOH solution during reaction, the experiments were carried out under water medium (0O
M NaOH). Due to the absence of NaOH which promotes reaction rate and Hz selectivity,
the catalytic performance of NiosCuo.s/CeO2 under water medium is worse than that under
NaOH solution. Figure 4.15 shows that NiosCuo.s/CeO2 has much better catalytic activity
(892.8 h') and H: selectivity (75%) than NiosCuos/SiO2 (33.7 h, 50%). Interestingly,
despite the fact that metal particle size and degree of alloying of both catalysts are similar,
the difference in activity and H> selectivity is significant, which suggests that the catalyst

support plays a critical role in the decomposition of hydrous hydrazine.
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Figure 4.15 Time course plots of the decomposition of hydrous hydrazine at 70 °C over
Nio5Cuo.5/CeO2 and NiosCuos/SiO2 catalysts [n(metal)/n(N2H4) = 0.2, 70 °C, OM NaOH]

Lattice parameter of CeO; for the Ni1.xCux/CeO- catalysts (x = 0, 0.25, 0.5, 0.75
and 1) is shown in Table 4.3. Notably, it was found that the CeO- lattice constant of all the
Niz«Cux/CeO; catalysts is larger than that of pure CeO2 (5.4082 A). This lattice expansion
may be related to the formation of Ni-O-Ce and/or Cu-O-Ce solid solutions by strong
interaction between metals and CeOs. It is known that metal cations such as Ni and Cuions
can incorporate into CeO; lattice forming Ni-O-Ce and Cu-O-Ce solid solutions. This
process is accompanied by reduction of Ce* to Ce®" as well as generation of oxygen
vacancies in CeO: structure to compensate for the charge difference between metal cations
and Ce** [168,169]. Since the ionic radius of Ce3* (0.107 nm) is about 14% larger than that
of Ce** (0.094 nm), the formation of the solid solutions results in lattice expansion [170].

It was also found that the lattice expansion of CeO. for the NiCu/CeO bimetallic catalysts
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is more pronounced than that for monometallic catalysts. This suggests that the presence
of Ni and Cu together may promote the formation of oxygen vacancy in CeO..

It is known that the oxygen vacancies in CeO> have a significant role to improve
redox properties of Ce**/Ce®* and hence promote catalytic activity of CeO,-based materials
for many applications [171-173]. For hydrous hydrazine decomposition reaction over ceria
supported catalysts, it was reported that the oxygen vacancy in CeO structure modifies the
electronic ability of nearby Ni atoms as an electron donor while Ce®" acts as a Lewis base.
Both oxygen vacancy and Ce3* can enhance the adsorption of N2H4 molecules on Ni
surface and N-H bond dissociation instead of N-N bond on Ni, resulting in high catalytic
activity and Hz selectivity [46,153]. The XRD results indicate that the NigsCuos/CeO2
catalyst has the largest CeO: lattice parameter, possibly resulting from the presence of the
largest amount of Ce®* ions and oxygen vacancies in the CeO: lattice. Therefore, this
feature is also related to better performance of the NiosCuos/CeQ catalyst towards
hydrogen generation from hydrous hydrazine.

The enhanced formation of oxygen vacancy for the bimetallic cases may be
ascribed to a synergistic interaction among Ni, Cu and CeO.. It was reported that, for Cu-
Ce catalyst system, Cu ions can exist as Cu* as well as Cu®* by a strong metal-support
interaction (Ce* + Cu* < Ce®" + Cu?") and the addition of Ni significantly increases the
concentration of Cu* ion [174-176]. In addition, it is known that Cu* can easily incorporate
into CeO: lattice to form Cu-O-Ce solid solution owing to the similarity of the ion radius
of Cu* (0.096 nm) and Ce** (Ce**, 0.094 nm) [169,170]. Thus, the increased concentration
of Cu* may increase the number of Ce®*" ions and oxygen vacancies in CeO; structure.

Moreover, the distorted CeO- structure by Cu* ions may further facilitate the incorporation
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of smaller Ni?* (0.072 nm) and Cu?* (0.072 nm) cations into the CeOy lattice to form Ni-
0O-Ce and Cu-0O-Ce solid solutions which essentially create oxygen vacancies.

On the other hand, it has also been known that decrease in the particle size of CeO>
leads to an increase in the lattice strain, causing the formation of oxygen vacancies
[110,111]. This effect may also contribute to increase the concentration of oxygen vacancy
in the NiCu/CeO; catalysts which have smaller size of CeO; particles than Ni/CeO; and
Cu/CeO; (Table 4.3). This may be attributed to the lower maximum combustion
temperature. As observed for the particle size of Ni in the catalysts, the trend of the particle
size of CeO> corresponds well to the maximum combustion temperature. The effect of the
incorporation of metal cations into CeO», however, predominates over the effect of CeO>
particle size. Although the CeO: size of the Cu/CeO; is larger than that of the Ni/CeOg, the

CeO:, lattice parameter for the Cu/CeO: is larger than that of the Ni/CeO:..

4.3.2.4 X-ray photoelectron spectroscopy results

In order to investigate the chemical and electronic states of the elements on the
catalyst surface, XPS analysis was carried out. Figure 4.16a shows the Ni 2p3z XPS spectra
of the samples NiOos5CuQOos/CeO2, Ni/CeO2, Nio.75Cuo25/CeO2, NiosCuos/CeO2, and
Nio.25Cuo.75/CeQ2. For the NiOgsCuOo5/CeO, oxide sample, a strong peak near 854.5 eV
and a satellite feature in the range 858-865 eV are observed and are characteristic of Ni%*
[177]. The main peak is composed of two overlapped peaks at a low (853.6 eV) and a high
(855.4 eV) binding energy. The peak at lower binding energy corresponds to Ni2* ions in
NiO particles while the peak at higher binding energy represents Ni?* ions surrounded by
Ce* ions in the form of Ni-O-Ce solid solution [177]. Thus, this indicates that NiO and

Ni-O-Ce solid solution coexist on the surface of the oxide samples. For the Ni/CeO, sample,
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a peak associated with metallic Ni° can be observed at 852.3 eV. In addition, in the oxide
sample, the peak intensity of Ni%* in NiO is stronger than that of Ni?* in the solid solution,
while the two peaks for Ni?* in Ni/CeO catalysts exhibit similar intensity. This indicates
that metallic Ni is mainly formed from the reduction of NiO since the formed Ni-O-Ce
solid solution is stable and difficult to reduce [140]. For the NiCu/CeQO2 bimetallic samples,
it is seen that the binding energy of Ni° changes by approximately 0.2 to 0.3 eV. The XPS
peak shift of metallic species for alloys of transition metals has been commonly reported
since the binding energy can be sensitively changed by formation of alloy structure
[178,179]. The formation of NiCu alloy in the NiCu/CeO; catalysts was also confirmed
from the XRD results. Therefore, the shift of Ni® peak observed in the NiCu/CeO, samples
may be attributed to NiCu alloying. The XPS spectra of the samples after reduction still
exhibit a significant amount of Ni* ions possibly due to the presence of high concentration
of Ni-O-Ce solid solution and the aerobic oxidation of Ni during sample preparation for

XPS test.
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Cu 2p3p XPS spectra of the samples are shown in Figure 4.16b. For
NiOo5Cuo5Ce02, two peaks and one satellite peak are observed at 930.0, 931.3, and 940-
945 eV, respectively. The peak at 931.3 eV and the satellite peak are attributed to Cu?*
while the peak at 930.0 eV is associated with metallic Cu® and Cu* which have essentially
identical binding energy [180]. Since the sample, however, is an oxide, the peak at 930.0
eV is solely for Cu™. As noted earlier, Cu* species which are able to form part of Cu-O-Ce
structure can be generated and strongly stabilized by the strong interaction of CuO with
Ce02 [174-176]. For all the reduced samples, the intensity of the Cu?* peaks at 931.3 eV
and 940-945 eV decreases significantly, resulting from the reduction of Cu?* to Cu° on the
surface. Thus, Cu species in the reduced catalysts mainly exist in the form of metallic Cu
and Cu-O-Ce solid solution. A small quantity of Cu?*, however, still exists due to the
surface oxidation during exposure of the samples to air.

Figure 4.16¢ shows the Ce 3d XPS spectra of the samples. The spectra of Ce 3d can
be split into a superposition of ten subpeaks at 880.8, 882.4, 885.0, 888.3, 898.2, 899.0,
901.1, 903.1, 907.1, and 916.6 eV. The four subpeaks at 880.8, 885.0, 899.0, and 903.1 eV
are attributed to Ce®* and the other six peaks are assigned to Ce** [115]. The ratio of
integrated peak areas of Ce®* to that of total Ce3* and Ce** was calculated to estimate Ce3*
concentrations in the samples. The Ce®" concentration of Cu/CeO; (21.8%) is relatively
higher than for the Ni/CeO2 (9.6%). As noted previously, owing to the similarity of ionic
radius of Cu* (0.096 nm) and Ce** (0.094 nm), Cu can easily incorporate into the CeO;
lattice as compared to Ni (0.072 nm), leading to more formation of the solid solution and
the oxygen vacancy that essentially accompanies the formation of Ce3* [170,174]. For the

NiCu/CeO2 samples, the Ce®*" concentration of Nio75Cuos/CeO2, NiosCuos/CeO,, and
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Nio.25CuUo.7s/CeQ2 is 28.5, 43.2, and 36.0%. The proportion of Ce®" in the bimetallic
catalysts is much higher as compared to the monometallic counterparts. It may be ascribed
to the increased concentration of Cu™ by the synergistic interaction between Ni, Cu, and
Ce02. The highest Ce®*" concentration (43.2%) was found for NigsCuos/CeO; catalyst.
Notably, the XPS results agree well with the XRD analysis that the CeO: lattice parameter
of the NiCu/CeO- catalysts significantly increases due to the enhanced formation of the

solid solution.

4.3.2.5 Raman measurements

The Raman spectra of the Ni1-«Cux/CeO- catalysts (x = 0, 0.25, 0.5, 0.75 and 1) are
shown in Figure 4.17. A characteristic strong Fzq band at 463 cm™ of cubic fluorite
structured CeO; and a broad D band near 550 cm™ were observed. The Fzq band is owing
to a symmetrical stretching mode of oxygen atoms around each Ce** cation while the D
band indicates the presence of oxygen vacancy (defect) in CeO> structure that may result
from the formation of solid solution [81]. For the Ni/CeO2 and Cu/CeO., the intensity of
the D band for the Cu/CeO: catalyst is stronger than that of Ni/CeO., corresponding to
higher concentration of the oxygen vacancy owing to the ability of Cu™ to easily enter the
CeO: lattice. In addition, for the NiCu/CeO: catalysts, the significant increase in the
intensity of the D band is observed as compared to the monometallic counterparts. As noted
above, it may be due to the synergistic interaction between Ni, Cu, and CeO>. The
broadening and red-shift of the F2g band for the NiCu/CeO- also resulted from the increased
oxygen vacancies which can lead to the severe distortion of CeO. structure [106]. The
Raman results indicate that the NiosCuos/CeO; catalyst has the highest concentration of

oxygen vacancy, which is consistent with the XRD and XPS results.
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Figure 4.17 Raman spectra of Ni1xCux/CeO2 (x = 0, 0.25, 0.5, 0.75 and 1) catalysts

4.3.2.6 Ha-temperature programmed reduction analysis

The oxygen vacancy in the CeO, for CeO; supported metal oxides is known to
diffuse to the surface oxygen of metal oxides and promote their reducibility under H;
atmosphere by facilitating the dissociation of H> [181,182]. Accordingly, the synergistic
formation of oxygen vacancies in CeO> by a strong interaction among Ni, Cu and CeO>
was confirmed using Ho-temperature-programmed reduction (H2-TPR) analysis. Figure
4.18 shows the H>-TPR profiles of Ni1-xCux/CeO2 (x =0, 0.25, 0.5, 0.75, and 1) catalysts.

For the Ni/CeO., a broad hydrogen consumption peak («) at 430 °C was observed, which
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is ascribed to reduction of bulk NiO, while the Cu/CeO2 showed a broad peak (/) at 300 °C
owing to reduction of bulk CuO [183]. For both Ni/CeO2 and Cu/CeO3, a shoulder peak
appears on the low temperature side of the « and f peaks. This shoulder is associated with
the reduction of highly dispersed metal oxides (NiO or CuO) on CeO.. In the cases of
NiCu/CeO2, o and B peaks shifted towards lower temperature as compared to that of
Ni/CeO. and Cu/CeO., suggesting that the reducibility of the NiCu/CeO2 samples is
substantially enhanced owing to the increased concentration of oxygen vacancies by a
synergistic interaction among Ni, Cu and CeO.. As observed in the XRD measurements,
the metal components of the NiCu/CeO> samples exist in NiCu alloy and Cu phases.
Therefore, the NiCu alloying could also contribute to enhancing the reducibility of Ni
phase (a peak). Ashok et al. reported that the Cu doped in Ni-Cu alloy catalysts leads to
spillover hydrogen, which accelerates the nucleation of metallic Ni and enhances the

reducibility of NiO at low temperature [184].
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Figure 4.18 H>-TPR profiles of Ni1xCu/CeO2 (x =0, 0.25, 0.5, 0.75 and 1) catalysts

When the Cu content increases from 0.25 to 0.5, the o and B peaks shifted slightly
further to lower temperature, while, with an increase of the Cu content from 0.5 to 0.75,
the peaks shifted towards higher temperature. This feature is in accordance with the trend
of concentration variation of oxygen vacancy observed from XRD, XPS, and Raman
analysis. It is also seen that the intensity of the a peak becomes negligible for the
Nio.25Cuo.75/CeQ2, suggesting that most of Ni2* ions incorporate into the CeO structure and
present as a form of Ni-O-Ce solid solutions, which is very stable structure and can be

reduced at > 900 °C, rather than bulk NiO particles. It is known that too much concentration
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of the solid solution with too little active Ni species in catalysts is unfavorable for hydrogen
generation from hydrous hydrazine decomposition because the solid solution acts as a
promoter but not an active site by itself [46,81].

The above characterization results indicate that the better catalytic performance of
the NiCu/CeO; catalysts is related to the formation of more oxygen vacancies, which act
as a promoter for the reaction, as well as NiCu alloying and particle size of the active
component. With increasing the Cu content from x = 0 to 0.5, the concentration of oxygen
vacancy in CeO; increases and thereby the catalytic activity increases with 100% H:
selectivity. When the Cu content increases further from x = 0.5 to 0.75, the activity and
selectivity, however, decrease possibly due to a decreased amount of oxygen vacancy and
too little active Ni atoms. It should be noted that the formation of a solid solution between
metal ions and CeO> depends on the synthesis methods and SCS is reported to be an
effective way to prepare a solid solution owing to the exothermic nature of combustion
process [185,186]. Therefore, the formation of solid solutions in the NiCu/CeO; catalysts
prepared by SCS may be ascribed to the synergistic interaction between Ni, Cu and CeOz
as well as the preparation method. All these possible reasons lead to the best catalytic
performance of the Nio sCuos/CeO: catalyst for hydrogen generation via hydrous hydrazine

decomposition.

4.4 Conclusions

In this chapter, noble-metal-free NiM/CeO, (M= Cu, Fe and Co) bimetallic
catalysts with 13 wt% total metal loading were synthesized using a facile one-step SCS

method for hydrogen generation from hydrous hydrazine, which is a promising liquid-
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phase hydrogen carrier for fuel cell vehicles. The catalytic activity of the NiCu/CeO; for
hydrogen generation was significantly enhanced as compared to their monometallic
counterparts while such a synergistic effect was not observed for the NiFe/CeO2 and
NiCo/CeO>. The catalyst characterization revealed that NiCu alloying, particle size of the
active component, and concentration of the oxygen vacancy in CeO: lattice play an
important role in the catalytic activity and selectivity. The alloying of Ni and Cu leads to
modification of the electronic structure on the metal surface, which consequently improves
the reactivity of the metals. The addition of Cu results in formation of more oxygen vacancy,
which acts as a promoter for the reaction, by a strong synergistic interaction among Ni, Cu
and CeOz. Besides, the SCS system for the NiCu/CeO; catalysts exhibits lower combustion
temperature as compared to the system for monometallic counterparts, yielding smaller
particle size which is beneficial for promoting the catalytic activity. The NiosCuos/CeO2
catalyst possessing the smallest metal particle size and the highest amount of the oxygen
vacancy showed 100% H: selectivity in the temperature range 30-70 °C and 3.2-fold higher
TOF value of 1450.0 h* at 50 °C than that of the Ni/CeO2 monometallic catalyst. This
reactivity is also superior to that of most reported non-noble metal catalysts and is even
comparable to several noble metal-based catalysts (see Table 4.2). Investigating support
effects, the NiosCuos/SiO2 shows much lower activity as compared to NigsCuos/CeO2
despite the fact that they have similar metal particle size and degree of alloying. This
suggests that the strong interaction between Ni, Cu, and CeO2, which generates a large
amount of oxygen vacancy, may be the main reason for enhanced catalytic performance of

NiCu/CeOs-.
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This work demonstrates that SCS is an effective method to develop catalysts for
hydrogen generation from hydrous hydrazine decomposition and the catalytic performance
can be improved through a proper selection of secondary metal and catalyst preparation
method. The efficient and cost-effective NiosCuos/CeO> catalyst may further encourage
the practical application of hydrous hydrazine as a promising on-board hydrogen carrier
for fuel cell vehicles. Finally, the synergistic effect found in this study may have

significance in designing CeO> supported catalysts for other applications.
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CHAPTER 5. NICKEL-PLATINUM/CERIUM OXIDE
CATALYSTS WITH LOW PLATINUM LOADING FOR
HYDROGEN GENERATION FROM HYDROUS HYDRAZINE
DECOMPOSITION

5.1 Introduction

For the practical application of hydrous hydrazine as a promising hydrogen carrier
for on-board hydrogen generation, one must develop highly active, selective and cost-
effective catalysts which facilitate the complete decomposition [N2H4 (I) — N2 (g) + 2H:
(9)] and suppress the incomplete decomposition [3N2H4 (1) — 4NH3s (g) + N2 (g)]. Towards
this aim, a number of catalysts have been examined for hydrous hydrazine decomposition
[12,30,31,33,36,37]. It was found that alloying of Ni with Pt significantly promotes
catalytic property of Ni for hydrous hydrazine decomposition and NiPt bimetallic catalysts
on various supports exhibit 100% selectivity towards hydrogen generation and superior
activity[187]. All the reported catalysts, however, contain large amount of Pt up to 42 wt%
(Table 5.1). This high content of Pt in the catalysts may hinder the widespread use of
hydrous hydrazine as a hydrogen carrier due to the low abundance and high material cost
of Pt. As mentioned in Chapter 4, several prior works have investigated noble-metal-free
catalysts, but their activity have remained much lower than that of NiPt catalysts (Table
4.2). Therefore, to make the on-board system based on hydrous hydrazine more affordable,
decreasing the amount of Pt in catalysts while increasing catalytic activity may be an
effective approach.

The Chapters of 3 and 4 demonstrated that conventional SCS technique is an
effective method to prepare catalysts for hydrous hydrazine decomposition owing to

enhanced metal dispersion, formation of porous structure, and strong interaction between



140

metal and support. The conventional SCS, however, is not suitable to prepare Pt containing
catalyst because during combustion Pt particles on the support surface diffuse into the bulk
support [188]. Therefore, to overcome this problem, advanced synthesis technique or novel
methodology is required.

In this chapter, we focused on the investigation of low Pt loading catalysts and
report a modified SCS technique for the preparation of highly efficient and cost-effective
NiPt catalysts for hydrous hydrazine decomposition. The developed NiPt/CeO; catalysts
contain only 1 wt% Pt loading while exhibiting 100% H: selectivity and comparable

activity as compared to that of the reported NiPt based catalysts.
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Table 5.1 Catalytic performance, reaction conditions, and metal contents of different
NiPt-based catalysts for hydrous hydrazine decomposition

Metal
Catalysts con(')[/ent NaOH | Temp. | Selectivity g(i:ctlon Ref
A | (VB o B U et |
Ni Pt
0.4Ni-
1Pt(60:40)/Ce0; 0.4 1 0.5 50 100 1017 This
0.4Ni- work
1Pt(60:40)/CeO; 0.4 1 0.5 30 100 264
PtosNios/NGN 13 |38 |40 50 100 2116 [39]
(NisPts)1- [40]
(CeOy)o5/NGH 7.1 277 |05 50 100 2043
Nio.oPto../MIL- [41]
101 A 9 3.6 0.5 50 100 621
Nis7Pts3/gC3Na4 25 (143 |05 50 100 570 [42]
NI@NIP(LB)Y 1158 |61 |1 50 | 100 533 [43]
La,03
(NisPt7)os- [44]
(MnOy)os/NPC 5.4 42 0.5 50 100 470
Nig7Pt13/meso- 09 las |os 50 100 320 [50]
Al,O3
NiPtoos//Al,0s | 39.9 | 7.6 |0 50 99 112 [127]
NiogPto2@ZIF-8 |63 |56 |05 |50  [100 90 [47]
NigoPtso/La203 8.2 17 3 30 100 514 [48]
NigoPt40/CeO2 123 | 27.3 |2 30 100 424 [49]
NisoPlo/meso- | 7 4 | 166 |2 30 | 100 352 [50]
CeO,

[a] The unit is mmol.
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5.2 Experimental

5.2.1 Catalyst preparation

Nickel nitrate hexahydrate [Ni(NOs).-6H20, 98%], cerium ammonium nitrate
[(NH4)2Ce(NO3)s, 98+%], and hydrous hydrazine (N2H4-H20, 99+%) were purchased from
Alfa Aesar. Sodium hydroxide (NaOH, 50% in H20) and chloroplatinic acid hexahydrate
(H2PtCle-6H20, 37.5+% Pt basis) were obtained from Sigma-Aldrich. Oxalyldihydrazide
(ODH, C2HsN40O2, 96+%) was provided by TCI America. The chemicals were used without
further purification. Deionized water was used throughout.

NiPt/CeO, catalysts were prepared by both conventional solution combustion
synthesis (SCS) and modified SCS. For conventional SCS, a stoichiometric amount of
metal oxidizers [Ni(NO3)2-6H20, (NH4)2Ce(NO3)e, and H2PtClg-6H20] were dissolved in
a minimum amount of deionized water in a glass beaker and then ODH as a fuel was added
into the solution. The fuel-to-oxidizer ratio was maintained at 30. Then, the procedures of
the conventional SCS described in Chapter 3.2.1 and 4.2.1 were applied to obtain
NiPt/CeO> catalysts which are noted as NiPt/CeO»- SCS.

The modified SCS consisted of two steps. Firstly, NiO/CeO. powders were
prepared using conventional SCS. However, in this case, hydrous hydrazine instead of
ODH was used as the fuel and the fuel-to-oxidizer ratio was kept at 2, following prior work
[148]. Subsequently, the Pt precursor and ODH were dissolved in a minimum amount of
deionized water in a glass beaker. The molar ratio of ODH to Pt precursor was 30. Then,
the agqueous solution was added to the prepared NiO/CeO, powders. The suspension was

heated up using a hotplate to trigger combustion. After combustion the obtained metal
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oxide powders were removed from the hotplate and reduced at 400 °C for 1 h in a flow of
10 vol% hydrogen (balanced helium). Figure 5.1 schematically illustrates the procedure of

the modified SCS for NiPt/CeO; catalysts.
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Figure 5.1 Schematic diagram for the modified SCS process for NiPt/CeO; catalysts

The NiPt/CeO> catalysts with different metal compositions (denoted as xNi-
yPt(X:Y)/CeOz2; x and y are weight percent of Ni and Pt; X and Y are atomic percent of Ni
and Pt) were prepared using the modified SCS. The Ni and Pt contents in the catalysts were
measured using atomic absorption spectroscopy (AAS) and are presented in Table 5.2. For
comparison, CeOy, Pt/CeO,, and Ni/CeO, samples were prepared as well. CeO, and
Ni/CeO2 were synthesized using conventional SCS but with hydrous hydrazine fuel and

the fuel-to-oxidizer ratio of 2, while Pt/CeO> was synthesized using the modified SCS.
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Composition [wt%]

Sample Ni:Pt ratio
Ni Pt CeO2
22Ni-1Pt(99:1)/CeO> 21.80 0.98 77.22 0.99:0.01
16Ni-1Pt(98:2)/CeO; 15.54 1.23 83.23 0.98:0.02
6Ni-1Pt(95:5)/CeO- 5.80 1.01 93.19 0.95:0.05
2Ni-1Pt(86:14)/CeO> 1.82 0.95 97.23 0.86:0.14
0.6Ni-1Pt(66:34)/CeO- 0.63 1.07 98.30 0.66:0.34
0.4Ni-1Pt(60:40)/CeO2 0.44 0.99 98.57 0.60:0.40
0.3Ni-1Pt(51:49)/CeO> 0.31 1.00 98.69 0.51:0.49
0.2Ni-1Pt(45:55)/CeO> 0.24 0.98 98.78 0.45:0.55
16Ni-36Pt(60:40)/CeO> 15.70 35.93 48.37 0.59:0.41
5Ni-11Pt(60:40)/CeO> 5.30 11.20 83.50 0.61:0.39
1.1Ni-2.5Pt(60:40)/CeO, | 1.09 2.49 96.42 0.59:0.41
0.6Ni-1.5Pt(60:40)/CeO> 0.63 1.45 97.92 0.59:0.41
0.3Ni-0.7Pt(60:40)/CeO> 0.31 0.66 99.03 0.61:0.39
0.2Ni-0.5Pt(60:40)/CeO, | 0.24 0.53 99.23 0.60:0.40
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5.2.2 Catalyst characterization

As described in Chapter 2.3.3 and 3.2.2, AAS, XRD and XPS were utilized to
examine the metal contents in the catalysts, structural properties, chemical and electronic
states of the elements on the catalyst surface, respectively. The microstructure and element
distribution of the samples were analyzed using a FEI Talos 200X transmission electron
microscopy (TEM) with ChemiSTEM technology (X-FEG and SuperX energy dispersive
X-ray spectrometer with four silicon drift detectors). The hydrogen chemisorption
experiments were performed using a Gow-Mac Model 20 thermal conductivity detector. In
a typical test, 200 mg of sample was loaded in the middle of a quartz tube reactor, with
quartz wool supports on both sides. Before the test, the sample was reduced for 1 h at
400 °C with a heating rate of 10°C/min and flowing 10% vol.% of H; balanced with He,
degassed at the same temperature for 1 h under 100% He atmosphere, and then cooled
down to room temperature under 100% He atmosphere. The adsorption of hydrogen was

carried out at room temperature.

5.2.3 Catalytic decomposition of hydrous hydrazine

The catalytic decomposition reaction of N2Hs-H20 over various NiPt/CeO>
catalysts was carried out using the experimental setup described in Chapter 3.2.3 (Figure
3.3). The reaction was initiated by injecting 25 ul of pure N2H4-H20 solution into the
reactor where the catalyst and 10 ml of aqueous NaOH solution (0.5 M) was placed under
stirring of 900 rpm and argon (99.999%) atmosphere. The reaction progress was monitored
by measuring reactor pressure using a transducer (Omega Engineering PX35D1). After
reaction completion, the composition of product gas was analyzed by mass spectrometer

(Hiden Analytical HPR-20) to obtain the molar ratio of N2 to H2 and to assess the presence
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of NHas. As presented in Chapter 3.2.3, the selectivity for H> generation () was calculated

based on the overall reaction, as follows:

100
6{n(Nz)/n(Hz)}-2

3N,H, - 4(1 — @)NH3 + 6aH, + (1 + 2a)N,, a (%) = (3.3-4)

where n(N2) and n(H.) are the moles of produced N2 and Hy, respectively. The reaction

rate was calculated, as follows:

n(Hz)

reaction rate (h™1) = n(metal)xt

(3.5)

where n(metal) is the moles of Ni and Pt in the catalyst, and t is the reaction time for 30%
conversion of hydrous hydrazine. The reported reaction rate values are averages from 2 to
5 experiments. The recyclability of the catalysts was tested by repeating the reaction for
three runs under the same conditions. After the hydrogen generation was completed, the
catalyst was separated from the reaction solution by centrifugation, washed with water and

tested under the same conditions.

5.3 Results and discussion

5.3.1 Modified SCS method

The surface Pt concentration of 0.2Ni-1Pt(45:55)/CeO; catalysts prepared by both
the typical SCS and modified SCS was obtained using XPS analysis (Figure 5.2). The
surface Pt concentration of the sample prepared by the modified SCS is 1.5 at%. This value

is higher than the bulk value (0.88 at%) and is about 4 times higher than that of the SCS-
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derived sample (0.37 at%). This indicates that, for the modified SCS, most of Pt precursor
is deposited on the support surface, which was also confirmed from hydrogen
chemisorption test. The ratio of the amount of adsorbed H atom to the total amount of Pt
atom was 2.70 and 0.36 for the 0.2Ni-1Pt(45:55)/CeO- catalysts prepared by the modified
SCS and the conventional one, respectively. As shown in Figure 5.3, the 0.2Ni-
1Pt(45:55)/CeO; catalyst prepared the modified SCS exhibited much better activity than
the conventional SCS-derived catalyst. This feature is attributed to the high surface

concentration of Pt which enhances the catalytic activity of Ni/CeO..

Pt 4f 0.2Ni-1Pt{d45:55)/CeQ,

Intensity /a.u

Modified SCS

DA

Conventional SCS

65 70 75 80 85
Binding energy / eV

Figure 5.2 Pt 4f XPS spectra for 0.2Ni-1Pt(45:55)/CeO; catalysts prepared by
conventional SCS and modified SCS.
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Figure 5.3 Time course plots of hydrous hydrazine decomposition over 0.2Ni-
1Pt(45:55)/CeO: catalysts prepared by conventional SCS and modified SCS. The reaction
was conducted at 50 °C, n(metal)/n(N2H4) = 0.17, in the presence of 0.5 M NaOH.

5.3.2 Catalytic performance of NiPt/CeO: catalysts

5.3.2.1 Effect of Ni loading

Using the modified SCS, NiPt/CeO; catalysts with different Ni loadings (0.2 — 22
wit%) were prepared. The Pt loading was kept constant at 1wt%. In order to establish an
appropriate molar ratio of total metal/N2Hs-H20, preliminary reaction tests were conducted.
As shown in Figure 5.4, the catalytic performance in terms of H; selectivity and reaction
rate was independent of molar ratio of total metal/N2H4-H2O over the range 0.085 to 0.255,
implying that the reaction is not limited by catalyst loading. Thus, the ratio was kept

constant at 0.17 in all reaction experiments.
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Figure 5.4 Time course plots of hydrous hydrazine decomposition over 0.4Ni-
1Pt(60:40)/CeO; catalysts prepared by modified SCS as a function of molar ratio of
metals in the catalyst to hydrous hydrazine [n(metal)/n(N2Ha4)]. The reaction was
conducted at 50 °C in the presence of 0.5 M NaOH

The catalytic performance of the xNi-1Pt(X:Y)/CeO, catalysts for hydrous
hydrazine decomposition was investigated at 50 ‘C with a constant molar ratio of total
metal/N2Hs-H20 = 0.17, as shown in Figure 5.5. With decreasing Ni content from 22 wt%,
the catalytic activity increases, reaching the highest value with a reaction rate of 1017 h*!
at 0.4 wt%, and then decreases with a further decrease of Ni loading. The H; selectivity
also increases with decreasing Ni loading and 100% selectivity was achieved for < 2 wt%
Ni loading. It has been well documented that the alloying of Ni with Pt is a prerequisite for
the enhanced catalytic activity and selectivity for hydrous hydrazine decomposition and
catalytic performance depends on the composition of Ni and Pt in the alloy [39,43]. The
atomic percent of Ni to Pt in our best catalyst is 60:40. This composition agrees with prior

study of Wang and co-workers, who found that NisoPts0/CeO. catalyst has the optimum
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interaction strength between hydrous hydrazine and Ni active sites on the catalyst, leading

to significant enhancement of catalytic activity [50]. With Ni=7.4 wt% and Pt=16.6 wt%,

however, their metal loadings were much higher than in our work.
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Figure 5.5 Reaction rate and H> selectivity of xNi-1Pt(X:Y)/CeO- catalysts. The reaction
was conducted at 50 °C, n(metal)/n(N2H4-H20) = 0.17, in the presence of 0.5 M NaOH

solution.

5.3.2.2 Effect of total metal (Ni+Pt) loading

To optimize the amount of total metal (Ni+Pt) loading on CeO3, additional reaction

tests were conducted with the atomic percent of Ni to Pt kept at 60:40 (Figure 5.6). It shows

that catalytic performance depends strongly on the ratio of metal to support, suggesting

that metal distribution on catalyst surface and interaction between metal particles and

support have a large influence on catalytic performance as well as NiPt alloy formation.

Decreasing the total metal loading from 52 wt%, the reaction rate and H selectivity
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increase significantly. The 0.4Ni-1Pt(60:40)/CeO; catalysts exhibited 100% H. selectivity
and the highest reaction rate of 1017 h™ at 50 'C, which is higher than most literature values
for the reported NiPt catalysts even though our catalyst contains much lower Pt loading (1
wit%) as compared to 3.6 - 42 wt% for the reported ones (Table 5.1). Although there is a
slight change of reaction rate in the metal loading range 0.7 to 3.6 wt%, the H> selectivity
remains at 100 %. This suggests that these catalysts have similar surface properties since

the Hy selectivity is related to the Pt-induced geometric modification of Ni surface [189].

.o o o @ xNi-yP(60:40)/CeO, |-
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Figure 5.6 Reaction rate and Ha selectivity of xNi-yPt(60:40)/CeO: catalysts. The
reaction was conducted at 50 °C, n(metal)/n(N2Hs-H20) = 0.17, in the presence of 0.5 M
NaOH solution.

5.3.2.3 Effect of reaction temperature
Figure 5.7a shows the time course plots for the decomposition of hydrous hydrazine

over the 0.4Ni-1Pt(60:40)/CeQO> catalyst at different temperatures (25-70 °C). With an
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increase in the reaction temperature, the reaction rate significantly increased while the H»
selectivity remained 100%. The reaction rate for 50% conversion was 142.4, 269.4, 647.5,
1017, 2636, and 5131 h'* at 25, 30, 40, 50, 60, and 70 °C, respectively. From the Arrhenius
plot (Figure 5.7b), the apparent activation energy (Ea) was determined to be 66.4 kJ/mol.
The reported apparent activation energy values for this reaction over various catalysts are
in the range 30-70 kJ/mol [30,31,33,36,39,43,46,127,146,150,190]. The high activation
energy value in the present work implies that the Kinetics is controlled by chemical reaction
and not by transfer effects. In the recycling test, the 0.4Ni-1Pt(60:40)/CeQO, catalysts

retained 100% Ho selectivity and rapid reaction rate over 3 cycles (Figure 5.8).
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apparent activation energy. The reaction was conducted in the presence of 0.5 M NaOH

with n(metal)/n(N2H4) = 0.17.
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5.3.2.4 Catalyst recyclability
In the recycling test, the 0.4Ni-1Pt(60:40)/CeQO, catalysts retained 100% H>
selectivity and rapid reaction rate over 3 cycles. This indicates that no degradation in the

catalytic performance during the recycling process (Figure 5.8).

n(product gas)/n(N,H,)

]
]
/
Y A

3rd

Figure 5.8 Three-run recycling test of 0.4Ni-1Pt(60:40)/CeQ catalyst for hydrous
hydrazine decomposition. The reaction was conducted at 50 °C, n(metal)/n(N2H4) = 0.17,
in the presence of 0.5 M NaOH.

5.3.3 Physicochemical properties of NiPt/CeO: catalysts
5.3.3.1 X-ray diffraction studies

Figure 5.9 shows that XRD patterns of the xNi-1Pt(X:Y)/CeO2, xNi-
yPt(60:40)/CeOz, and pure CeO.. All samples clearly show the diffraction peaks of CeO>
with fluorite structure. For the XRD patterns of xNi-1Pt(X:Y)/CeO- catalysts with different
Ni loadings (Figure. 5.9a), the peak for metallic Ni° at 44.5° is observed while Pt° peak is

not detected owing to low loading (1 wt%). With decrease of Ni loading, the intensity of
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the Ni° peak diminished and eventually disappeared when Ni loading was lower than 6
wt%, due to the high dispersion and/or the resolution limit of XRD measurement. In cases
where the Ni peak is visible, there is no structural change of Ni° by Pt (e.g. alloy formation)
because of much lower Pt loading than Ni. For xNi-yPt(60:40)/CeQO, catalysts with
different total metal loadings (Figure 5.9b), there are no peaks of pure Pt® and pure Ni°
while one peak appears between those of pure Pt and pure Ni°. This indicates the formation
of NiPt alloy and is consistent with literature that the peaks of Pt in PtNi alloy catalysts

shift to higher angles due to lattice contraction by substitution of the smaller Ni atoms for

the larger Pt atoms [191].
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Figure 5.9 XRD patterns of a) xNi-1Pt(X:Y)/CeOz and b) xNi-yPt(60:40)/CeO: catalysts
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Figure 5.10 shows that the characteristic peak of CeO; for the NiPt/CeO; catalysts
relatively shifts to higher degrees as compared to that of pure CeO2. This peak shifting
which indicates the lattice contraction which is attributed to the partial incorporation of
smaller Ni?* ijons into the lattice of Ce** to form Ni-O-Ce solid solution [148]. The peak
shifting is more pronounced when Ni loading and metal loading decrease for xNi-
1Pt(X:Y)/CeO2 and xNi-yPt(60:40)/CeO> catalysts. It is known that for Ni/CeO. system,
Ni-O-Ce solid solution can be formed by the incorporation of Ni ions into the CeO: lattice,
leading to reduction of Ce** to Ce** and generation of oxygen vacancies in CeO structure
to compensate for the charge difference between Ni?* and Ce**. Moreover, it was reported
that both oxygen vacancy and Ce3* enhance catalytic activity and H, selectivity for hydrous

hydrazine decomposition over ceria supported catalysts [46,148,153].
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Figure 5.10 Enlarged XRD patterns in the range of 26 from 27 to 31° for xNi-
1Pt(X:Y)/CeO: catalysts and xNi-yPt(60:40)/CeO- catalysts.
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5.3.3.2 X-ray photoelectron spectroscopy results

The XPS spectra of Pt 4f for 0.4Ni-1Pt(60:40)/CeO> and Pt/CeO, samples are
shown in Figure 5.11. It indicates that Pt exists in the forms Pt® and Pt?*. The presence of
Pt?* in the samples is due to strong interaction between Pt and CeO:. It was shown
theoretically and experimentally that oxygen spillover from CeO> to Pt particles occurs
favorably[192]. As compared with Pt/CeO2 (71.1 eV), the binding energy corresponding
to Pt° for 0.4Ni-1Pt(60:40)/CeOy is positively shifted by 0.3 eV. This shift is attributed to
the electron transfer from Ni to Pt upon alloy formation with the lower electronegative Ni
[193]. This result confirms that NiPt alloy is formed for the catalysts with low metal

loadings where the alloy structure could not be observed from the XRD results.
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Figure 5.11 Pt 4f XPS spectra of NiPt/CeO2 samples with different metal composition
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Figure 5.12 shows the Ni 2pz; XPS spectra of selected samples. For the 16Ni/CeO>
sample, the Ni 2pz2 spectrum consists of four peaks for metallic Ni° at 852.3 eV, Ni?* in
NiO and Ni-O-Ce solid solution at 853.9 and 855.6 eV, respectively and shakeup satellite
at ~860.9 eV. The presence of NiO is attributed to aerobic oxidation of Ni during sample
preparation for the XPS test. A comparison of the relative intensities of the peaks of Ni?*
for 16Ni/CeO> and 16Ni-1Pt(98:2)/CeO- indicates that Pt inhibits the aerobic oxidation of
Ni and promotes the formation of the Ni-O-Ce solid solution. Interestingly, the binding
energy of Ni° (852.3 eV) for both 16Ni/CeO, and 16Ni-1Pt(98:2)/CeO, samples shifts
negatively as compared to that of bulk Ni® (852.7 eV), suggesting that there is strong
interaction between Ni and CeO> [194]. For 0.4Ni-1Pt(60:40)/CeO, and 0.4Ni/CeO, the
peak for Ni® was not observed due to its low concentration. The positive shift of Ni** peak
for 0.4Ni-1Pt(60:40)/CeO, as compared to that of 0.4Ni/CeO- is ascribed to the effect of

Pt on Ni?* observed for the 16Ni/CeO, and 16Ni-1Pt(98:2)/CeOs..
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Figure 5.12 Ni 2ps2 XPS spectra of NiPt/CeO, samples with different metal composition

The existence of Ce3* ions, which are generated from the formation of Ni-O-Ce
solid solution, was verified from the Ce 3d XPS spectra (Figure 5.13). The spectra of Ce
3d consists of eight sub peaks. Two peaks are attributed to Ce®* and the other six peaks are
assigned to Ce** [81]. The concentrations of Ce®*" were calculated according to literature
[194] and are presented in Table 5.3. It shows that pure CeO: contains considerable
amounts of Ce3* (17.4%) which is a typical feature for SCS-derived oxides[195,196]. The
Ce®* concentration further increases by the addition of Ni and Pt to CeO2. As expected,
with decreasing metal loading, the Ce®* concentration increases gradually, as also reported
elsewhere [138,197], and the 0.2Ni-0.5Pt(60:40)/CeO; catalyst has the highest Ce®*

concentration of 33.9%. The 0.4Ni-1Pt(60:40)/CeO- catalysts also contains a large amount
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of Ce3* (28.6%) but is slightly lower than that of 0.2Ni-0.5Pt(60:40)/CeO.. In light of the

catalytic test results, this suggests that there are other factors affecting the catalytic

performance for hydrous hydrazine decomposition.
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Figure 5.13 Ce 3d XPS spectra of pure CeO2 and NiPt/CeO samples with different metal

composition
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Table 5.3 Surface Ce®*" concentration of the selected samples determined by XPS analysis

Sample Ce3* / Ce total ratio [at%]
CeO2 17.3
6Ni-1Pt(95:5)/CeO; 25.5
2Ni-1Pt(86:14)/CeO2 26.5
0.4Ni-1Pt(60:40)/Ce0> 28.6
0.2Ni-1Pt(45:55)/CeO; 31.2
0.2Ni-0.5Pt(60:40)/Ce0> 33.9

5.3.3.3 High-angle annular dark-field scanning transmission electron micrographs
and energy-dispersive X-ray spectroscopy

Figure 5.14 shows a typical HAADF-STEM image of 0.4Ni-1Pt(60:40)/CeO>

catalyst and the corresponding EDS results. The EDS elemental mappings (Figure 5.14b-

d) reveal that Ni and Pt are present on the CeO2 support. Remarkably, Ni is homogeneously

distributed throughout the support, indicating the formation of Ni-O-Ce solid solution

[148,190]. Figure 5.14a shows that the metal particles (white dots) with size range 1-8 nm

are dispersed on the CeO2 support. The EDS line scanning profiles (Figure 5.14e)

corresponding to the red dotted arrow (Figure 5.14a) demonstrate that Ni and Pt occupy

the same spatial area, indicating that Ni and Pt metals form an alloy structure. The Ni

elements are also present outside the alloy particle due to the Ni-O-Ce solid solution. This

matches well with the XRD and XPS results discussed above.
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Figure 5.14 a) HAADF-STEM image of 0.4Ni-1Pt(60:40)/CeO- catalyst, corresponding
EDS elemental mappings of b) Pt, ¢) Ni and d) Ce, and e) EDS line scanning profiles
along the red arrow in the HAADF-STEM image
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5.3.3.4 Hydrogen chemisorption analysis

Table 5.4 lists the results of hydrogen chemisorption test. For comparison,
0.4Ni/CeO2 and 1Pt/CeO, samples were also tested. As expected, the 0.4Ni/CeO- did not
uptake hydrogen due to the strong interaction between Ni and CeO2 while the H/Pt ratio
for 1Pt/CeO> (2.79) is much higher than theoretical value of 1 because of the effect of
hydrogen spillover originating from the strong interaction between Pt and CeO; [198,199].
Even though the obtained H/Pt ratio would be overestimated, it could provide a rough
correlation between Pt dispersion and catalyst composition. In addition, given that Ni and
Pt form alloy structure for NiPt/CeO; catalysts, Pt dispersion could represent Ni dispersion.
As shown in Table 5.4, the H/Pt ratio increases with decreasing Ni loading for xNi-
1Pt(X:Y)/CeO catalysts and decreasing metal loading for xNi-yPt(60:40)/CeO: catalysts.
This is an expected result because metal particles tend to aggregate as the metal loading
increases. When Ni loading decreases from 0.4 to 0.2 wt% for xNi-1Pt(X:Y)/CeO: catalysts,
the H/Pt ratio remains approximately constant. It suggests that the Pt dispersion remains at
maximum value for < 0.4 wt% Ni loading. Although 0.4Ni-1Pt(60:40)/CeO> and 0.2Ni-
1Pt(45:55)/CeO: catalysts have similar metal dispersion, the better catalytic activity of the
former is attributed to different composition of NiPt alloy. For xNi-yPt(60:40)/CeO-
catalysts, the H/Pt ratio decreases slightly when the total metal loading decreases from 1.4
to 0.7 wt%. This could be ascribed to too low loading amount of metals. Prior studies also
reported that the metal dispersion on CeOz support increases with decreasing the metal
loading and after a certain point the metal dispersion decreases due to strong metal-support
interaction [138,143,200]. Consequently, the 0.4Ni-1Pt(60:40)/CeQO> catalyst exhibits the

highest H/Pt ratio which represents the highest metal dispersion. This demonstrates that
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the superior catalytic activity of the 0.4Ni-1Pt(60:40)/CeQO, catalyst may be attributed to

the optimum composition of NiPt alloy and the highest metal dispersion.

Table 5.4 Amount of adsorbed H. during chemisorption and H/Pt ratio of Ni/CeO»,

Pt/CeO2, and NiPt/CeO; catalysts

Sample H> uptake [umol/gcat] H/Pt ratio
22Ni-1Pt(99:1)/CeO> 131 0.51
16Ni-1Pt(98:2)/CeO; 34.8 1.36
6Ni-1Pt(95:5)/CeO; 47.3 1.85
0.4Ni-1Pt(60:40)/CeO2 69.8 2.72
0.2Ni-1Pt(45:55)/CeO; 69.0 2.70
0.2Ni-1Pt(45:55)/Ce0,-SCS 5.2 0.36
1Pt/CeO> 71.2 2.78
0.4Ni/CeO: 0 -
5Ni-11Pt(60:40)/CeO; 44.4 0.18
1.1Ni-2.5Pt(60:40)/CeO- 40.4 0.90
0.2Ni-0.5Pt(60:40)/CeO> 338 2.44

5.4 Conclusions

In summary, to develop a low Pt loading Ni-based catalysts on CeO- support, the

novel SCS technique was developed to overcome the typical problem of conventional SCS

which essentially leads to a deficiency of Pt at catalyst surface due to the diffusion of Pt

into bulk CeO.. The 0.4Ni-1Pt(60:40)/CeO: catalyst prepared using the novel method
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exhibits 100% H selectivity and high activity (1017 h) for hydrous hydrazine
decomposition. More importantly, even though this catalyst contains only 1wt.% Pt loading,
its activity is higher than most of the reported NiPt-based catalysts which typically contain
high Pt loading (3.6-42 wt%) along with the advantage of facile preparation method. This
unique catalytic performance is attributed to the optimum composition of NiPt alloy, high
metal dispersion, and large amount of Ni-O-Ce solid solution. The efficient and cost-
effective 0.4Ni-1Pt(60:40)/CeO. catalyst may open up a new avenue for practical
application of hydrous hydrazine as an on-board hydrogen carrier. Furthermore, the
developed SCS technique may be a good strategy to produce various Pt-based catalysts for

other applications.
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CHAPTER 6. KINETICS OF HYDROUS HYDRAZINE
CONVERSION TO HYDROGEN OVER NICKEL-
PLATINUM/CERIUM OXIDE CATALYSTS

6.1 Introduction

Owing to the distinct advantages such as high hydrogen content (8.0 wt%), stable
liquid state at ambient temperature, ability to generate hydrogen at moderate temperatures,
and benign byproduct (only nitrogen) via complete decomposition reaction, hydrous
hydrazine has been actively studied as a hydrogen carrier for FCEVs. Most of the reported
studies have concentrated on the development of active and selective catalysts for hydrogen
generation from hydrous hydrazine decomposition. Although, beyond the development of
efficient catalysts, the reaction studies under practical conditions (e.g. continuous hydrogen
generation, non-diluted reactant and large scale) have been reported in recent years [48,51],
kinetic studies on this reaction have been performed to date. An understanding of kinetics
provides evidence for the reaction mechanism and allows for efficient design and
optimization of the hydrous hydrazine-based hydrogen generator system for FCEVs.

Only one kinetic model based on power-law expression for the decomposition of
hydrous hydrazine over NigoPts/CeO, catalysts prepared by one-pot co-precipitation
method has been reported [49]. This study demonstrated that the reaction order with respect
to hydrous hydrazine concentration varies from 0.52 to 0.043 with increasing of initial
amount of the reactant. In addition, the reported catalysts including NiPt catalysts are
typically deactivated during the reaction [46,162,201]. There has been no Kkinetic study

addressing this point. Thus, the main objective of this chapter is to establish a more rigorous
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and reliable intrinsic kinetic model to capture the reaction behavior involving deactivation
over various operating conditions.

In Chapters of 3 through 5, various Ni-based catalysts were developed using SCS
for decomposition of hydrous hydrazine which is a promising hydrogen carrier for FCEVs.
It demonstrated that SCS is an effective method to prepare catalysts for the decomposition
of hydrous hydrazine owing to enhanced metal dispersion, formation of porous structure
and strong metal-support interaction (e.g. metal-O-Ce solid solution) [148,190,202].
Notably, NisoPtso/CeO> catalyst prepared by SCS technique exhibited 100% H; selectivity
and superior catalytic activity as compared to most of the reported catalysts even though
this catalyst contains only 1wt% Pt loading which is much lower than those of the reported
NiPt-based catalysts (3.6-42 wt%) [202].

Accordingly, in this Chapter, the NisoPt40/CeO- catalysts prepared using SCS were
tested to obtain kinetic data for hydrous hydrazine decomposition. Based on the catalytic
test results with different temperature, initial concentration of hydrous hydrazine, and the
amount of the catalyst, an intrinsic kinetic model based on Langmuir-Hinshelwood
mechanism was developed and discussed. In addition, catalyst deactivation during the
reaction was studied at a certain temperature. Finally, a kinetic model considering catalyst

deactivation was established.



169

6.2 Experimental

6.2.1 Catalyst preparation

In this chapter, the NigoPts0/CeO2 catalysts developed in our prior study [202] were
used for the kinetic study. The experimental details of catalyst preparation are described in

Chapter 5.2.1.

6.2.2 Kinetic measurement of hydrous hydrazine decomposition

To obtain the kinetic data, the catalytic decomposition of hydrous hydrazine over
NieoPts0/CeO; catalysts was conducted in the same experimental setup described in Chapter
5.2.2. The details of experimental procedure are also presented in Chapter 5.2.2. The effects
of various operating conditions such as agitation speed (0-1100 rpm), reaction temperature
(T, 25-70 °C), molar ratio of metal (Ni+Pt) to N2Hs-H20 [n(metal)/n(N2H4), 0.085-0.255]

and the initial concentration of N2Hs-H20 (C,n, ,, 0.03-1.0 M) on reaction Kinetics were

investigated. As a standard operating condition, agitation speed, reaction temperature,
molar ratio of metal to N2H4-H20 and initial concentration of N2H4-H20 were kept constant
at 700 rpm, 50 °C, 0.17 and 0.05 M, respectively, unless otherwise specified.

For all cases investigated in this study, the value of n(product gas)/n(N2Ha) at the
end of the reaction was 3 and the product gases contained N2 and Hz [n(H2)/n(N2) = 2]
without ammonia from mass spectrometer analysis (Figure 6.1). This demonstrates that
both the H> selectivity and N2H4 conversion are 100%. Since the Ha selectivity remains
constant during the reaction [147,203], the N2H4 conversion with time was calculated based

on the time profile of the amount of product gas, as follows:

(measured P — initial P)V/(3RT)]
n(initial NyHy)

N,H,conversion (%) = [ X 100 (6.1)
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where R, P, and V are the ideal gas constant (8.314 Jmol*K™), pressure and volume of the

reactor. The reaction rate was calculated using the same equation as in Chapter 3.2.3.

. _ H
Reaction rate (h™1) = n(m#)i)(t/a)) (3.5)

where t is the reaction time for 30% conversion of N2Hs where the effect of catalyst
deactivation on reaction kinetic is negligible.

For testing the durability of catalysts, the reaction was repeated by adding another
equivalent of N2H4-H20 into the reactor after completion of the previous run. Following
the durability test, the catalyst was separated from the reaction solution by centrifugation,
washed with water and reduced at 400 °C for 1 h in a flow of 10 vol% hydrogen (balance
helium). Then, the catalyst was tested under the same conditions to evaluate the

recyclability. The reported values of reaction rate are averages from 2 to 5 experiments.
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Figure 6.1 Typical mass spectra profile of the product gas from decomposition of hydrous
hydrazine over NigoPtso/CeO2 catalysts [T = 50 °C, n(metal)/n(N2Ha4) = 0.17, Cy,p, ;=
0.05 M].

6.3 Results and discussion

6.3.1 Preliminary reaction tests
6.3.1.1 Mass transfer limitations

Before conducting kinetic measurements, a series of preliminary reaction tests
using different catalyst particle sizes and agitation speeds were conducted to establish an
operating condition where mass transfer limitations are negligible and hence to obtain
intrinsic reaction kinetics which is scale independent. In general, reaction rate increases
significantly with temperature, while mass transfer rate remains essentially unchanged. For
this reason, the preliminary tests were performed at 70 °C which is the highest reaction
temperature condition studied, where the mass transfer limitations would be the most

severe.
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catalyst particle size and (c) agitation speed on decomposition of NoH4-H20. [T =70 °C,

n(metal)/n(N2Ha4) = 0.17, Cy, 4, ,= 0.05 M]
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Figure 6.2a shows that the NigoPts0/CeO: catalysts prepared by two-step SCS has a
broad particle size distribution (3-200 um) which was measured using a laser scattering
particle size analyzer (Horiba Partica LA-950). It is a typical feature of SCS-derived
products because the precursors were exposed to high temperature for a short period of
time, which obviously leads to particles with different sizes [24]. To study the effect of
different catalyst particle sizes, the catalyst particles were sieved into different size ranges.
The mean diameter of the catalyst particles (dp) trapped in each sieve was assumed to match
the average opening sizes of the two adjacent sieves. As shown in Figure 6.2b, hydrogen
evolution curves for the catalysts of 58 and 24 um overlap each other, indicating that the
reaction rate is independent of dp and the internal mass-transfer limitations is negligible.
Figure 6.2c shows that no effect of the agitation speed on the reaction rate is observed at

>300 rpm, implying that there is no external mass transfer limitation in the range 300-1100
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rpm. Consequently, to ensure the absence of internal and external mass transfer limitations,

the kinetic experiments were performed using the catalysts with dp <58 pm and at 700 rpm.

6.3.1.2 Effect of reaction temperature

The catalytic decomposition of N2Hs-H20 was conducted at different reaction
temperature. As expected, the higher the temperature was, the faster the reaction rate was
(Figure 6.3). The N2H4 conversion of 30% was reached in ~1.5 min and ~0.05 min at 25
and 70 °C, respectively. Meanwhile, in the temperature range 25-70 °C, the molar ratio of
product gas to N2H4 reached 3 which can be achieved only at 100% H selectivity as well

as 100% N2H4 conversion based on the overall reaction equation (Eq. 3.3).
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Figure 6.3 The time course plots of the decomposition of N2H4-H20 over NigoPtso/CeO2
catalysts as a function of temperature [n(metal)/n(N2Hs) = 0.17, Cy, 4, ;= 0.05 M] and

predictions based on Langmuir-Hinshelwood model and nth-order model.



175

6.3.2 Kinetic study

In order to analyze the kinetic data for the decomposition of N2Hs-H2O over
NisoPts0/CeO: catalysts, integral method for batch reactor has been implemented [204,205].
Since a kinetic model must be specified first for the integral method, two kinetic models

were considered: power-law model and Langmuir-Hinshelwood model.

6.3.2.1 Power-law kinetic model

In general, for a batch reactor with a volume of reactive solution (Vso) and a mass

of catalyst (mcat), the reaction rate per unit volume can be expressed as:

- __ Mcatkn
NaHy ™ Vsol

CN,H, (6.2)
where k, is the reaction rate constant for the reaction order n.

In this study, zero-, first- and nth-orders were considered. For each case, by

separating and integrating Eq. 6.2, the following integrated reaction rate equations were

derived.

mcatkot:C —-C fort<mandn:0 (63)
Vol N2Hy o N2H, McatKo l

k c

Mcatky t=1In (M) forn=1 (6.4)
Vsol N2Hy

Meatkn , L 1-n _ pl-n

Ht T 1-n (CN2H4,0 CN2H4) forn #1 (©.3)
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Therefore, plots of the right-hand sides of Egs. (6.3-5) versus time should be linear
through the origin, respectively. The reaction rate constant was determined from the slope

of the straight line.

The linear regression plots based on zero-, first- and nth-orders for the
decomposition of N2H4-H20 performed at different temperatures (25-70 °C) were shown
in Figure 6.4. The data at the end of each experiment (97-100 % conversion) were excluded
from the analysis because a diffusion-controlled reaction can occur due to too low
concentration of N2Hs. For the nth-order case, different n values were tried until a linear

relationship between (CNf,, — Cn,f,)/(1-n) and t was achieved. The highest linear

regression coefficient (R?=0.9993) was obtained at n = 0.35. As shown in Figure 6.4, the
nth-order model (n=0.35) was applied well to the whole temperature range and its R? value
was higher than those of the zero- and first-order models. This fractional order kinetics
with respect to N2Ha concentration agrees with previous observations [49,50], indicating
the decomposition of N2Hs-H20 involves several reactions with a complex mechanism
which needs to be further investigated. The reported reaction orders on the decomposition
of N2H4-H20 over NisoPtso/CeO> catalysts prepared by evaporation-induced self-assembly
and co-precipitation methods were 0.41 and 0.52, respectively [49,50]. This difference of

the reaction order values implies that the kinetics depends on a catalyst preparation method.
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Figure 6.4 Linear regression plots based on a) zero-, b) first- and c) nth-order (n=0.35)
models for decomposition of N2Hs-H2O over NigoPtso/CeO- catalysts performed at
different temperatures (25-70 °C).
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For the nth-order model, the reaction rate constant (kn) at different temperature were
determined from the slope of the linear regression curves (Figure 6.4). Using Arrhenius
plot, the activation energy and pre-exponential coefficient were determined to be 65.6
kJ/mol and 1.374x10® L%35mol®®>g~'min~!, respectively (Figure 6.5). The reported
apparent activation energy values for this reaction over various catalysts are in a range of
30-70 kJ/mol [39-43,45,46,48-51,127,146,150,190,201,203]. The high activation energy
value in the present work implies that the Kinetics is controlled by the chemical reaction.

Finally, the nth-order kinetic model was established as follows:

__ Mcatkn

7886.5
—TN,H, = Wcﬁf}i k, = 1.374 x 108exp (— T) (6.6)



0 .
.\
-1 4 '\\
.
I~ ~
X ~ .
c 27 .
)
-3 _
E, = 65.6 + 0.8 kJ/mol -
R?=0.999
4 4
T T T v T T
2.9 3.0 3.1 3.3

1000/T (K'™")

3.4

179

Figure 6.5 Arrhenius plot for decomposition of N2Ha-H20 over NigoPtso/CeO> catalysts.

The reaction rate constants were determined based on nth-order model (n=0.35).

The nth-order kinetic model was used to predict the N2H4 conversion with time.

The prediction results at different reaction temperatures (25-70 °C) are presented in Figure

6.3. As expected, excellent matches were achieved between the predicted curve and the

experimental data. To further validate this kinetic model, a series of reaction tests at 50 °C

and n(metal)/n(N2Ha) = 0.17 while varying the initial N2Ha concentrations (Cy, 4, ,= 0.03-

1.0 M) were conducted and the experimental data were compared to the predictions. Figure

6.6 shows that the model was found to represent the measured data without high errors

when Cy,p, , < 0.1M while the deviation between the predictions and the experimental

results significantly increases when Cy,y, , increases from 0.1 M. This result suggests that

the reaction order depends on Cy, y, .
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Figure 6.6 The time course plots of the decomposition of N2H4-H20 over NisoPtso/CeO2
catalysts as a function of initial NoH4-H20 concentration [T = 50 °C, n(metal)/n(N2H4) =
0.17] and predictions based on nth-order model.

To gain better understanding, In(reaction rate) versus In(Cy,, ,) was plotted and

presented in Figure 6.7. Graphically, the data points in Figure 6.7 can be grouped into two

sets. For one set (Cy, x, ,= 0.03-0.1 M), the data points were fitted linearly with a slope of
0.354, indicating that the reaction order with respect to Cy,p, is 0.354. For the other set
(Cn,H,,= 0.1-1.0 M), a slope of 0.043 was obtained after linear fitting. Near-zero value of
the slope points out the zero-order kinetics with respect to Cy,,,. Dai et al. reported the
similar result that the reaction order with respect to Cy, y, is 0.52 at low Cy,,(0.1 to 0.5

M) while the order changes to 0.043 at high Cy, 5, (0.5 to 2.0 M) [49].
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Figure 6.7 Plot of In (reaction rate) vs. In (initial N2Hs-H2O concentration) to determine

the reaction order with respect to N2H4-H20 concentration.

The recent DFT study [206] reported that H. generation from the decomposition of

N2H4-H20 over Ni surface is strongly dependent upon the surface coverage by N2H4 and

proceeds primarily through the stepwise intramolecular dehydrogenation route, as follows:

-H -H -H -H
N,H4 +*— N,H, *— N,H; — N,H, - N,H— N,

(6.7)

where * is an active site at catalyst surface. Accordingly, it can be inferred that the reaction

is initiated by adsorption of N2H4 on catalyst surface and this first step plays a critical role

in determining the kinetic law. In this scenario, the observed dependence of the reaction

order on Cy,p, can be plausibly explained. At high Cy, g, o Or initial reaction stage with

high Cy, ,, the active sites on the catalyst surface are saturated with N>H4 molecules and
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therefore the reaction rate is independent of the Cy, 5, , exhibiting a near-zero order Kinetics.
In contrast, at low Cy,, or later reaction stage, there are some unsaturated active sites on

the surface and hence the fractional order kinetics dominates. Consequently, this result led

us to consider the Langmuir-Hinshelwood model.

6.3.2.2 Langmuir-Hinshelwood kinetic model

The Langmuir-Hinshelwood (LH) model is commonly used to describe
heterogeneous catalytic reactions (e.g. liquid phase reaction on a solid catalyst surface)
[204,205,207]. Basically, the LH model assumes that reactants are adsorbed on a catalyst
surface before chemical reaction occurs and hence includes the adsorption effect of
reactants (e.g. NoHs4) over the catalyst surface. This corresponds well to the reaction
behavior discussed on the nth-order model study. Therefore, it was assumed that the
reaction consists of two important steps: (i) equilibrated adsorption of N2Hs on the
NisoPts0/CeO2 catalyst surface and (ii) stepwise intramolecular dehydrogenation, and the
reaction rate is proportional to the quantity of adsorbed N2Hs molecules. The surface

coverage of adsorbed N2H4 (6) is given by the Langmuir adsorption isotherm:

_ _KCnpHy (6.8)

- 1+KCNyHy

where K is the adsorption equilibrium constant. Then, for a batch reactor with a volume of
reactive solution (Vso) and a mass of catalyst (mcat), the reaction rate per unit volume can

be expressed as:
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__ McatkLub

_rN2H4 - (6'9)

Vsol

where kin is the reaction rate constant of the LH model. Combining Egs. (6.8) and (6.9):

McatkLy KCNyH
gy, = Me 2Hy (6.10)
2H4 Vsol 1+KCN2H4,

The adsorption equilibrium constant (K) can be described as [208,209]:

K = K'exp (— %) = Kjexp (A:—;‘,:S - %) (6.11)

where K’ and K, are the adsorption pre-exponential factor and adsorption equilibrium
constant at reference temperature. AH, 4, and T, are enthalpy change of the adsorption
process and reference temperature (25 °C), respectively. As shown in Eg. (13), the LH
model can describe three situations according to the term KCy,y, : (i) zero-order
(K Cy,u,>>1), (ii) first-order (K Cy,u,<<1) and (iii) the combination of both orders. Hence,

the LH model is expected to capture the variation in the reaction order by Cy,y, observed

for the nth-order model study.

Integrating Eq. (6.10), it becomes:

kLuMcat t = %ln (CN2H4,0) + (CN2H4,0 — CN2H4) (6.12)

Vsol CNzH,

A plot of the right-hand side of Eq. (15) as a function of time should be linear through the

origin. From the slope of the straight line, the reaction rate constant can be determined.
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In the LH model, values of K, and AH, 4 in EQ.(14) should be estimated first. K
was determined by fitting the kinetic data at 25 °C with Eq. (15). It was found to be 132
Lmol™ (R?=0.9966). Then, the following objective function was established to determine
AHgqs:

minf(AHzqs) = Y2 ag0c(1 — R%) (6.13)

It was found that when AH,,;, = -6.6 kJmol™ the LH model fits well the experimental data
obtained at 25, 30, 40, 50, 60 and 70 °C with the highest R? value of 0.9979, as shown in
Figure 6.8. The small and negative value of AH,,, confirmed that the adsorption process
of N2H4 is physisorption and exothermic [210-212].

According to the adsorption thermodynamics, the adsorption pre-exponential factor

(K") can be related to the entropy change (AS?°) , as follows[208]:

o

K' = exp (— %) (6.14)

Combining Egs. (6.11) and (6.14), it becomes

AS® = RInkj + =24 (6.15)

Using Eq. (6.15), AS° was found to be 0.018 kJmol*K™. This positive value of AS°
suggests good binding affinity of N2Hs on the catalyst surface and an increase in
randomness at the solid-liquid interface during the adsorption process. It might be
attributed the OH" ions in the solution, which are known to promote the catalytic activity
and selectivity by enhancing the adsorption of N2H4 and affecting the reaction mechanism

[12]. Possibly, the OH" ions around the interface might induce the reorientation of adsorbed
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N2H4 which is unfavorable in terms of entropy and gain more entropy than that is lost by
the adsorption of NoHa. The effect of NaOH on the adsorption mechanism needs to be
further investigated. Consequently, AH,;,<0 and AS°>0 implies that Gibb’s free energy
change is always negative value and the adsorption of N2H4 is spontaneous.

The kin values at different temperatures (25-70 °C) was determined from the slope
of the linear regression curves in Figure 6.8. Using the Arrhenius plot, the activation energy
and pre-exponential coefficient were determined to be 66.4 kJ/mol and 7.132 x 10’

molg~'min~?, respectively (Figure 6.9). The LH kinetic model was established as follows:

—r _mcatkLH KCN2H4.
N2Hy Vsol 1+KCN,H,

ki = 7.132 x 107 exp (- Z22), K = 132exp[793.8 (7 — )| (6.16)

0
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Figure 6.8 Linear regression plots based on Langmuir-Hinshelwood model for
decomposition of N2Ha-H20 over NigoPtao/CeO- catalysts performed at different
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Figure 6.9 Arrhenius plot for decomposition of N2Hs-H2O over NigoPtso/CeO> catalysts.
The reaction rate constants were determined based on Langmuir-Hinshelwood model.
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As shown in Figure 6.3, the predictions using the LH model are in good agreement
with the experimental data obtained at different temperatures (25-70 °C). To further

validate the LH kinetic model, a series of reaction tests at 50 °C and Cy, 4, ,= 0.05 M while

varying the catalyst loadings were performed. The catalyst loading was expressed as the
molar ratio of metal (Ni+Pt) in the catalyst to initial NoH4 and was varied from 0.085 to
0.255. Figure 6.10a shows that the reaction rate for the decomposition of N2Hs-H20
increases with increasing of the catalyst loading due to the increase in the total number of
active catalytic sites. It can be also seen that the good agreement between experimental and
predicted data. The LH model essentially represents a zero-order reaction at the very

beginning stage of the reaction (K Cy,y,>>1) and the reaction rate should be proportional
to mcat. Figure 6.10b shows the change of (CN2H4,0 - CN2H4) versus reaction time in the

initial reaction stage. The slopes of each curve had a ratio of 0.51:1:1.47 which agrees well
with the ratio of catalyst loading wused in the three experiments

(0.085:0.17:0.255=0.5:1:1.5).
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Figure 6.10 a) The time course plots and predictions based on Langmuir-Hinshelwood
model for the decomposition of N2Hs-H20 over NigoPtso/CeO: catalysts as a function of
catalyst loading (T = 50 °C, Cy, y, ,= 0.05 M). b) Linear regression plots based on zero-

order for the initial reaction stage of each experiment.
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The predictions by the LH model for the reaction behavior at the different Cy, 4,
are depicted in Figure 6.11. As expected, the LH model exhibits better prediction accuracy
than the nth-order model for the whole range of Cy,y, , (0.03-1.0 M). For the LH model,
excellent matches between the predictions and the experimental data are shown at low
Cn,H,, (0.03-0.1 M) while the differences exist at high Cy,x, , (0.25-1.0 M). Notably, for
the high Cy, y, ., the LH model well described the reaction behavior in the initial reaction
stage while the prediction gradually deviated from the measured result as the reaction
progresses. With increasing Cy, y, ,, the longer time is necessary for the completion of the
reaction and hence the difference becomes more pronounced. As discussed later, this

difference is attributed to the catalyst deactivation which is commonly reported for the

catalytic decomposition of N2Hs-H-O.
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Figure 6.11 The time course plots of the decomposition of N2Hs-H2O over NigoPtso/CeO>
catalysts as a function of initial NoH4-H20 concentration [T = 50 °C, n(metal)/n(N2H4) =
0.17] and predictions based on LH model.
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6.3.3 Catalyst deactivation

To investigate the deactivation characteristics of the NigoPts0o/CeO> catalyst for the
decomposition of N2H4-H20, the durability tests of the sample were conducted under the

standard operating condition [T = 50 °C, Cy,#, ,=0.05 M and n(metal)/n(N2Ha) = 0.17].

Figure 6.12 shows that the catalyst exhibits a reaction rate of 1017 h™! at the first cycle, but
the activity continuously diminishes over repeated cycles. The activity becomes stable after
23" cycle and is only 15% of its initial value. Meanwhile, the H selectivity remains
unchanged at 100%. The activity degradation over cycles in Figure 6.12 is consistent with
that with reaction time observed from Figure 6.11. This catalyst deactivation is ascribed to
a decrease in the number of active Ni sites by the strong binding of N2 molecules which
are the by-products for the complete decomposition of N2Hs-HO [162,213]. It was
reported that the degradation degree of the NigoPtso/CeQ: catalyst for the decomposition of
N2H4-H20 is linearly correlated to the amount of molecular N2 bound at Ni sites [162].
Figure 6.12 also shows that the activity is almost recovered after the catalyst regeneration
according to the protocol described in Chapter 6.2.2. This confirms that the catalyst
deactivation is reversible and is not attributed to the structural change of the catalyst surface.
This is consistent with a previous study that most of the bound N2 molecules at the surface

of NieoPts0/CeO3 catalyst is eliminated by heat treatment over 200 °C [162].
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Figure 6.12 The time course plots for the decomposition of N2H4-H20 over NisoPtso/CeO2
catalysts as a function of the number of reaction cycles and after regeneration [T = 50 °C,
Cn,n,,= 0.05 M, n(metal)/n(N2Hs) = 0.17].

6.3.4 Kinetic model involving catalyst deactivation

The kinetic model considering the catalyst deactivation can be formulated in terms
of relative catalyst activity, a, which is defined as the ratio of the reaction rate involving

deactivation (—7y,y,) to the maximal reaction rate without deactivation (—y,u,) [214]:

=2t (6.17)

“TN2Hy
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The type of deactivation observed in our reaction system corresponds to series
deactivation in which a product acts as a poison for catalysts. In this case, the deactivation

rate equation can be generally expressed as follows [214]:

— % = kgCRa? (Cy, =0anda =1att = 0) (6.18)

where kg4, m and d are the deactivation rate constant and the reaction order with respect to
N2 concentration for the catalyst deactivation and the order of deactivation, respectively.
Combining Egs. (6.16-18), the kinetic model involving the catalyst deactivation was
developed. The following objective function, which is to find the minimum sum of squares

of the errors, was used to estimate the deactivation parameters for Eq. (6.18):

. 2
min (kd' m, d) = Zév=1(Xi,obs - Xi,cal) (6-19)

where X; ops is the i™ observed value of N2H4 conversion, X; ., is the corresponding value
calculated from the kinetic model, and N is the total number of data points. The
experimental data obtained at different Cy, , , were used for parameter estimation (Figure

6.11).

The deactivation parameters (kq, m and d) of the best fitting were 0.085, 0.019 and
1.13, respectively. It was confirmed that the estimated values are not varied with their
initial values. The near-zero value of m indicates that deactivation is nearly independent of

N2 concentration. The d value is nearly equal to unity, implying that one active site is
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involved in the controlling step of the catalyst deactivation mechanism [215]. Figure 6.13
indicates that there is a good agreement between experimental data and the calculation

results obtained from the LH kinetic model involving the catalyst deactivation.

100 H
T
kT
kT
—_— 80 = ) ‘_*"
X K
B 60- B K
@ K
> .
5
S 40 o Cpmio (M) Data  Model
T, 0.03 _— .
pa ¥ 0.05 ---- )
20 4 01 ,,,,,, A
025 -~ v
0.5
0 1.0 e *
I M I W I ' 1 4 1 o
0 5 10 15 20 25
Time (min)

Figure 6.13 Comparison of experimental results at different Cy, y, , and predictions using
the Langmuir-Hinshelwood model involving catalyst deactivation.

6.4 Conclusions

In this chapter, NigoPtso/CeO> catalyst was prepared using two-step solution
combustion synthesis, to be used for hydrogen generation from hydrous hydrazine which
is a promising hydrogen carrier for fuel cell electric vehicles (FCEVs). The effects of
reaction temperature, catalyst loading, and initial reactant concentration were investigated
in a stirred batch reactor with the absence of mass transfer limitations to determine a kinetic

model. The power-law model and the Langmuir-Hinshelwood (LH) model were used to



194

correlate the experimental data. The LH model provides a good agreement with the
experimental results, especially at a wide range of initial reactant concentration, describing
well the variation of reaction order from low to high reactant concentration. Furthermore,
the deactivation kinetic model was determined from the durability and recyclability of the
NigoPts0/CeO2. The LH model coupled with the deactivation Kinetics exhibits an excellent
correlation with the experimental data by capturing the decay of catalytic activity with time.
This kinetic model can contribute to develop a protocol for the design of an on-board

hydrogen generator for FCEVs.
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CHAPTER 7. CONCLUSIONS AND RECOMMENDATIONS

7.1 Summary

In this dissertation, in order to develop active, selective and cost-effective catalysts
for hydrogen generation from hydrous hydrazine which is a promising hydrogen carrier for
fuel cell electric vehicles (FCEVs), CeO, and various Ni-based catalysts were prepared
using solution combustion synthesis (SCS) technique and investigated. Remarkably, the
synthesized materials show promising physical properties and catalytic performance as
compared to those reported in the literature along with the advantage of facile preparation
method. Specifically, the main conclusions of each chapter are as follows.

In Chapter 2, CeO> powders which have been widely used for various catalytic
reactions and are as promising catalyst support for hydrous hydrazine decomposition, were
synthesized using SCS. Based on SCS experiments and characterization of SCS precursors
and products, the combustion reaction mechanism for the formation of CeO, was identified
for the first time. It turned out that the combustion mechanism depends strongly on fuel
type (e.g. hydrous hydrazine and glycine). It was also confirmed that the physical
properties such as crystallite size, surface area and defect concentration can be tailored by
adjusting the synthesis parameters. Notably, the use of hydrous hydrazine fuel, fuel-to-
oxidizer ratio of 2 and ammonium nitrate/metal nitrate ratio of 4 yielded the CeO:
nanopowder with the highest surface area (88 m?/g), which is the highest value among all
SCS-derived CeO> powders reported in the literature. This work demonstrated that

understanding the influence of synthesis parameters on combustion characteristics, and
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their correlation with product properties, can enable one to effectively control the
combustion process and to tailor nanomaterials for specific applications.

In Chapter 3, for the first time, SCS was used to prepare Ni/CeO2 nanopowders as
model catalysts for hydrogen generation from hydrous hydrazine. Similar to Chapter 2, by
varying the synthesis parameters, the correlation between combustion characteristics,
physicochemical and catalytic properties was investigated. It revealed that Ni particle size,
pore structure, and concentration of defects in CeO> structure, which are closely related to
the catalytic performance, depend strongly on the combustion features. It was also found
that the defect structure was mainly generated by the formation of Ni-O-Ce solid solution.
The use of hydrous hydrazine fuel, fuel-to-oxidizer ratio of 2 and 6wt% Ni loading
produced the Ni/CeO> catalyst with small Ni particle size (14.7 nm), large pore size (18.8
nm) and moderate defect concentration. This sample exhibited 100% selectivity to
hydrogen generation in the temperature range 40—70 °C and the highest activity among all
catalysts tested in this study and all catalysts containing Ni alone reported in the literature.
This superior catalytic performance may be attributed to the relatively higher defect
concentration and larger pore size. These features are essentially related to the exothermic
nature of combustion process along with vigorous gas evolution. This work demonstrated
that SCS is an effective method to prepare catalysts for hydrogen generation from hydrous
hydrazine decomposition.

In Chapter 4, in order to develop cost-effective and more efficient noble-metal-free
catalysts, CeO> supported Ni-Cu, Ni-Fe and Ni-Co bimetallic catalysts were synthesized
using SCS. The testing of the noble-metal-free catalysts showed that addition of Cu to

Ni/CeO2 produces synergistic effect to significantly enhance the activity. The
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characterization results revealed that, when adding Cu into Ni/CeQO2, the concentration of
defects in CeO: structure, which act as a catalytic promoter for hydrous hydrazine
decomposition, increases substantially due to strong interaction between Ni, Cu and CeO..
The tailored NigsCugs/CeO; catalyst exhibited 100% H. selectivity in the temperature
range 30-70 °C and 5.4-fold faster reaction rate at 50 °C than that of the monometallic
Ni/CeO. catalyst. This activity is superior to that of most reported non-noble metal
catalysts and is even comparable to several noble metal-based catalysts. This work
indicated that the catalytic performance can be improved through a proper selection of
secondary metal and catalyst preparation method. In addition, the synergistic effect found
in this study may have significance in designing CeO. supported catalysts for other
applications.

In Chapter 5, NiPt/CeO: catalysts with low Pt loading for hydrous hydrazine
decomposition were successfully synthesized using a modified SCS technique. This
modified SCS method was able to overcome the typical problem of conventional SCS
which essentially leads to a deficiency of Pt at catalyst surface due to the diffusion of Pt
into bulk CeO». The low metal loadings (0.4 wt% Ni and 1 wt% Pt) with the optimum
composition significantly increased the number of active sites and enhanced the interaction
between Ni and CeO,. As a result, the developed 0.4Ni-1Pt(60:40)/CeO; catalyst exhibited
100% H, selectivity in the temperature range 30-70 °C and high activity (1017 h't) for the
reaction. More importantly, even though this catalyst contains only 1wt% Pt loading, its
activity was higher than most of the reported NiPt-based catalysts which typically contain
high Pt loading (3.6-42 wt%) along with the advantage of facile preparation method. This

efficient and cost-effective catalyst may open up a new avenue for practical application of
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hydrous hydrazine as an on-board hydrogen carrier. Furthermore, the modified SCS
technique developed in this study may be a good strategy to produce various Pt-based
catalysts for other applications.

In Chapter 6, intrinsic reaction kinetics for hydrous hydrazine decomposition over
NieoPts0/CeO; catalyst developed in Chapter 5 were investigated. Based on prior literature
reports, a simple Langmuir-Hinshelwood (LH) kinetic model with the assumption that the
reaction rate is proportional to the amount of adsorbed N2H4 molecules was established for
the first time. By fitting the kinetic data, reasonable values of the parameters in the LH
model were obtained. The LH model provided good predictions with the experimental
results, especially over a wide range of initial reactant concentrations, describing well the
variation of reaction order from low to high reactant concentration. Moreover, based on
catalyst durability test results, the LH model coupled with deactivation kinetics was
developed and exhibited an excellent comparison with the experimental data. This LH
kinetic model may contribute to the effective design for an on-board hydrogen generator

of hydrous hydrazine-based FCEVs.

7.2  Recommendations for future work

7.2.1 Advanced catalysts for hydrous hydrazine decomposition

The study of NiPt/CeO; catalysts described in Chapter 5 and 6 exhibited that the
catalytic activity is significantly enhanced by the addition of Pt in Ni/CeO>. This catalyst,
however, also showed significant catalyst deactivation with time. Considering that the
NiCu/CeO> catalyst is more durable than NiPt/CeO,, the improved activity may be

achieved at the cost of catalyst durability. Likewise, the reported NiPt-based catalysts
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always showed poor durability [39-45,48,49,127]. To practically utilize hydrous hydrazine
as a hydrogen carrier, it is necessary to improve the durability of catalysts. In this regard,
advanced synthesis techniques and novel methodologies which enable to fine-tune the
properties of active sites of catalyst surface are needed to pursue an optimal compromise
between activity and durability. Meanwhile, the catalyst deactivation for hydrous
hydrazine decomposition is reversible and the used catalysts can be regenerated by heat
treatment as shown in Chapter 6. Therefore, the catalyst durability problem can be
technically solved by alternating the hydrogen generation and catalyst regeneration
processes by connecting and disconnecting the feeding hydrous hydrazine in a multiple
reactor system. For example, one reactor is used for hydrogen generation from the catalytic
decomposition of hydrous hydrazine, while another reactor undergoes catalyst regeneration
by heat treatment. In this case, the studies for process design and optimization are required
to maximize hydrogen productivity.

Another challenge in hydrous hydrazine decomposition is the use of alkaline
solution (e.g., NaOH) as a reaction medium for high catalytic activity and selectivity. This
leads to a difficulty in both equipment and operation requirements [216,217]. Therefore, it
is recommended for practical application to develop catalysts which possess excellent
catalytic performance under non-alkaline conditions. Since a solid base has a similar role
to that of alkaline solution [126,152,153], materials which have a large number of basic

sites need to be explored and can be utilized as a catalyst support.

7.2.2 Continuous hydrogen generators based on hydrous hydrazine decomposition

The study of the catalytic decomposition of hydrous hydrazine for hydrogen

generation is still in the early stage and has been focused on the development of efficient
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catalysts. For this reason, most prior works as well as the present work have focused on the
simple batch reactor system. Although there are a few studies on the continuous semi-batch
system of hydrous hydrazine decomposition [48,218], a semi-batch system has the
inevitable problem that the catalytic activity decreases as the reaction cycle is repeated
because the solution in a semi-batch reactor is diluted with cycle due to the residual product
water from hydrous hydrazine which contains significant amount of water, 36 wt%.
Therefore, other reactor types should be investigated for continuous hydrogen generator
based on hydrous hydrazine. A continuous flow system based on packed bed reactor may
be suitable for practical hydrous hydrazine-based H. on-board vehicles, so that hydrogen

can be produced on demand, rather than produced and stored as in a batch system.

7.2.3 Selective separation of hydrogen and nitrogen

The decomposition of a hydrazine molecule with 100% selectivity produces one
nitrogen and two hydrogen molecules, resulting in the dilution of hydrogen with nitrogen.
Zhao B. et al. investigated the diluting effect of nitrogen from the decomposition of
hydrazine on the performance of PEMFC [219]. They showed that the peak power density
by applying the product gas from hydrous hydrazine decomposition with 100% selectivity
is ~83% of that by using pure hydrogen gas as the fuel. Typically, in a practical PEMFC
system of FCEVs, the excess hydrogen gas discharged from the fuel cell is recirculated and
merged with the fresh hydrogen gas to minimize waste and to obtain maximum efficiency.
This implies that if the product gas from hydrous hydrazine decomposition is applied
directly to PEMFC as a fuel, the concentration of nitrogen in the fuel stream would increase
rapidly due to the recirculation and thus the PEMFC performance would decrease quickly.

In this regard, the process for selective separation of hydrogen and nitrogen is required.
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Typically, for hydrogen separation, pressure swing adsorption, cryogenic separation and
membrane separation have been applied to industrial processes. Membrane separation
technique is promising due to ease of operation, compactness and low energy consumption
[220]. Owing to the quite different molecular size of hydrogen and nitrogen, molecular-

sieve membranes may be effective to obtain high purity hydrogen gas [221].
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