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MODIFICATION OF MATERIALS FOR HIGH OXIDATION RESISITANCE 

 

Yefer M Suarez Buitrago 

Dr. Mark A. Prelas and Dr. Tushar K Ghosh, Supervisors 

ABSTRACT 

 

As a result of high oil prices and the increase effects of greenhouse gases due to the 

combustion of fossil fuels is necessary to find other sources of energy. Hydrogen has the 

potential to replace part of the fossil fuel used today and reduce the greenhouse effect. 

The sulfur iodine cycle and bromine cycle coupled with high temperature heat from the 

next generation of nuclear reactors IV (GEN IV) is a potential solution to reduce of the 

emission of greenhouse gases in the production of hydrogen as well as its economic 

advantages in large-scale electricity. This cycle starts with the decomposition of sulfuric 

acid to sulfur dioxide at high temperatures (825-920oC), depending of the catalysis used.  

Prior to implementing this technology it is necessary to develop new materials to 

withstand the highly corrosive environmental conditions in the decomposition of an acid 

at high temperature. The diamond research group began an investigation to improve some 

materials to be used in the production of hydrogen from the decomposition of acids at 

high temperatures. 

 

In this work, samples of polycrystalline synthetic diamond films were prepared with a 

thin film of Pt deposited on the surface by magnetron sputtering.  Different thicknesses, 

which range from 0.1nm to 3nm, were deposited over the surface of the samples.  The 



 xi 

coated samples were annealed in a cold wall and the diffusion reactors in an inert 

environment a temperature between 5000C and 8500C   for 8 hours.  The annealing 

process created a more stable mechanical bond and a carbon-metal interface with the 

diamond.  The samples were characterized before and after each process using micro–

Raman spectroscopy, UV-Vis (DRUV-VIS), energy dispersive spectroscopy (EDS) I-V 

and QDLTS.  Surface morphology and elemental distribution were studied by back 

scatter scanning electron images or scanning electron microscopy (SEM) and atomic 

force microscope (AFM). 

Preliminary results demonstrated that the samples exhibited the diamond Raman main 

vibration peak (1331 cm-1) associated with Sp3 bonds.  I-V measurements taken at room 

temperature on the surface of the sample, with variable currents from nano-ampere (nA) 

to milliampere (mA) and voltage between ±10 volts, revealed a linear response and a 

positive slope. Based on the preliminary results of this study it is assumed that the 

process created a homogenous coating on the samples.  The samples were exposed in a 

sulfuric acid decomposer system (SADS) developed at the University of Missouri-

Columbia to test the corrosion rate of the treated samples.  The samples were tested in 4, 

8, 12, and 16 hours of exposure at temperatures between 8250C -8500C. 

After SADS, the samples did not loose mass meaning that the diamond improved its 

resistance to withstand the conditions found in the production of hydrogen at high 

temperatures, as a result of the homogeneous platinum coating.  

 

Stainless steel and quartz films were prepared with a thin film of Pt deposited on the 

surface by magnetron sputtering. The results showed that the stainless steel samples did 
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not lose mass after the same exposure time used in the diamond studies with the sulfuric 

acid decomposition system (SADS). 

 

This study also tested iridium (Ir) deposition on diamond, stainless steel and quartz films. 

The results showed that the samples lose between 5-50% of their mass, depending on 

environmental conditions in the annealing process. In this research, hydrogen, argon, 

helium and nitrogen were used in the annealing process at different temperatures. 

Furthermore, the results indicated that the annealing process in the presence of hydrogen 

improved the coating process, and also increased the oxidation resistance of diamond and 

stainless steel coated with platinum and iridium, when exposed to the SADS 

environment.  
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CHAPTER 1 

Introduction  

 

Hydrogen is important as a transportation fuel. In the last decade, the Bush 

administration announced the “Hydrogen fuel initiate”1 with the objectives of reducing 

the greenhouses gas emission into the atmosphere and also to design a plan to transition 

from the current carbon economy to a hydrogen economy2,3. 

 

 To consider the hydrogen economy it is necessary to increase the production of 

hydrogen, but currently, hydrogen production is too low for the projected consumption 

demand.  The world production of hydrogen is estimated at around 45 millions tons or 

500 million cubic meters, per year4, and the USA produces about 40% of the total. 

Hydrogen is primarily produced from methane. 

 

  Hydrogen is the most abundant element in the universe and the third most 

abundant in the earth5. Hydrogen gas does not exist on the earth or in the atmosphere in 

large quantities, it react quickly with other elements to form stables compounds5. The two 

most common compounds are water and fossil fuels (hydrocarbons).  

 

There are several procedures for producing hydrogen; all processes involve 

splitting compounds that contain hydrogen and then capturing the hydrogen gas at the 

end. The hydrogen may also be used as an energy carrier. The best known process for 

producing hydrogen are electrolysis, steam reforming, sulfur bromine hybrid cycle, 
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hybrid sulfuric cycle and sulfur iodine (S-I). The first two are used today. Ninety percent 

of hydrogen manufactured today is created by steam reforming of methane5,6. The S-I 

process and sulfur bromine hybrid cycle are under development for the industrial 

production of hydrogen using nuclear energy. The above processes have their advantages 

and disadvantages from economic to its effects on the environmental (Table 1.1)5. 

 

The other process that is going to be used in the production of hydrogen is hybrid 

sulfur thermochemical cycle using nuclear energy. The U.S. Department of energy 

(DOE) is leading an initiative to develop and research the technologies needed to support 

hydrogen production as a carrier of energy6. This initiative includes the investigation of 

the advantages nuclear reactor as a potential energy for hydrogen production and the 

development of new materials capable of withstanding the harsh environments created a 

high temperature (850-1000 o C) in the decomposition of sulfuric acid for production of 

sulfur dioxide feed stock 7. Some materials may be used depending on their 

characteristics in terms of their stability at high temperatures, when they are modified or 

treated with metals. This study examines diamond and stainless steal which are good 

candidates when they are treated with metals, including platinum and iridium. 

 

Corrosion resistant carbons, such as diamond, are promising materials in several 

fields, like electron emission devices, fuel cells and hydrogen storage.  Diamond 

properties, (i.e. highest thermal conductivity, resistance to corrosion, and toughness to 

radiation), make it an excellent material when it is modified by the incorporation of 

impurities such as metals.   Metal-Diamond base materials (Me:Db) can be used as a 
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support material for catalysis (i.e. catalytic electrodes), and can enhance the oxidation 

resistance properties of diamond when it is combined at elevated temperatures8.  

Diamond offers several advantages over carbon (sp2 – bonded) electrodes, such as 

activated carbon, carbon black, and graphitized carbon.  Sp3 – bonded carbon, namely 

diamond, is corrosion resistant and offers structural stability.  In contrast Sp 2 – bonded 

carbon is susceptible to corrosion and micro structural degradation during anodic 

polarization9.  Studies also show that modified diamond supported catalysts exhibited 

higher catalytic activity when compare to activated carbon-supported catalysts10. 

 

The first objective of this research was to investigate materials that can tolerate 

the conditions present in the sulfuric decomposition cycle. The first task of this objective 

was to test materials that have high resistance to corrosion at high temperatures when are 

exposed in the sulfuric acid cycle decomposition.  Natural diamond, stainless steel, 

quartz, platinum, and iridium were selected due to their high melting point and high 

resistance to corrosion. In previous work, the boron treated diamond, titanium treated 

synthetic diamonds, silicone carbide, quartz, platinum, and stainless steel were tested in 

the development, design and construction of the sulfuric acid decomposition system by 

the Diamond Research Group of the Nuclear Science and Engineering Institute at the 

University of Missouri (MU-DRG)3.  As a result of MU-DRG research, was necessary to 

continue the research with those materials in special diamond, stainless steal, quartz and 

platinum.  
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The second objective of this research was to investigate the performance of 

different materials vs. modified materials under a simulated acid decomposition. As a 

result of this investigation (1) diamond treated with platinum improved corrosion 

resistance in harsh environments, such as the sulfuric acid decomposition system or 

oxidation reactor (OXR)11.  (2) Stainless steel 404 and 304 were treated with platinum 

and showed improved resistance to corrosion in harsh environments, like the case of the 

decomposition of sulfuric acid decomposition. Those materials also improved their 

resistance to corrosion when the annealing process was in a hydrogen atmosphere11. 

 

The third objective of this research was to develop a procedure to increase the 

oxidation resistance properties of materials, for use in the sulfuric acid decomposition 

cycle. 

 

 

 

 

 

 

 

 

 

 

 
 



 5 

Table 1.14: Comparison between electrolysis, steam reforming and sulfur-iodine  
 Electrolysis Steam Reforming Sulfur-Iodine 

Advantages  - Simplest method requiring 
  only a supply of water and 
  electricity. 
- Environmentally friendly 
- Proven technology 
- Ideal for remote locations 
- Independent of fossil fuels 
- Potential for electrical 
   peak-shaving 

- The most efficient     
method of producing 
hydrogen today. 
- Proven technology 
- Near term nuclear 
capability 
- Lowest production 
cost 
- Contributes to nuclear 
S-I 
development 

- High efficiency 
- Low production 
cost 
- Environmentally 
friendly 
- Independent of 
fossil fuels 

Drawbacks - Requires electricity. 
  Electricity production is 
comparatively inefficient, 
expensive, and potentially 
polluting. 
- Highest production cost 

- Dependent of fossil 
fuels 
- Produces CO2. 
- Must be in close 
proximity 
to the nuclear reactor 

- In early phase of 
development 
- Must be in close 
proximity to the 
nuclear reactor 

Assumptions Capital cost of an 
electrolysis plant is $30.97 
per GJ of yearly hydrogen 
production or $977 per kW-

hydrogen of plant capacity. 

Capital cost of an 
electrolysis plant is 
$11.443 
per GJ of yearly 
hydrogen 
production or $361 per 
kW-hydrogen 
of plant capacity. 

Capital cost of S-I 
cycle 
plant is $315 per kW-
thermal 
or $630/kWhydrogen 
of plant capacity 
 

Efficiency 25-45% 70% 50% 

Preliminary 
Production 
Cost 
Estimate 

$2.70/kg to $4.87/kg 
hydrogen 

$0.92/kg hydrogen $1.22/kg hydrogen 

Schedule to 
Implementation 

Currently available. 
Improvements possible 
with more development 

Test production with 
nuclear facility 
scheduled 
for operation in 2008 

Test production with 
nuclear reactor in 
greater 
than 10 years 
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CHAPTER 2  

Description of Corrosive Environments  

 

The development of the hydrogen economy program, included research of 

advanced nuclear reactors as energy sources for hydrogen production. The Department of 

Energy (DOE) “Nuclear Hydrogen Initiative” has identified three reactors from 

generation IV12 that have the potential to provide the thermal energy needed for large 

scale hydrogen production from the sulfuric acid cycles. These reactors are gas-cooled 

reactor, molten salt reactors and very high temperature gas reactor. 

 

2.1. Production of hydrogen from sulfuric acid cycles. 

2.1.1. Sulfur bromine hybrid cycle 

This cycle is a variation of the pure thermochemical cycle, which is called the 

hybrid cycle (Figure 2.1)13. The sulfur bromine cycle has been developed by CEC joint 

center at Ispra since 1974, and is called Euratom Mark. The present cycle consists of the 

three reactions12: 

 2HBr → H2 + Br2 (electrolysis)                                          (1) 

 SO2 + Br2 + 2HO2 → 2HBr + H2SO4 (90oC)                     (2) 

H2SO4 → H2O + SO2 + ½ O2   (850oC)                               (3)  
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Figure 2.113Sulfur family of thermochemical cycles 

 

The electrolysis process is necessary to obtain hydrogen and bromine. The 

characteristic in the electrolytic process include a voltage of 200mA/cm and 350 o C 

which is 0.85v(less that the water electrolysis). Platinum is used as a homogeneous 

electrocatalyst. These metals reduce the overvoltage at the cathode 12.  

 

2.1.2 Sulfur iodine cycle.  

The sulfur iodine (S-I) cycle is a series of thermochemical process use to produce 

hydrogen. This cycle consists of three reactions (Figure 2.2)13 whose net reactant is water 

and whose products are oxygen and hydrogen. The three reactions are: 

 

2H2SO4 → 2SO2 + 2H2O + O2 (850 o C)                     (1) 

I2 + SO2 + 2H2O → 2HI + H2SO4 (120 o C)                (2) 

2HI → I2 + H2 (450 o C)                                              (3)  
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Figure 2.213 Sulfur iodine cycle 

 

In the first reaction (eq. 1), the sulfuric acid is vaporized and superheated to 

8500C, and a result the acid is discomposed into water, oxygen and sulfur dioxide. After 

this reaction, the sulfuric dioxide is combined with water and iodine in the Bunsen 

reaction (eq 2), which produces hydrogen iodine and sulfuric acid. In the last reaction, 

hydrogen is discomposed in iodine and hydrogen gas is liberated. The iodine and sulfuric 

acid are recycled and back to the Bunsen reactor and sulfuric acid decomposer (Figure 

2.3)14. 

 

The S-I cycle involves operations with corrosive chemical at temperatures 

between 800 and 1000 °C. The selection of materials with sufficient corrosion resistance 

under these conditions is of a key aspect for the economic viability of this process. The 

materials suggested include the following classes: refractory metals, reactive metals, 

super alloys, ceramics, polymers, and coatings14. Some materials suggested include 
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tantalum alloys, niobium alloys, noble metals, high-silicon steels, several nickel-base 

silicon carbide SiC, grass, silicon nitride Si3N4
14. 

 

 
Figure 2.314 Schematic representation of S-I cycle 

 

The S-I cycle has been proposed as a way to supply hydrogen for a hydrogen-

based economy. With an efficiency of around 50%, it is more efficient than electrolysis15. 

It does not require hydrocarbons like current methods of steam reforming but requires 

heat from combustion, nuclear reactions, or solar heat concentrators.  

 

2.1.3 Hybrid sulfuric cycle. 

The hybrid sulfuric cycle (often called Westinghouse cycle) combine electrolysis 

and thermochemical process for decomposing water into hydrogen and oxygen (Figure 

2.4)16. 
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Figure 2.416 Schematic of hybrid sulfur thermochemical process 

 

In the thermal decomposition, the sulfuric acid is decomposed into sulfur trioxide 

steam, the sulfur trioxide is decomposed into sulfur dioxide and oxygen at high 

temperature (eq. 1)17. 

 During the electrolysis process, the sulfuric acid and hydrogen is obtained from 

water and sulfur dioxide mixture at low temperature (eq. 2)17. 

 

H2SO4 →H2O + SO3→ SO2 (g) + H2O (g) + ½ 02(g) (thermal decomposition, 850oC) 

(1) 

2H20 + SO2 (g) → H2SO4 + H2 (g) (electrolysis, 110oC)                                                 

(2)                           

 

The presence of sulfur dioxide along with water in the electrolyzer reduces the 

required electrode potential well below that required for the pure–water electrolysis. The 

theoretical values to decompose water is 1.23V or higher17, depending of the electrolyzer. 
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In comparison with 0.17V required for electrolysis with sulfur dioxide, this is less than 

15% of the voltage needed in commercial water electrolyzer17.   

In addition, using only sulfuric acid for the thermochemical processes minimizes 

the required chemical stock in the hydrogen plant well below what is required for the 

sulfur–iodine pure thermochemical cycle. Thus, the hybrid process has potential 

advantages with regards to both pure electrolysis and pure thermochemical procesess17. 

 

The main problems to be solved before the hybrid-sulfur cycles is  developed for 

commercial use are improved materials that can withstand high temperatures and high 

concentrations of acids for long period of time. 

 

In recent years an effort began to seek methods to improve and design new 

materials to withstand the conditions present in the production of hydrogen from the 

sulfuric acid cycles at high temperatures. Two of these materials are platinum and 

iridium.  These materials were selected for high corrosion resistance and high efficiency 

as a catalyst.  

 

2.2. Catalysis process 

Catalytic activity of supported metals for sulfuric acid decomposition reaction is 

the key in the thermo-chemical cycles process to produce hydrogen through a series of 

chemical reactions, where the net results is the productions of hydrogen and oxygen from 

the water at lower temperature that direct thermal decomposition. 
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The catalytic-chemicals in this process are recycle, and the  heat source for those 

reaction can be obtain  from nuclear or solar  power. Hydrogen is produced without 

greenhouse gases and also is independent from fossil fuels12.  

The sulfuric acid is the base of thermo chemical cycles. Those including sulfur-

iodine cycle, the hybrid sulfur cycle, and the sulfur-bromine cycle. The decomposition 

reaction of sulfuric acid taken two processes; a non-catalytic thermal decomposition of 

the acid to form gaseous SO2 and H2O at temperature of 350 oC, followed by catalytic 

decomposition of SO3 at average  temperature 800-850 o C. The SO2 is the half of the 

water splitting reaction and is a product from the cycle 18. 

 

The catalytic decomposition of SO3 requires improving materials that are going to 

be used in this process, and also to keep a high efficiency in the reaction of the 

decomposition of SO3.   The annealing process is very important to increase the 

efficiency of the materials that are going to be use as catalytic for high temperature use. 

The platinum is ones of the most important catalytic materials.  

 

2.3. Effects of annealing and gas treatment of morphology of platinum. 

The morphology of the metal clusters plays an important role in determining the 

catalytic activity of many reactions19. Thus, it is important to determine how the particle 

size and shape affect the catalyst activity. The metal cluster has been the point of interest 

of many studies in the last years, mainly with the use of scanning tunneling microscopy 

(SEM) and electron microscopy (TEM) 20.  
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The different gases used in the annealing process, have strong in influence on the 

transformation of shape of the Pt/ “highly oriented pyrolytic graphite” (HOPG) clusters 

as a function of annealing time19 (Table 2.1).  

 

Table 2.119 Summary of the effects of the gas treatment and annealing time on of the 
particle size and shapes of the Pt/HOPG samples 

 

 

The deposited Pt cluster on highly oriented pyrolytic graphite (HOPG) without 

annealing pretreated shows a large elongated cluster and aggregations of small particles. 

It appears is a bright spot (Figure 2.5)19.  
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Figure 2.519 Three- dimensional STM image of Pt cluster formed on HOPG 
without annealing.  
 
 
The Pt is annealed with Argon atmosphere for 4 hours at 600 o C. The cluster (Pt) 

change from longer aggregations of smaller clusters to more uniform and spherical shape, 

also their size decreased from 35Å to 150Å in average6, 20. When the sample is annealed 

for 12 hours at the same temperature, the shape of Pt cluster are still quite spherical, but 

some cluster now appear to have rounded corners19. This transformation is more obvious 

at 24 hours 19 and the clusters have become elongated. After 24 hours the clusters have 

obtained an equilibrium shape at 600 oC (Table 2.1). The reason why the clusters change 

their shape is because the impurities (hydrocarbons) are discomposing and adsorbing 

onto the surface during annealing 19, 21. 

 

Pt is annealed in hydrogen atmosphere at 600 oC for 4-12 hours. After 4 hours, the 

form of Pt clusters is quite uniform and spherical. This observation is consistent with the 

observed in Ar annealed samples19. “The explanation for this is that the hydrogen reacts 

with carbons to produce hydrocarbon species and those effects the transformations of the 
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Pt clusters”19. The transformation from spherical to the elongated shape is more evident 

at shorter annealing time with H2 that Ar. This observation indicates that the hydrocarbon 

impurities effect the transformation of the Pt cluster19, 22. 

 

The Pt is annealed in nitrogen atmosphere at 600 o C for 4, 12, and 24 hours. After 

4 hours, the Pt cluster appears elongated polyhedral and no spherical particle or cluster 

appears during this period of time19. The cube-octahedron shape of the Pt cluster is 

observed in the sample annealed after 12 hours. The transformation of the Pt cluster is 

more obvious after 24 hours of annealing. The shape of the Pt cluster is spherical (Table 

2. 1), meaning that the morphology of the cluster has obtained an equilibrium structure23. 

The catalysis morphology (size and shape) in the case of platinum is influenced 

by the temperature, annealing time and by the presence of gases 19, 22. When the platinum 

was deposited in other substrates, the morphology of the cluster or particles change.  

 

The thermal treatments have been found to improve surface morphology of metal 

film. The Pt/Cr thin film was deposited on Si3N4/SiO2/Si substrates by electron-beam 

evaporation. The evaporated Pt film was annealed at 600oC to 1200 oC in N2 atmosphere. 

After the annealing process, the size of Pt was improved and also its shape too.  From 

600oC to 1200oC the pinholes grown by surface diffusion and at final the Pt film is 

transformed in islands22. 
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2.4 Previously tested materials 

The decomposition of H2SO4 takes place in two steps, a non-catalytic thermal 

decomposition of the acid to form gaseous SO3 and H2O at 350 oC, followed by the 

catalytic decomposition of the SO3 at 850oC to produce SO2 and O2 products 24. The 

reduction of SO3 requires a catalyst that may work at extremely high temperatures and 

under exposure to chemically aggressive environments that can destroy most catalysts 

within a short time.  Platinum group metals, platinum-supported barium sulfate, Cr 

substituted for Fe oxide catalysts, and some metallic alloys have or are being tested to 

catalytic decomposition of SO3
 at high temperatures24. 

 

“The platinum group metals (PGM), including Pd, Pt, Rh, Ir and Ru   has been 

investigated on different substrates including titanium, Al2O3 between others, in the 

production of hydrogen from by splitting water in the thermochemical sulfur-based 

cycles”24. The sulfur dioxide production for PGM catalysis is higher to Pt and Pd (softer 

metals) than for Rh, Ir and Ru (harder metals). The Pt can withstand the conditions for 

sulfuric decomposition cycle (Figure 2.6)24, but the SO2 production rate over Pd and Pt 

catalysis declined rapidly as results of the sulfate formation24  and some cases due a 

formation of voltaic acid salts as consequence of the environmental conditions25. 
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Figure 2.624 SO2 production rates over platinum group/titanium  

 

Various platinum-supported Barium sulfate catalyst have employed for SO3 

decomposition in sulfur-iodine cycle to produce hydrogen. Barium sulfate as a support 

has been prepared by different methods, i.e., using ethylene glycol(EG) and water, by 

dispersion method and EG and propanol by spray pyrolysis26. Under identical conditions, 

the 1.0Pt/BaSO4 catalyst showed the highest catalytic performance because of high 

surface area and small particle size of platinum. This method showed the highest catalytic 

activity at 750 oC compared with others catalysts 26.   

 

The activity and stability of Cr substituted Fe oxide catalysts were studied for the 

sulfuric–iodine acid decomposition reaction27. The catalytic activity of the samples in the 

decomposition of sulfuric acid was measured with gas chromatograph (SO2 yield). Both 

substituted and unsubstantiated iron oxide samples (Figure 2.7) were found to be active 

for decomposition of sulfuric acid in the temperature range of 500-800oC. The maximum 

activated was obtained at 800oC. The activity of catalyst samples was found to be stable 
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up to 10 hours run. The formation of sulfates is present in the process. Fe1.8Cr0.2O3 is 

promising active and mixed oxide catalyst for the SO3 decomposition27. 

 

 
Figure 2.730 Decomposition of H2SO4 using Fe1.8Cr 0.2O3 

 

Preliminary static corrosion, screening test has identified potential metallic alloys 

for use in the construction of the sulfuric acid decomposition loop (Table 2.2). The 

corrosion rates of three commercially available alloys, Saramet #23, Saramet #35 and 

zecor, are found to approach those accepted by the chemical industry (~0.1mm/year). 

Those alloys have a corrosion rate constant after some time28. 
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Table 2.228 Alloy screening list 

Alloy Exposure time, hours Corrosion rate, mm/yr 

C-22, nickel-based alloy 96 10.0 

I-800 nickel-based alloy 96 3.1 

I-617 nickel-based alloy 72 8.0 

Hastelloy D-205 nickel-based alloy 120 2.1 

Hastelloy B3 nickel-based alloy 72 4.4 

418, Stainless steel 96 5.8 

430, Stainless Steel 96 1.8 

440C, Stainless Steel 96 3.3 

446, Stainless Steel 96 2.0 

Zecor, iron-based 96 2.0 

Saramet #23, iron-based 384 0.9 

Saramet #35, iron-based 480 0.8 
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CHAPTER 3 

Experimental setup and characterization  

 

This chapter describes the experimental system employed in the annealing, 

sputtering and oxidation process, such as the cold wall reactor, diffusion reactor and 

oxidation reactors. The reactors used in this research were designed and build by the 

diamond research group of the Nuclear Science and Engineering Institute of the 

University of Missouri-Columbia. 

 

3.1. ANNEALING SYSTEM “COLD WALL REACTOR”. 

The cold wall reactor (Figure 3.1) was designed by the diamond group research 

with the objective of improving the process of annealing for different materials at a small 

scale29. In this research, the reactor was used to modify the surface of diamond, stainless 

steel and quartz. Those materials were treated in the sputtering machine with a platinum 

and iridium targets prior to the annealing process.  

 

 
Figure 3.1 Cold wall reactor systems  
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The internal setup of the reactor (Figure 3.2), is composed of two electrodes (A), 

this where the power source is connected to the system from an external power supply 

(B) and at this point the current is applied to the reactor. The purpose of the current is to 

heat up the sample and the reactor. The current pass through a filament wire (C). The 

wire is made of tungsten, with a diameter 0.55mm diameter. The tungsten can withstand 

high temperature. The wire is wrapped around the boron nitrite cylinder (D). Inside the 

cylinder there is a graphite cylinder (E). The graphite is able to withstand the high 

temperatures. At the top of the graphite cylinder is where the sample is inserted (F). A 

thermocouple (G) omega type K is used to monitor the temperature. The cylinders are on 

a graphite base (H).  

 

 

Figure 3.2 Internal view of cold wall reactor 

 

Once the reactor is setup and the sample is in place, a pump vacuums out the air 

inside of the reactor. This creates a negative pressure within the reactor. The gas (helium, 
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argon and/or hydrogen) is introduced to purge the system and allows greater 

temperatures. After ten minutes, the flow of gas decreases to 20 mm Hg and the pump 

continues to generate a negative pressure. The power of the system is increased to five 

minutes to raise the temperature of the sample. While the experiment is running, cold 

water flows through the wall of the reactor. The water keeps the walls of the reactor cold 

while the reactor reaches the desired temperature. When the experiment is completed, the 

power is cut off and the flow of gas is stopped. The pump vacuum and the flow of water 

are keeping continuous until the temperature of the reactor reaches the environmental 

temperature8, 29. 

  

3.2. Diffusion reactor (FEDOA GEN V) 

The FEDOA GEN V reactor is designed for the diffusion of impurities in wide 

band gaps films, and is a modification of MOD: FEDOA35, 36 which was design by the 

diamond research group29. The objective of this design was to improve the process of 

annealing at higher temperatures, increased bias and lower pressure29. The FEDOA GEN 

V (Figure 3.3) consists of a base of stainless steal plate, a vacuum vessel and bias design, 

a substrate holder of boron nitride, gas flow meter, a pressure meter, thermocouples, amp 

and volt meter, a high voltage AC and DC power supply, and multiple photon source36 

(lasers). During operation the reactor is maintained at low pressure by a turbo vacuum 

pump, a drytel R 30 turbo molecular dry pump. Hydrogen is used in the reactor to assist 

in removing the oxygen molecules along with helium, argon and nitrogen. The gases help 

maintain an inert environmental during the samples treatment. 
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Figure 3.3 Diffusion reactors (FEDOA GEN V). 

 

3.3. Modifications of the sulfuric acid oxidation reactor (SAOR): 

The SAOR developed and tested by Michael Peck3, which is described with more 

details in his dissertation3. In the next paragraphs are a summary of the more important 

features of this reactor. Also some modifications made to the reactor are described. 

 

The design of the reactor starts with the construction of a sulfuric acid 

decomposer simulator to reproduce the temperature expected for the thermo chemical 

process as well as the pressure.  

The minimum temperature needed to decompose one mole of sulfuric acid in 

sulfur dioxide and sulfur trioxide is 800oC. This produces 0.60 mol percent of sulfur 

trioxide36 (Figure 3.4)3. 
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Figure3.43. Decomposition products from one mole of sulfuric acid as function of 

temperature 

 

The sulfur dioxide efficiency increased with decreasing process pressure based on 

a sulfuric acid decomposition kinetic model using the Aspen3. Based on the limitations of 

constructions for the high pressure laboratory apparatus, the simulator design pressure 

was limited to 1.10 bars3.  

 

The simulator design chosen was a closed cycle flow path with the objective that 

it mach the proposed sulfur iodine and hybrid sulfur cycles 13, 16. The only feedstock 

added is water to the closed cycles, and the remaining reactants (sulfur dioxide, sulfur 

trioxide and oxygen non-condensable), are recycle. The simulator design consists of five 
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parts in a closed loop (Figure 3.5)3; sulfuric acid boiler, vapor super heater, reaction 

chamber and furnace, condenser and pressure (vent). 

 

 
Figure 3.51,3 Design of decomposer simulator 

 

The reaction chamber (modification), is made from incoly (AISI 446 stainless 

steel) of diameter 1 ½ that can accommodate a sample holder with a ½ inch radius3. A 

quartz lining was added to the simulator process piping to maintain decomposition 

product flow by reducing the building up of corrosion products3.  The 1½ inch incoloy 

pipe was reinstalled into the reaction chamber. “The pipe was lined with a 45 mm by 35 

mm GE Type 214 Quartz tube. The inside diameter of the tube was chosen to maximize 

sample holder space while allowing for radial thermal expansion stress as the quartz is 

heated to 926°C temperature. An end cap was constructed from 32 mm quartz tube with a 

34 mm inside diameter. The rod and tube was cemented using Ceramacoat™ 503-VFG-

C
1
. A ¾ inch diameter penetration was machined into the inlet of the reactor chamber 
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quartz tube”3. An 18 mm outside diameter quartz tube was cemented into the penetration. 

This 15 inch long tube was secured in the one-liter Pyrex™ acid boiler. The sealed flow 

path was encased in ¾ inch stainless steel tube adapted to the 1 ½ inch Incoloy pipe. The 

stainless steel tubing provided secondary confinement (Figure 3.6)3. 

 

 
Figure 3.63 Reaction chamber and quartz liners 

 

In the same form, a ½ inch penetration was machined into the exhaust side of the 

33 mm quartz tube. An 11 mm quartz tube was cemented into this penetration to transfer 

the discharge flow to the glass condenser. This arrangement provided a sealed flow path 

from the reaction chamber to the condenser3. This quartz tube was also encased in a ½ 

inch stainless steel tube adapted to the 1½ inch Incoloy pipe. A second removable quartz 

end cap was constructed on the exhaust end of the reaction chamber quartz tube1.  
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The simulator process flow path was modified from closed to open cycle (Figure 

3.7)3, for the following reasons: 

 

 
Figure 3.73 Modified simulator flow path 

 

(1) avoid the accumulation of corrosion products in the boiler, (2) maintain the purity of 

the sulfuric acid in each operating cycle and, (3) verify the flow monitoring and the 

accumulation of reactants6.  

 

The addition of a five liters flask to collect the condensable fluids exiting the 

condenser (figure 3.8), with the purpose of containing all of the condensable reactants for 

a long period of operation (operating cycle).A gas exhaust was added at the top of this 

flask; then the gases passed through a second water cooled condenser (Figure 3.8) to trap 

any condenser material that may be carried. A second two liter liquid trap was added at 

the discharge of the second condenser; at the exhaust a second liter liquid trap was added 
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pump to eject the decomposition gases to the laboratory vacuum system from the top of 

the liquid trap3. 

 

 
Figure 3.8 Five liter collection and liquid trap.  

 

The last modification was the addition of a 250 milliliter funnel at the top of the 

boiler to replenish the supply of sulfur acid to the boiler. A new sample holder (Figure 

3.9) was made 14 mm outside diameter quartz tube. The sample holder could 

accommodate up to eight samples. These modifications eliminated the decomposition 

products or sulfuric acid contact with any metal components3. 
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Figure 3.9.Sampler holder  

 

The simulator has been in used from March 2008 (Figure 3.10), for four, six, 

eight, twelve, sixteen and twenty four hours at 870 0C without loss of flow or acid leaks 

and no plugging from corrosion products was observed.  No mechanical damage was 

observed after the new quartz sample holder was removed following the last modification 

test.   

 

 

 

Figure 3.10 Oxidation reactor   
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3.4 Characterization methods  

 

A variety of characterization methods were used on diamond, stainless steel and 

quartz before and after each treatment. This is fundamental to understand the properties 

related with the modified surface by diffusion of impurities. Each characterization tool 

provides information complementary to other techniques (table 3.1). The samples were 

characterized by Raman spectroscopy, UV-Vis, I-V, SEM, EDS, and AFT.  

 

Table 3.1.Techniques used to characterize diamond, stainless steel and quartz.  

Technique Information 

Micro-Raman Spectroscopy  

UV-VIS Spectroscopy 

I-V Electrical properties 

SEM Microscopy 

EDS Identification (elemental) 

AFM Spectroscopy 

  

I-V- current voltage measurement 

SEM- Scanning electron microscopy  

EDS- Energy dispersive Spectroscopy 

AFM- Atomic force microscopy  
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CHAPTER 4 

Methodology and experimental results  

 

Part of the information presented in this chapter has been presented at various 

conferences such as; 1) 2007 American Nuclear Society International Conferences 

Washington DC, 2) 2008 Gordon Research Conferences. High temperature materials, 

processes & diagnostic  July 20-25, Colby College, Waterville, 3) 2008 ME International 

Conference of the Electrical Engineering Department of the Santo Tomás University in 

Tunja-Colombia,  4)  2010 Springfield annual meeting of the NASA-Missouri Space 

Grant consortium, and 5)  2011 Proceedings of the twentieth annual meeting of the 

NASA-Missouri Space Grant consortium in  Saint Louis, MO. 

 

One of the objectives of this research was to increase the oxidation resistance 

properties of materials such as diamond films (diamond type II/A plates) obtained from 

Harris international, New York. Platinum and iridium were used to increase the diamond 

resistance because of their high resistance to corrosion. Three samples with the same 

shape (1 cm2 by 0.02cm thick) were selected (Figure 4.1). Prior to treatment, a cleaning 

procedure was performed. Before and after each process the samples were characterized 

with the objective to see the behavior of the samples after each process. 

 

Raman analysis was used to determine any modifications to the diamond structure 

and stress in the diamond crystal (plate). Optical analysis using a Scanning Electron 

Microscopy (SEM) was performed to identify the morphology of the platinum on 
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diamond, element identification by energy dispersion x ray spectroscopy (EDS), volt-

current characteristics (I-V) were used to study the diffusion of elements, UV-Vis 

spectroscopy, and Atomic force microscopy (AFM) was used to identify the surfaces 

change after each process. 

 

 
Figure 4.1 Diamond samples untreated  

 

4.1 Methodology  

After the samples were clean, Pt was sputtered process on both sides of the 

sample, 50 minutes each side. The sputtering process was performed in a Denton 

vacuum, LLC, Desk IV sputter with an argon atmosphere. The thickness of the deposition 

was 1KǺ and the target was platinum.  

 

After the sputtering, the samples went through an annealing process. A cold wall 

reactor at a low pressure (10x2Pa) was used, in a hydrogen atmosphere. The treatment 

temperature was 450-500oC for 5 hours. A modified version of FEDOA29 was used   to 

improve the annealing process at higher temperature and vacuum. The temperature and 
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vacuum were 700oC and 10x4 Pa, respectively for 3 hours in a hydrogen atmosphere. 

After the annealing process, the samples were cooled at room temperature inside of the 

reactor. Then, the samples were exposed to the oxidation reactor for 4, 8, 12 and 16 hours 

at a constant temperature of 850 0C.  After the oxidation the samples were washed with 

de-ionized water. As was mentioned above, the samples were characterized and weighed 

using a Fisher Scientific A-160 mass balance to ± 0. 00001 grams, before and after each 

process     

 

4.2 Diamond treatment with platinum   

 After the untreated diamond samples were exposed in the OXR is sulfuric acid 

decomposition products for a period time of 4 hours at 850 0C, the diamond samples were 

disintegrated at the end of this period time, as consequence of the corrosion. The higher 

diamond corrosion occurred, as a result of the concentration of oxygen free radicals 

created in the decomposition of sulfur trioxide in sulfur dioxide37. One of the products of 

the corrosion of diamond is the formation of carbon monoxide, because the oxygen free 

radicals tend to break the carbon sp3 bonds in the diamond3. 

 

4.2.1 Annealing in hydrogen atmosphere.  

The first part of the research is to present the results on the diffusion of platinum 

on diamond type II/A plates using the modified FEDOA in the annealing process. The 

annealing process used a hydrogen atmosphere (Figure 4.2). As was mentioned, the 

samples were characterized before and after each process by Raman spectroscopy, SEM, 

EDS, I-V, AFT and UV-Vis spectroscopy techniques were used to characterize the 

samples. 
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Figure 4.2 Annealed process  

 

4.2.2 Discussion  

Raman analysis was performed using a Delta Nu nuscope micro Raman system. 

Figure 4.3 shows the Raman spectrum taken for samples one, two and three.  Sample one 

was untreated (blue color). The results reveal that the samples exhibit a vibration peak at 

1331.29 cm-1, which is characteristic of diamond. The intensity of the peak was low for 

the spectrum with annealing (sample three, red) because the sample was partly covered 

with platinum, which absorbed the laser light38, as a result of the annealing conditions. 

The intensity of the peak was 480 cm-1 which corresponds to nitrogen as a result of the 

sputtering conditions.  

 

In Raman spectroscopy the intensity of peak moved from 1331.29 cm-1 to 1366.48 

cm-1. This peak shift is characteristic of the annealing at high temperatures, related to 

Pt/diamond39. 
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Figure 4.3 Raman spectrum of untreated (sample 1, peak 1331.29cm-1), sputter (sample 2, 
peak 133.05cm-1) and annealing (sample 3, peak 1366.48 cm-1) diamond samples. 
 

 

Figure 4.4 shows the Raman spectrum for sample three after four hours in the 

OXR. The results show that the peak move from 1366.48 cm-1 to 1381 cm-1 as a result of 

the environmental conditions in the oxidation reactor. 
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Figure 4.4 Raman spectrum of diamond sample 3 after 4 in OXR 

 
 
 

 
Figure 4.5 Raman spectrum of diamond sample 3 after 8 in OXR. 
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Figure 4.6 Micrograph of diamond samples in each process, selected for the Raman 
spectra’s. (a) Sample untreated, (b) sample treated, (c) sample with annealing, (d) sample 
after the OXR (4 hours). 
 

The UV-VIS results (Figure 4.7) show that the slope for sample 3 with annealing 

is smoother, confirming the Raman spectroscopy results. The annealing process reduced 

the absorption spectrum as a result of the uniform distribution of Pt in the diamond 

surface40.  
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Figure 4.7 UV-Vis for the untreated (1), the sputtering (2), and the annealing (3) diamond 
samples 
 
 

Figures 4.8, 4.9, a nd 4.10 show the results obtained from the IV_QDLTS. The 

samples reveal a linear response in both cases after sputtering and annealing from nano-

ampere (nA) to mili-ampere (mA) and the voltage between ± 10 volts (Figs 4.8 and 4.9). 

The decrease of the current and the voltage (QDLTS) between after and before the 

annealing is the result of diffusion of Pt in diamond11, and the current decrease after the 

annealing process as a result of a change in the surface area, size and shapes of platinum 

particles39,40. Each one is affected by the environmental conditions of the annealing 

process.  
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Figure 4.8 Sample 1 (untreated diamond) 

 
 

 
Figure 4.9 Sample 2 (diamond with sputtering) 

 
 

 
Figure 4.10 Sample 3 (sputtering and annealing) 
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The samples were inspected after each process using a scanning electron (SEM) 

microscope. An increase of the surface roughness was observed (Figures 4.110b-d), as a 

result of the annealing and oxidation processes. Some light spots were observed after the 

annealing and oxidation processes.  The EDS identified the light spots as platinum 

(Figures 4.13, 4.14). 

 
Figures 4.12 through 4.15 show the EDS analysis of untreated and treated 

samples. Figure 4.11 show the EDS analysis of the untreated sample. The EDS did not 

identify any impurity in the diamond sample.  Figure 4.13 show the EDS analysis of the 

treated sample (sputtering) and the platinum was identified. The presence of oxygen is a 

result of the environmental conditions of the sputtering.  

 

 
Figure 4.11.SEM micrographs of the: untreated (a), with sputtering (b), after annealing 
(c), after oxidation (d) diamond samples 
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Figures 4.14 and 4.15 show the EDS analysis after annealing and oxidation 

processes, respectively. Impurities detected on the samples after each process were the 

result of the environmental conditions. It was also found that the concentration of 

impurities on the same sample changed from one point to another as showed by EDS. 

The intensity of platinum after the annealing (Figure 4.14), decrease as the result of the 

diffusion on diamond, and also as a consequence of the impurities present in the reactor. 

The platinum identified after the oxidation process (Figure 4.15), reveals that the 

oxidation process created a homogenous coating on the samples. The EDS analysis 

showed that the intensity of Pt increased on some parts of the sample as a result of the 

formation of platinum cluster (Figures 4.14, 4.15). The formation of the clusters is a 

result of the high temperatures in the annealing process 35. 

 

 
Figure 4.12.EDS analysis of the untreated diamond sample. 

 
 

 
Figure 4.13 EDS analysis of treated diamond sample (after sputtering) 
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Figure 4.14 EDS analysis of diamond sample after annealing 

 
 

 
Figure 4.15 EDS analysis of diamond sample after oxidation process. 

 

  
The samples were inspected optically after each process using the “Atomic force 

microscopy” (AFM-Vecco). The AFM was operated in “tapping mode” and the scanning 

probe microscope (spm), probe used was antimony (n) doped silicon with a force 

constant of 20-80 N/m and a frequency of 312-359 KHz.  Surface analysis using AFM 

confirmed an increase in surface roughness in the samples after the annealing and 

oxidation process (Figure 4.15), as observed in the SEM.  

 

The formation of Pt clusters after the annealing, observed in the SEM were also 

confirmed by AFM, giving rise to significant porosity and enhance surface area42. The 
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formations of clusters were the result of the environmental conditions in the sputtering 

process41. 

 

The present of defects and formation of impurities in the surface can be observed 

with the AFM as show in Figure 4.16.  Table 4.1 summarizes the results of diamond 

samples treated with platinum, after different temperatures and gases in the annealing 

process. 

 

Table 4.1 Diamond samples treated with Platinum. 
Sample Annealing: 

(0C/h) 
temperature/time 

Environment  Weight/before 
oxidation (gr) 

Oxidation: (0C/h) 
temperature/time 

Weight /after 
oxidation (gr) 

Sample  1  500/8 Helium  0.20195 810/8 0.20190        a 
822/16 0.20187        b 

Sample 2       600/8 Helium 0.33468 810/8 0.33468 
822/16 0.33462        b 

Sample 3 500/8 Hydrogen  0.32316 810/8 0.32312 
822/16 0.32316 

Sample 4 600/8 Hydrogen  0.33328 810/8 0.33325 
822/16 0.33327 

Sample 5 700/8 Hydrogen 0.33451 822/8 0.33448 
822/16 0.33450 

Sample 5  500/8 Argon  0.33310 810/8 0.33299       a 
822/16 0.33105        b 

Sample 6 700/8  Argon  .33226 810/8 0.33220 
822/16 0.33200        c 

Sample 7 900/6 Argon                          
a, b:  The samples lost mass after 8 and 16 hour, also after 24 hours the samples was 
disintegrated and: c: The sample continued to lose mass after temperature was increased. 

 

4.3 Stainless steel treatment with platinum 

 
The second objective of this research was to investigate the performance of 

different materials vs. modified materials under a simulated acid decomposition. As a 
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result of this investigation, stainless steel 404 and 304 were treated with platinum and 

iridium to improved resistance to corrosion in harsh environments, like the case of the 

decomposition of sulfuric acid decomposition.  Stainless steel samples with the same 

shape (1 cm2 by 0.04572 mm thick) were selected.  The cleaning process, treatment and 

characterization were described in the previous sections.  

 

After the samples were clean, Pt was sputtered process on both sides of the 

sample, 50-55 minutes each side. The sputtering process was performed in a Denton 

vacuum, LLC, Desk IV sputter with an argon atmosphere. The thickness of the deposition 

was 1-1.2 KǺ and the target was platinum.  

 

After the sputtering, the samples went through an annealing process. A modified 

version of FEDOA3 was used to improve the annealing process at higher temperature and 

vacuum. The temperature and vacuum were 500-800oC and 10x4 Pa, respectively for 3- 6 

hours in a hydrogen atmosphere. After the annealing process, the samples were cooled at 

room temperature inside of the reactor. After cooled, the samples were exposed to the 

oxidation reactor for 4, 8 and 12 hours at a constant temperature of 8500C. As was 

mentioned above, the samples were characterized and weighted.      
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               a                                                        

b  

 
               c 

  
             d 
 

 
Figure 4.16 AFM analysis on untreated and treated diamond samples: (a) untreated, (b) 
after SP, (c) annealing and (d) after OXR 
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4.3.1 Annealing in hydrogen atmosphere  

The second part of the research is to present the results on the diffusion and 

treatment of platinum on stainless steel type 304 and 403 plates using the modified 

FEDOA in the annealing process. The annealing process used a hydrogen atmosphere 

(Figure 4.2). As was mentioned in the section 4.2, the samples were characterized before 

and after each process. Raman spectroscopy, SEM, EDS, I-V, AFT and UV-Vis 

spectroscopy techniques were used to characterize the samples. 

 

4.3.2 Discussion  

             Raman analysis was performed using a Delta Nu nuscope micro Raman system.  

In the figure 4.17 shows the Raman spectrum taken for the untreated sample.  The results 

show a vibration peaks at 670 cm-1, 1050 cm-1, are related with NiFe2O4 and NiCr2O4.  

Additional peaks were observed at 1470 cm-1, related with NiFe2O4 respectively.41The 

intensity of peaks observed and wavelength depended of the stainless steel composition34. 

 
 

 
Figure 4.17 Raman spectrum of the untreated stainless steel sample 
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After the sample was treated with platinum (Figure 4.18), the Raman spectrum 

showed that the peaks intensities at 650 cm-1, 1050 cm-1 and 1470 cm-1 were low because 

the sample was covered with platinum, which absorbed the laser light. The same result 

was observed in the case of diamond treated with platinum. 

 

 
Figure 4.18 Raman spectrum for the stainless steel sample treated with platinum. 

 

 
The peaks described and identified in the Figures 4.17 and 4.18 related with 

stainless steel and platinum decreased its intensity, as a result of the uniform distribution 

of platinum in the stainless steel surface at high temperatures (Figure 4.19). The results 

show that the peak move from 500 cm-1 to 540 cm-1 as results of the environmental 

conditions in the annealing process. The peaks shift was also observed in the case of 

Pt/diamond, which is characteristic for platinum, in cases where the annealing process is 

at high temperatures38.   
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Figure 4.19 Raman spectrum for the stainless steel sample treated after annealing process. 

 

Figure 4.20 shows the Raman spectrum for sample after four hours in the OXR.  

The results show that the peak move from 540 cm-1 to 500 cm-1 as results of the 

conditions in the OXR, also the intensity of the peaks was increases as results of the 

formation of Pt cluster at high temperatures. The formation of clusters was observed too, 

in the annealing process in a hydrogen atmosphere, in the case of Pt/diamond38 process 

described in previous sections.    

 

 
Figure 4.20 Raman spectrum for stainless steel sample treated after 4 hours in the OXR 
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Figure 4.21 show a micrograph of the stainless steel in each process, after the 

annealing process, the sample surface start to change from the smooth to rough as result 

of the formation of impurities and Pt cluster on the stainless steel. The formations of 

impurities are the results of environmental conditions in the annealing and oxidation 

process.  

 

The UV-Vis results (Figures 4.22 and 4.23) show that the annealing process 

reduced the absorption spectrum as a result of the uniform distribution of Pt in the 

stainless steel, as observed in the Raman spectroscopy results.  

 

 
Figure 4.21 Micrograph of the stainless steel samples in each process, selected for the 
Raman spectroscopy. (a) Sample untreated, (b) sample treated, (c) sample with annealing, 
(d) sample after the OXR (4 hours) 
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Figure 4.22 UV-VIS for stainless steel sample treated after sputtering process 

 

 
Figure 4.23 UV-VIS for the stainless steel sample treated after annealing process 

 

 
Figures 4.24, 4.25, 4.26 show the results from IV_QDLTS. The samples showed 

linear response, in the cases after sputtering and annealing between ± 200 mA and ± 2V 

(Figures 4.25 and 4.26). The increase of the current and voltage after the annealing 

(Figure 4.26) is the result of a uniform surface and changes in the size and shapes of 

platinum, as a consequence of the high temperature and the gas used in the annealing 

process19.  

 
 



 51 

 
Figure 4.24 Stainless steel untreated 

 

 
Figure 4.25 Stainless steel treated with platinum 

 
 

 
Figure 4.26 Stainless steel treated after annealing process  
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In previous analyses, a surface changes in some of the samples from smooth to 

roughness was identified. For this reason, the samples were inspected using SEM. 

An increase of the surface roughness was observed (Figure 4.27 a-d), as a result 

of the annealing and oxidation processes in the case of stainless steel samples treated with 

platinum.40.  

 

The Figure 4.27b shows that the sputtering process was not uniform, consequently 

dark spots were observed. The EDS analyses (Figure 4.28), show that the concentration 

of platinum in these spots is low, in compared with the bright spots. Also, the 

concentration of platinum and impurities on the same sample changed from one point to 

another, as was identified by DES (Figure 4.28). 

 
Figure 4.27 SEM images of: untreated (a), with sputtering (b), after annealing (c), after 
oxidation (d) stainless steel samples  
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Figure 4.28 EDS analysis of stainless steel sample in different points after sputtering 
process  
 

Figures 4.29 and 4.30 show the EDS analysis after annealing and oxidation 

processes. As was mentioned before, the impurities on the samples were the result of the 

environmental conditions.  

 

 EDS analysis showed that the intensity of the platinum after the annealing process 

(Figure 4.29) increased as a result of the cluster formation platinum44. The clusters 

formations are the result of environmental conditions in the annealing process (Table 

4.2). 

 

Figure 4.30 shows that the concentration of platinum after the oxidation process 

was constant, due to the homogeneous coating on the samples (Table 4.2). 
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The SEM analysis results not show any corrosion after the oxidation process, the 

dark areas on the samples are the result of the formation of impurities11, 29 (Figure 4.27d).  

 

 
Figure 4.29 EDS analysis of stainless steel after annealing 

 
 

 
Figure 4.30 EDS analysis of stainless steel after oxidation process 

 

When the samples were not subjected to the annealing process, the formation of 

cluster, crevice and pit was higher in the oxidation process, after four to twelve hours 

(Figure 4.31). After twelve hours, it was observed minimal corrosion in the stainless steel 

samples, also the formation of clusters was irregular in size and geometry47. The EDS 

analyses reveal that the clusters are formation of platinum (Figure 4.32).  
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Figure 4.31 SEM images of stainless steel samples treated with platinum, without 
annealing after 12 hours in OXR 

 
 

 
Figure 4.32 EDS analysis of stainless steel samples treated with platinum, without 
annealing after 12 hours in OXR 
 

 

Optical inspection and surface analysis was performed using AFM. Surface 

analysis using AFM confirmed an increase in surface roughness in the samples after the 

annealing and oxidation process (Figure 4.33c-d), as observed in the SEM. Also the AFM 

confirmed the presence of imperfections on the surface of untreated samples (Figure 

4.33a). 
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The formation of Pt clusters, pit and crevice after the annealing, observed in the 

SEM were also confirmed by AFM (figure 4.33a-b), giving rise to significant porosity 

and deterioration of the surface of samples 42. The formations of clusters were the result 

of the environmental conditions in the sputtering process and annealing process.41 

 

The AFM analysis concur that the increased in the surface roughness was higher 

in the OXR (Figure 4.33d) than in previous processes (sputtering, annealing), as a result 

of the environment conditions and high formation of impurities (Figure 4.26). Table 4.2 

summarizes the results of stainless steel samples treated with platinum, after different 

temperatures and gases in the annealing process. Besides the exposure time of samples in 

the oxidation reactor. 

 

Table 4.2 Stainless steel treated with Platinum. 
Sample Annealing:( 0C/h)   

temperature/time 
Environment  Weight/before 

oxidation (gr) 
Oxidation:(0C/h) 
temperature/time 

Weight /after 
oxidation (gr) 

Sample  10  500/2 Hydrogen 0.33579 803/4 0.33543         a 

Sample 11 (600-800)/3 Hydrogen 0.28944 815/4 0.28940 

Sample 
12(6.3) 

700/3 Hydrogen 0.35180 810/8H 0.35179 

Sample 
13(30) 

800/3 Hydrogen  0.0.24162 820/12 024220 

Sample 
14(31) 

500/2 Helium 0.50896 803/4 0.50763      a 

Sample 
15(161) 

700/3 Helium 0.32246 815/4 
 

0.32201       a 

Sample 16  800/3 Helium 0.33411 810/8 0.33408       

Sample 17 900/3 Helium 0.33410 820/12 0.33413 

Sample 
18(80) 

700/3 Argon  0.28780 815/4 0.28531       a 

Sample 
19(81) 

900/3 Argon  0.33422 810/4 0.33402 

(a) The sample lost mass.  
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a 

b  

 
c 

 
d 

 
Figure 4.33 AFM analysis on untreated and treated stainless steel samples: (a) untreated, 
(b) after SP, (c) annealing and (d) after OXR. 
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4.4 Stainless steel treated with iridium  

Stainless steel 404 and 304 samples were treated with iridium, characterized 

before and after each process, as was described in section 5.3. After, the samples went 

through an annealing process (A modified version of FEDOA). The temperature and 

vacuum were 600-10000C and 10-4 Pa, respectively for 4 hours in a hydrogen 

atmosphere. As was mentioned before (section 5.3) the samples were cooled at room 

temperature. After the cooled, they were exposed to the oxidation reactor for 4 and 8 

hours a constant temperature of 8250C.  

 

4.4.1. Discussion 

 Figure 4.34 shows the Raman results for the stainless steel treated with iridium. 

The results show a vibration peak at 500 cm-1, related at IrO2
46, absorbed in the treatment 

process.  Additional peaks were observed at 1150 cm-1 related with NiFe2O4.  

 
Figure 4.34 Raman spectrum of stainless steel treated with iridium 

  

Figure 4.35 shows the vibration peaks at 490 cm-1, 1330 cm-1 and 1660.2 cm-1, related 

with Ir O2
 and NiCr2O4

, at O2, respectively. The intensity of the peak at 500 cm-1 
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decreased as a result of the annealing process at high temperatures in a hydrogen 

atmosphere.   After the annealing process, the sample was tested in the oxidation reactor 

for 4 hours.  

 

 
Figure 4.35 Raman spectrum of stainless steel treated with iridium after annealing 

 
 

Figure 4.36 shoes the Raman spectrum for the sample after four hours in the 

OXR. The Raman spectrum results show vibration peaks at wavelengths of 490, 715.3, 

and 1480, are related with IrO2
, NiCr2O4.  The intensity of the peak at 715.3 increased as 

a result of the uniform coating and also because, at the end of the process, the sample was 

unprotected.  Unidentified additional peaks were observed as a result of the condition in 

the OXR.  

 

The samples’ surface was rough after the treatment with iridium (Figure 4.37 A), 

as a result of the iridium cluster. After the annealing process the surface changed from 

rough to smooth (Figure 4.37 B) as a consequence of a uniform coating at high 

temperatures. 
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Figure 4.36 Raman spectrum for the stainless steel sample treated with iridium after 4 
hours in the OXR. 
 

 

 
Figure 4.37 Micrographs of the stainless steel samples treated with iridium in each 
process, selected for the Raman spectroscopy. (A) Sample treated, (B) sample with 
annealing, (C) sample after the OXR (8 hours) 
 

Figures 4.38 and 4.39 show the results from the IV_QDLTS.  After the sputtering 

and annealing processes, the samples revealed a linear response in both cases, from 200 

mA to 1 mA and the voltage from ±3v to ±5v (Figure 4.38 and 4.39), respectively. The 

decrease of current and increase of voltage (QDLTS) between, after and before the 

annealing is the result of changes in the size and shapes of iridium, at the presence of 

impurities,  and as a result of the annealing at high temperatures and the gases used.  
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The IV_QDLTS results of the samples after the oxidation process did not show 

conduction as a result of the formation of impurities on the surface samples and because 

samples were uncovered after 16 hours in the OXR.  

 

The formation of iridium clusters after the oxidation process, and the change in 

the samples’ surface from smooth to rough, before and after the oxidation process was 

confirmed by SEM (Figure 4.40). The increased in the cluster size47 (Figure 5.40 b) is the 

result of the presence of impurities and of oxygen free radicals. 

 

 
Figure 4.38 Stainless steel treated with iridium 

 

 
Figure 4.39 Stainless steel treated with iridium after the annealing process  
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Figure 4.40 SEM images of the stainless steel treated with iridium; (A) after annealing 
and (B) after oxidation 

 

EDS analysis showed that the intensity of the iridium after the oxidation process 

(Figure 4.42) decreased as a result of the presence of impurities. Also the concentration 

of iridium was not constant in the sample as a consequence of the formation of clusters.  

 

 
Figure 4.41 EDS analysis of stainless steel treated with iridium after annealing 
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Figure 4.42 EDS analysis of stainless steel with iridium after the oxidation process 

 

AFM confirmed an increased in the surface roughness of the samples after the 

oxidation process (Figure 4.43 b), as observed at the SEM. Also the AFM confirmed the 

presence of imperfections on the surface of untreated samples (Figure 4.33a). 

 

The formation of iridium clusters after the annealing, observed in the SEM were 

also confirmed by AFM (Figure 4.43 a). Also the AFM analysis proved that the size of 

the clusters increased after the oxidation process (Figure 4.43 b). The increase of size of 

the clusters is related to the annealing process. The increase of the number and size of the 

iridium clusters was high, in instances when the annealing temperature was below of 

7000C.  
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 a 

 
b 

  

Figure 4.43 AFM analysis on untreated and treated stainless steel samples treated with 
iridium: (a) annealing and (b) after OXR 
 
 
 

The AFM proved that the shape of the iridium clusters (Figure 4.44) was 

dependant of the type of gas used and the temperature in the annealing process. In the 

cases where the annealing was at the same temperature, the cluster shapes were 

dependent of the impurities present in the process.   
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a 

 
b 

c  

                         
d 

     
Figure 4.44 AFM analysis of the iridium cluster during the annealing process: (a) 
nitrogen, (b) helium, (c) hydrogen, (d) argon. 
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Tables 4.3 and 4.4 summarize the results of stainless steel samples and diamond 

treated with iridium during the annealing and oxidation process.  Note that temperatures 

and gases were different for each sample during the annealing process, as well as the 

oxidation time. A change of mass (weight) after the oxidation process reveals the 

presence of corrosion in the samples. 

 

Table 4.3 Stainless steel treated with iridium 

Sample 
Number 

Annealing:(0C/h) 
temperature/time 

Environment Weight/before 
oxidation (gr) 

Oxidation:( 0C/h) 
temperature/time 

Weight/after 
oxidation 

(gr) 

1 (17Ir)   600/3 Hydrogen 0.08498 815/8 0.08511    
2 (22Ir)  800/3 Hydrogen 0.08150 815/4 0.07823    
3 (7Ir)  400/3 Argon 0.08272 815/4 0.08310    
4 (12Ir) 700/3 Argon 0.07849 815/8 0.07850    
5 (9Ir) 600/3 Helium 0.08054 815/4 0.08057    
6 (15Ir) 600/3 Helium 0.09342 815/8 0.09368    
7 (4N) a 500/3 Nitrogen 0.05490 820/8 0.95415    
8 (14N) a 700/3 Nitrogen 0.06477 815/4 0.06449   
a: The samples lost mass 

 

Table 4.4 Diamond treated with iridium 

Sample 
Number 

Annealing:(0C/h) 
temperature/time 

Environment Weight/before 
oxidation (gr) 

Oxidation:( 0C/h) 
temperature/time 

Weight/after 
oxidation 

(gr) 

1 (20Ir)   900/3 Hydrogen 0.00926 815/4 0.00643    
2 (29Ir)a  600/3 Argon 0.00472 815/4 0.00259   
3 (36Ir)a 500/3 Argon 0.01225 815/8 0.00504    
4 (26Ir)a 600/3 Helium 0.00663 815/4 0.00280    
5 (34Ir)a 500/3 Helium 0.00957 815/8 0.00764   
a: The samples lost mass 
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CHAPTER 5 

Conclusions 

 

            Research has shown that one of the main problems in the production of hydrogen 

from the sulfuric acid decomposition at high temperatures is finding support materials 

that withstand the high corrosive environmental conditions in the decomposition of an 

acid at high temperatures. This research showed that diamond and stainless steel 

materials treated with platinum and iridium, improved their oxidation resistance. 

 

This research has shown that diamond treated with platinum can be used as a 

support material in the catalysis processes. Also, it can be a suitable material to use as a 

protecting coat in the sulfuric acid decomposition process. 

 

Diamond treated with platinum improved the corrosion resistance when exposed 

at the sulfuric acid decomposition in the OXR, for a period of time between four and 

sixteen hours (Table 4.1). After this process corrosion was not observed. The results of 

this research proved the key to improve the oxidation resistance of diamond treated with 

platinum, is an annealing process in a hydrogen atmosphere at 600-7000C for 4 hours. 

The annealing process created a homogeneous coating of the samples coating of the 

samples.  

 

EDS results showed that the concentration of platinum changed in the different 

processes (annealing and oxidation processes), as a result of the impurities and the 
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formation of platinum clusters or the transformation of the clusters. The formation of 

platinum clusters is one of the reasons why the surface of the samples changed from 

smooth to rough, leaving the diamond samples unprotected, and allowing the corrosion 

process due to the presence of oxygen free radicals. SEM and AFM analyses showed that 

the samples surfaces changed from homogeneous and smooth to inhomogeneous and 

rough. 

 

The stainless steel with platinum treatment can be used as a support material in 

the production of hydrogen from the sulfuric acid decomposition. After the annealing 

process, the samples did not show signs of corrosion, when they were tested in the OXR 

for a period of time between 4-12 hours. The SEM and EDS results confirmed that the 

annealing process created a uniform coating at the samples. Furthermore, these results 

proved the formation of irregular shape clusters pits and crevices (Figure 4.31),  when the 

stainless steel samples treated platinum were tested in the OXR, without the annealing 

process. As a result, it was possible to identify corrosion in the stainless steel sample. 

AFM results showed that the samples surface changed, after the sample was tested in the 

OXR.  

 

In the cases where the annealing process was in helium or argon atmospheres, the 

stainless steel treated with platinum showed low corrosion, only in the cases where the 

annealing temperature was lower than 6000C. 
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This research showed that diamond and stainless steel treated with platinum can 

be used as support materials during the thermochemical sulfuric acid decomposition 

processes. 

 

The stainless steel treated with iridium, did not show signs of corrosion, when 

they were tested in the OXR. This absent of corrosion could be the result of the annealing 

process at high temperature in the hydrogen, argon or helium atmospheres. When the 

annealing process was in the nitrogen atmosphere, the samples showed low corrosion 

(Table 4.3). The SEM and AFM showed that in this case, the formation of iridium 

clusters increased as result of impurities in the nitrogen gas. In the cases where the gas 

used in the annealing process was different than nitrogen, the samples did not show 

corrosion after 4-12 hours in the OXR. EDS analysis revealed that the cluster were 

iridium (Figure 4.42).  

 

AFM showed that the shapes of the clusters are dependant of the gas used in the 

annealing process, and the temperature.  

 

  The MOD:FEDOA process improved the annealing technique at high temperature 

and high vacuum. SEM analysis in combination with AFM confirmed that the 

MOD:FEDOA  improved the samples coating. 

 

 

 



 70 

CHAPTER 6 

Suggestions for future work 

 

This research discovered a novel method to improve the oxidation resistance of 

diamond and stainless steel has been development and tested.  As result of this discovery, 

diamond and stainless steel treated with iridium and platinum can be used as support 

materials in the sulfuric acid decomposition at high temperatures. In addition, this study 

found that the formation of iridium clusters is higher in the case where the annealing 

process is a nitrogen atmosphere, in the case of the stainless steel treated with iridium.    

 

Furthermore, this research found a high concentration of iridium clusters formed 

in stainless steel when treated with iridium.  Due to this finding, suggestions for future 

work include understanding the effect of argon, helium, hydrogen, and nitrogen, in the 

annealing process at high temperatures of stainless steel when treated with platinum and 

iridium.  The study of the effect of these gases can better explain the formation of clusters 

in the annealing process. Also, future research should be focus in how the cluster shapes 

will affect the oxidation resistance of stainless steel.  

 

The next step in this research should be focus in determining the efficiency of the 

stainless steel treated with iridium or platinum in catalysis process, when it is used in the 

sulfuric acid decomposition. For this, it is suggested that all samples prepared in this 

study should be exposed in the oxidation reactor for longer periods of time.  
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APPENDIX 

 

Appendix I. ENERGY CONSUMPTION 

 
In the last decades energy consumption has increased and will continue to grow 

by 49 percent from 2007 to 2035 (Figure A.1)48, and the world energy consumption of 

fuel will continue to increased (Figure A.2)48. As a result, fossil fuel imports have grown 

and will continue to grow due to the development of emerging economies, especially in 

Asia.  

 

 
Figure A.148. World marketed energy consumption 

 

In Asia, the consumption of energy sources, especially coal, is growing faster than 

any other part of the world48. The world coal consumption is expected to increase from 

132 quadrillion Btu in 2007 to 206 quadrillion Btu in 2035, for an average rate of 1.6% 

per year48,49. 
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Much of the increase expected from 2007 to 2035 and will occur in nations 

outside the organization for economic cooperation and development (non-OECD 

nations)49, which accounts for 95 percent of the total net in the world (Figure A.3)48. For 

example coal used in China’s industries has grown by 56.5 percent in the last decade50.  

 

 
Figure A.248. World marketed energy use by fuel type.  

 

 
Figure A.348. World coal consumption by region 
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In recent years, there has been an increase in the production of greenhouse gases 

(carbon dioxide) in the world (Figure A.4)48 as a result of the increased consumption of 

fuels particularly of coal in Asia50. 

 

Figure A.448. World energy-related carbon dioxide emissions.  

 

 Carbon dioxide (CO2) is one of the gases that contribute most to the greenhouse 

effect2. The CO2 levels have been rising from 29.7 billion metric tons in 2007 to 33.8 

billions metric tons in 20201, 2 (Figure A.4)1. For this reason, there is a need to find a new 

source of energy to reduce the production of greenhouse gases, with a significant 

reduction of global use of fossil fuels. 
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APPENDIX ll. PROPERTIES OF MATERIALS  
 
 

In the last five years, the MU-DRG has been used to study materials that can 

withstand the conditions of the sulfuric acid decomposition cycle for hydrogen 

production. The surface modification of some materials increases the resistance to 

corrosion, when they are exposed to harsh environments, such as the case in the nuclear 

reactor used to produce hydrogen from sulfuric acid. 

 

Platinum and iridium are some of the materials that the MU-DRG use to improve 

the resistance of diamond, stainless steel and quartz when these materials are used for the 

sulfuric acid decomposition cycle..  

 

Platinum is an extremely rare metal found in a concentration of 0.00532 in the 

earth’s crust.  It is one of the densest and heaviest metals, highly malleable and ductile. 

Platinum has a high resistance to corrosion even at high temperatures (table B.1).  This 

property makes the platinum can be used as a catalytic for industrial applications. For 

example, the production of hydrogen from sulfuric acid cycle.  Platinum is corroded by 

halogens, cyanides and caustic alkalis. Platinum is insoluble in nitric and hydrochloric 

acid, but dissolve in aqua regia 33. Platinum is used in electric contacts, electrodes, 

catalytic converters, as a catalyst in petroleum refining, and in fuel cells.  
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Table B.1. Properties of platinum35  and iridium. 
Properties  Platinum Iridium  
Atomic number  78 77 
Atomic mass 195.08 amu 192.217 
Melting point  1772 C 2466C 
Boiling point  3827.0C 4428C 
Density  21.45 gr/cm3 22.56 gr/cm3 
Electrical resistivity 9.85 microhm.cm at 0C 47.1nΩ·m at 20C 
Thermal conductivity 73 watts/meter/C 147 W·m−1·K−1 
Thermal expansion  8.8µm./mk at 25C 6.4 µm/(m·K) 
Color  Silver white  White  

 

 

Iridium is one of the least abundant elements in the earth’s crust, having an 

average mass fraction of 0.001 ppm in the earth’s crush36. Iridium is the most corrosion-

resistance metal known, even at high temperatures (table B.1).  Iridium would be attacked 

by some molten salts such as potassium cyanide and sodium cyanide36.  Iridium has been 

used for different application such as: electrical (spark plugs), electrochemical (electrodes 

for the chloralkali process), for catalysis and Iridium is used in particles physics for the 

production of antiprotons a form of antimatter. 

 

Stainless steel does not corrode, stain or rust easily as the ordinary steel. 

It is called corrosion-resistant steel (CRES).  The high oxidation resistance in air at 

ambient/room temperatures is achieved with the addition of a minimum of 13 %( by 

weight) chromium, and 26% if is used for harsh environments 39 (Stainless steel 

applications ranging from kitchen to surgical instruments.). There are several types of 

stainless steel, but the most resistant to corrosion are the 304 and 430.  Their composition 

and properties are similar to each other (Table B.2) 37 
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Table B.237. Steels steel composition  
Grade  C (%) Mn(%) Si 

(%) 
P(%) S(%) Cr(%) Ni(%) 

304   0-0.08 0-2.0 0-
0.75 

0-0.045 0 18-20 8.0-10.5 

430 0.048-0.12 0.42-1 0.36-
1 

0.024-0.040 .010-0.030 16-18 -17-0.75 
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