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ABSTRACT OF THE DISSERTATION 

 

Nanoparticle Growth Studies on Highly Oriented Pyrolytic Graphite (HOPG) 
And  

Photocatalytic studies on bimetallic system supported on HOPG 
 

By 
 

Jayde Yonjoo Kwon 
 

Doctor of Philosophy in Physical Chemistry 
 

 University of California, Irvine, 2014 
 

Professor John C. Hemminger, Chair 
 
 

 

Nanoparticle (NP) growth mechanisms have received attention due to the many potential 

applications such as biomedicine, catalysts, fuel cell, and solar cells. Here in this dissertation, I 

focus on developing a new tool to study the fundamental growth mechanisms of NP growth. This 

system relies on the use of highly oriented pyrolytic graphite (HOPG) as a substrate for 

deposition of metal NPs. 

HOPG is layers of graphene stacked in a parallel arrangement. It is a useful substrate to 

study the growth of metal NPs due to its inert nature of surface. This system provides many 

advantages of fundamental studies of metal NP growth (discussed in chapter 1 introduction) the 

most critical point, for the purpose of this dissertation, being the separation of NP growth 

mechanism from substrate effects. 

In the subsequent chapters, I focus on three major studies: 1) fabrication of linearly 

ordered Fe NP growth along the step edges of HOPG to study fundamental mechanisms of seed-

mediated growth of pyrite, 2) photocatalytic properties of a bimetallic system composed of 
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photodeposited Pt onto the fabricated Fe NP arrays, and 3) the improvement of the detection 

limit of this Fe NP system to better theoretical research on NP growth. 

The first three chapters focus on the studies of NP growth on HOPG. Chapter 1 shows the 

successful and selective deposition of linearly ordered Fe NPs on the step edges of HOPG. Using 

these Fe NP arrays, the study of using different precursors to convert Fe oxide to FeS2 (pyrite) is 

discussed in chapter 2. Despite the interest in pyrite due to its promising properties for solar cell 

applications, pyrite devices suffer from low efficiency. This is partly due to a lack of 

understanding of which parameters are required for preferential growth of a pure pyrite phase. 

Therefore, using the Fe NP system on HOPG provides a toolkit for studying the fundamental 

properties of particle growth at very early stages. Seed-mediated growth of pyrite NPs by 

atmospheric-pressure chemical vapor deposition in the context of different precursors is 

discussed in chapter 3. The results are promising yet many discussions can be raised as to using 

my system to improve pure pyrite phase growth in the future.  

In chapter 4, I focus on generating a bimetallic system using the Fe NPs on HOPG to 

study photocatalytic properties. Photodeposition of Pt NPs on Fe oxide NP arrays is 

demonstrated for the first time. I show that generation of this Pt-Fe oxide bimetallic system 

actually improves the photocatalytic activity as assessed by methylene blue degradation studies 

under UV exposure.   

 Lastly, in chapter 5, an attempt was made to improve the HOPG NP system to improve 

the surface characterization detection limit. This was done by studying Fe NP growth on oxygen 

plasma treated modified surfaces of HOPG. The plasma treatment creates more defect sites on 

the surface of HOPG leading to higher-density deposition of Fe oxide NPs that significantly 

improves the low detection limit of the original HOPG NP system. 
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CHAPTER 1 
 

Fabrication of Linearly Ordered Iron (Fe) Oxide Nanoparticle 
Arrays on Highly Oriented Pyrolytic Graphite (HOPG) Substrate 

 
 

INTRODUCTION 

Highly oriented pyrolytic graphite (HOPG) is layers of graphene – two dimensional and 

single-atom thick form of carbon – stacked in a parallel arrangement. It is a useful substrate to 

study the growth of metal nanoparticles (NPs) due to its inert nature of surface, conductivity, 

abundance, relative non-toxicity.1,2,3 HOPG is composed of a basal plane with strong covalent 

carbon-carbon bonds where the interlayer forces are relatively weak.4  Carbon atoms within a 

layer interact much stronger than adjacent planes in that each layer can be manually cleaved by 

an adhesive tape. Due to this characteristic, the interaction between metal deposits and the 

HOPG terrace is relatively weak. In addition, the strong covalent carbon-carbon bonds on the 

plane make the diffusion mobility of deposited metals high at the HOPG terrace.  On a freshly 

cleaved HOPG surface, micron-sized flat terraces are found along with some defect sites.  There 

are two types of defect sites: step edges due to a stacking fault and small localized defects due to 

atom vacancies at the surface.  It has been shown that metals have a stronger interaction with 

HOPG at the step edges allowing metal adatoms to nucleate and create linearly ordered metal NP 

arrays.5 

Graphite exists in many different grades and sources. X-ray and neutron optics were used 

to judge the grade of HOPG by examining their mosaic spread.  ZYA, ZYB and ZYH are the 

grades of HOPG where its mosaic spread is (0.4° ± 0.1°), (0.8° ± 0.2°), and (3.5° ± 1.5°),  

respectively.  The grain sizes of these grades are 10 µm, 1µm, and 30-40 nm, respectively.  In 
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this particular experiment, we are using ZYB grade of HOPG because its mosaic spread gives 

sufficient number of step edges.  

Using HOPG as a substrate to study the growth of metal NPs has three advantages. First, 

the inert properties of HOPG results in approximately no background oxygen signal on clean 

HOPG surface by X-ray photoelectron spectroscopy (XPS) and other surface analysis techniques. 

Second, charging effect is diminished due to the metallic properties of HOPG. Third, deposited 

metal NPs can be organized in a linear fashion on the naturally occurring step edges. Ordered 

metal NPs are crucial and useful because it can facilitate theoretical calculations. This makes 

HOPG an ideal substrate to study the basic growth mechanism of a variety of metals independent 

from substrate effects. 

Step-edge decoration of HOPG with metal nano-clusters has been reported using several 

different metals, including Ti,5 Au,6 Ag,7,8,9 Co,10 and Ni.11 Here we show the specific generation 

of well-separated Fe oxide NPs on HOPG step edges that provide the basis for further 

fundamental studies of other metal growth at the single nanocrystal level, presented in 

subsequent chapters. 
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EXPERIMENTAL 

Highly Oriented Pyrolytic Graphite (HOPG). 12 mm × 12 mm × 2 mm pieces of HOPG with 

a mosaic spread of 0.8 ° ± 0.2 ° (Grade ZYB, Momentive Performance) were used. Surface of 

HOPG was cleaved using Scotch tape in air to expose fresh surface and immediately transferred 

to vacuum evaporator chamber. 

Physical Vapor Deposition. Physical Vapor Deposition (PVD) in an Edwards 306A thermal 

evaporation coating was used to fabricate linearly ordered iron oxide nanoparticle arrays on 

HOPG. The sample was placed in a tungsten holder that is place at an angle of ~ 50 ° from the 

ceramic crucible holding iron shots (Alfa Aesar). Prior to metal deposition, HOPG was annealed 

at above 500 °C with base pressure below 5 × 10-6- torr for 3 hours to desorb water and remove 

any organic residues on the surface. The ceramic crucible holding iron shots were resistively 

heated at ~12 amps. Deposition thickness was measured by a quartz crystal microbalance, 

INFICON front load single crystal sensor. The sample was annealed for 3 hours after deposition. 

Characterization. Scanning Electron Microscopy (SEM) of FEI Quanta 3D FEG and FEI 

Magellan 400 XHR at 10 kV were used to image each samples after iron oxide deposition. EDS 

(Oxford Instruments) analysis was done by using a silicon drift detector at an accelerating 

voltage of 15 kV.  Transmitted Electron Microscope (FEI/Phillips CM-20) was used. TEM 

samples were prepared by cleaving sample surface with an adhesive tape. Only optically 

transparent areas were mounted on a carbon-free copper TEM grid. X-ray Photoelectron 

Spectroscopy (XPS) measurements were performed with Molecular Environmental Sciences 

Beamline (Beamline 11.0.2) at the Advanced Light Source synchrotron facility at Lawrence 

Berkeley National Laboratory.  X-rays were produced from the ALS storage ring by a bending 

magnet. The hemispherical analyzer uses a three stage differentially pumped electrostatic lens 
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system to maintain the UHV environment.  The sample was mounted on a sample holder that can 

be heated and measures accurate temperature by the thermocouple that is mounted on it. The 

spectra were obtained at a base pressure of 1 × 10-9 Torr.  The pass energy of 100 eV and 20 eV 

were used for survey scans and narrow scans, respectively.  Binding energy was calibrated by 

C1s of HOPG set at 284.6 eV as a reference. XPSPeak 4.1 and CasaXPS were used to 

deconvolute background. Adobe Photoshop was used to measure the iron oxide NP size and its 

spacing. 
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RESULTS AND DISCUSSION 

1.1 Fabrication of Iron (Fe) oxide NPs on HOPG by varying substrate temperature upon 

deposition.  

Due to the fact that HOPG sample preparation is performed in air and then transferred to 

the evaporator, an annealing process is required as a ‘cleaning process’ prior to Fe metal 

deposition. Métois et al. reported different surface cleaning procedures by thermal annealing.12 

Of interest, Appy et al. reported that annealing ZYH and ZYA grade of HOPG to 800 K for 

several tens of minutes in ultra-high vacuum (UHV) is sufficient enough to remove any 

impurities and absorbates on the surface of HOPG.  Because our system is not in UHV, but 

rather at a base pressure of 5 × 10-7 Torr, longer annealing at higher temperature was used.  Our 

pre-annealing condition was 3 hours at above 400 °C and post-annealing condition was 3 hours 

at deposition temperature.  At this temperature, organic absorbates or water molecules were 

expected to be removed.  

The naturally occurring step edges on a freshly cleaved HOPG allows individual adatoms 

to nucleate and form NPs at these step edges where the mobility of the metal adatoms depend on 

substrate temperature. Here we monitored Fe oxide NP nucleation at various substrate 

temperatures. Figure 1.1 shows a SEM image of a sample with a uniform thickness of 2 nm Fe 

deposited on HOPG that was held at 150 °C followed by 3 hours of post-annealing at the same 

temperature.  This condition resulted in the deposition of Fe oxide NP all over the HOPG surface 

resembling a thin film. These particles were not crystalline in morphology. The low-

magnification SEM image (Figure 1.1 top), shows some areas where particles form a line. This 

suggested that Fe adatoms that happened to deposit at the step edges nucleated along the step 

edges creating nanowire-like structures. The formation of these linear arrays is more likely due 
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to the randomness of Fe adatom deposition on the surface rather than its mobility. A high-

magnification SEM image (Figure 1.1 bottom) shows a detailed morphology of the nano-

clusters. These nucleated nano-clusters show a dendritic morphology with no discrete or 

crystalline structure likely due to a kinetic product caused by slow diffusion of Fe adatoms at this 

temperature. The dendritic-type shapes are not due to contamination but due to diffusion-limited 

growth, which is well understood in metal-on-metal growth systems.3  Perhaps Fe adatoms were 

deposited at the edges of other adatoms but due to low mobility at a given temperature resulted 

in the creation of dendrites.  This suggested that at elevated temperatures, growth of three-

dimensional crystallites would be expected.  
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Figure 1.1. SEM images of Fe (uniform thickness of 2 nm measured by quartz microbalance) 
deposited when HOPG was held 150 °C (top) and a magnified region (bottom). 
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 To our expectation, when HOPG substrate was held at 300 °C upon Fe deposition, 

different NP nucleation growth was observed (Figure 1.2). Unlike the dendritic growth shown in 

Figure 1.1, there was a preference towards nanowire formation.  A low-magnification SEM 

image (Figure 1.2 top) shows that there were small NP deposited all over the HOPG terrace, 

similar to Figure 1.1; however, the distance between the clusters was fairly larger than that of 

Figure 1.1. Also, there was definitely more formation of step edge decorations.  The step edge 

decorations are in random direction partly due to different planes of graphene sheets oriented in 

different directions after exfoliation by adhesive tape. Of interest, under these conditions, the 

step edge decorations are no longer in forms of connected nanowires. Rather, they appeared to be 

discrete NPs closely aligned along the step edges. A high-resolution image shows that these 

nucleated nano-clusters were more discrete and were in a spherical form (Figure 1.2 bottom).  

Although there was an increase in linearly ordered NP array formation at 300 °C, it was clear 

that at this temperature not all the Fe adatoms moved to the step edges before it nucleated. 
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Figure 1.2. SEM image of Fe (uniform thickness of 2 nm measured by QCM) deposited when 
HOPG was held at 300 °C (top) and a magnified region (bottom). 
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 When the substrate was heated to 400 °C upon Fe deposition, different morphological 

changes were observed (Figure 1.3).  We observed nano-cluster assembly mostly along the step 

edges of the HOPG, yet significant dendrites of nano-clusters remain on the terraces. Similar 

results have been reported previously.2, 13 In contrast to Figure 1.2, different particle morphology 

is seen in that all the NPs are more discrete and crystalline (Figure 1.3). A high-magnification 

SEM image (Figure 1.3 bottom), emphasizes this observation. Instead of nanowire-like 

formation along the step edges, discrete linearly ordered Fe oxide NP arrays are formed at the 

step edges. Interestingly, even NPs on the terraces are in spherical morphology. It is of note that 

although individually separated spherical Fe NPs are formed under this condition, the substrate 

temperature may not be high enough to move all the NPs only at the step edges.  
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Figure 1.3. SEM image of Fe (uniform thickness of 2 nm measured by QCM) deposited when 
HOPG was held at 400 °C (top) and a magnified region (bottom). 
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 When the substrate temperature upon deposition reaches above 475 °C, all the adatoms of 

Fe diffused into step edges and nucleate forming only linearly ordered Fe oxide NP arrays 

(Figure 1.4). A low-magnification SEM image (Figure 1.4 top) of a 20 µm × 20 µm window 

shows that there is no nucleation at terrace observed.  A high-magnification SEM image (Figure 

1.4 bottom), shows discrete spherical Fe oxide NPs decorated along the step edges.  The step-

edge decoration is due to the fast diffusion of metal atoms on the terrace and low binding energy.  

The growth of NPs is favored on HOPG because the adatom-adatom interaction is much stronger 

than the adatom-substrate interaction, resulting in Volmer-Weber growth of 3D islands. 

We measured the gap between the NPs and their individual sizes shown in Figure 1.4 

(Figure 1.5; Photoshop software was used). The average NP size was around 7-8 nm in diameter 

and we could see NPs as big as 18 nm. Most of the edge-to-edge spacing of the NPs was 1-2 nm 

where some NPs were 9 nm apart from each other. It is not known how to control the gaps of the 

NPs. However, it has been known that the size of the NPs can be varied by deposition amount.   
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Figure 1.4. SEM image of Fe (uniform thickness of 2 nm measured by QCM) deposited when 
HOPG was held at above 475 °C (top) and a magnified region (bottom).  
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Figure 1.5. NP size distribution and NP spacing measurements from Figure 1.4 (bottom). 
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1.2 Fe nanoparticle size variation based on deposition amount 

Figure 1.6 and Figure 1.7 represents two different samples with different amount of Fe 

deposited at above 475 °C.  Figure 1.6 represents a SEM image of a sample where uniform 

thickness of 10 nm of Fe measured by Quartz microbalance was deposited.  A low-magnification 

image (Figure 1.6 top), shows that with 10 nm deposition of Fe, there was no terrace decorations.  

All the particles were aligned along the step edges (similar to Figure 1.4). A High-magnification 

SEM image (Figure 1.6 bottom), shows size differences of the Fe oxide NPs to the 2 nm 

deposition of Fe sample (Compare to Figure 1.4 bottom).  The average NP size was around 22 

nm.  When uniform thickness of 25 nm of Fe deposited onto HOPG that was held at 475 °C, 

particle decorations was different (Figure 1.7).  Due to the increase in Fe deposition, particles not 

only decorated along the step edges but also started to decorate the HOPG terraces. The 

morphology of particles along the step edges was different as well. The gaps between the 

particles diminished with increase in Fe deposition amount. It could also be seen that smaller 

NPs in 5-20nm in size were deposited on top of larger nano-clusters. Due to loss of gaps between 

NPs, nanowire-like features were formed along the step edges. Fe particles could have nucleated 

on the terraces of HOPG due to the heavily occupied step edges with Fe. The NPs on the terraces 

were in 50-70nm in size and were crystalline in structure. 
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Figure 1.6. SEM image of Fe (uniform thickness of 10 nm measured by QCM) deposited when 
HOPG was held at above 475 °C (top) and a magnified region (bottom). 
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Figure 1.7. SEM image of Fe (uniform thickness of 25 nm measured by QCM) deposited when 
HOPG was held at above 475 °C (top) and a magnified region (bottom). 
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1.3 Characterization of Fe oxide nanoparticle arrays 

We characterized the NPs by atomic force microscope (AFM), transmission electron 

microscopy (TEM) and X-ray photoelectron spectroscopy (XPS) to characterize their heights, 

microstructure, phase and elemental composition. A sample that was prepared the same way as 

in Figure 1.4 was used. AFM was used to determine the heights of these nanoparticle arrays. 

Figure 1.8 shows an AFM image with the red line representing where the heights were measured. 

The blue cursor at the bottom of the AFM image is the beginning of histogram of particle 

heights.  The average heights for these NPs were in the range of 10 ± 2 nm.   

For TEM studies, samples were prepared by dry transfer of exfoliated HOPG layer with 

an adhesive tape where the thin tethered area was placed in a carbon free 3 mm × 3 mm copper 

grid (100/50 mash).  Figure 1.9 shows a representative TEM image.  Similar to the SEM images 

(shown above), TEM images also show individually separated spherical Fe oxide NPs.  A low-

magnification image (Figure 1.9A), shows that the NPs are inhomogeneous in shape and size.  

Several NPs showed differing contrast where the small dark contrast region represented the 

presence of metallic Fe domains and the light contrast regions represented Fe oxide NPs. High-

magnification TEM images shown in Figure 1.9B and C reveal that most of the NPs had well-

developed lattice fringes.  The lattice fringe spacing measured in Figure 1.9B corresponds to 

(220) orientation of Fe3O4.     

XPS spectra were analyzed by using CasaXPS and XPSpeak4.1 software. All spectra 

were calibrated by fixing C 1s peak to 284.6 eV, which represents graphite.  Background 

subtraction was made by subtraction of Shirley-type background from each spectrum.14  All the 

survey scans were collected to determine the presence of contaminants.  High-resolution Fe 2p 

spectrum was collected for the as-prepared sample (Figure 1.10A). The spectra suggested that 
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the Fe 2p spectrum is dominated by the oxide phase of Fe and at lower binding energy there is a 

small peak representing metallic Fe.  In Figure 1.10B, the Fe 2p spectra shows three spin-orbit 

doublets.  Fe2+ and Fe3+ components were fitted by asymmetric lineshapes that mimic the 

multiplet splitting effect.  The fitted spectra with the binding energies of 709.16 eV, 711.6 eV, 

and 706.5 eV are characteristic of Fe2+, Fe3+ and Fe0, respectively.15  There is also shake-up 

satellites in the higher binding energy to Fe 2p3/2 is characteristic of Fe3+. The presence of 

metallic Fe species on the sample validates the TEM data (Figure 1.9).  However, most of the 

NPs were in Fe oxide forms with the presence of core-shell type of Fe oxide-Fe as shown in 

Figure 1.9. 
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Figure 1.8. Atomic Force Microscope of 2 nm Fe oxide on HOPG and its height information. 
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Figure 1.9. TEM and XPS characterization of NC chains prepared on HOPG at 475°C. (a) Low-
magnification TEM image of segments of three NC chains. The NC size/shape is somewhat 
different from the data in Figure 1 and the SI because two different sample holders were used to 
heat the HOPG. (b) Lattice-resolved images of several NCs. The measured fringe spacing of 3.0 
Å corresponds to Fe3O4 (220).  
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Figure 1.10. XPS Fe2p of a 3 mm2 area of NC chains. (a) Fe 2p XP spectrum of as-prepared and 
annealed at 450 °C and 600 °C. (b) deconvoluted Fe 2p XP spectrum showing the presence of 
Fe(0), Fe(II), and Fe(III), consistent with a phase mixture of Fe3O4 and metallic Fe. 
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CONCLUSION 
 
 In this chapter, we have investigated Fe NP growth on HOPG by varying substrate 

temperature upon deposition.  We have successfully found a condition where above 475 °C in 

temperature, all NPs could be specifically decorated along the step edges of HOPG suggesting 

that Fe NP growth on HOPG is temperature-dependent. The generated Fe NPs on HOPG provide 

the basis for subsequent studies in this dissertation. 
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CHAPTER 2 

Conversion of Fe oxide to Fe disulfide  
using H2S (g) and/or Elemental Sulfur 

 
 

INTRODUCTION 

 Seeded Iron Pyrite (FeS2) nanoparticles (NPs) can be prepared by converting Fe oxide to 

Fe disulfide (FeS2) in gaseous sulfur atmosphere.  Two different sulfur precursors can be used to 

convert Fe oxide to FeS2.  It is known that chemical reaction between Fe oxide and H2S results in 

formation of FeS2, Eq. 1.  And the reverse reaction can be done by exposing FeS2 to oxygen or 

air which then results in formation of Fe oxide and elemental sulfur. 

   Fe2O3 (s) + 4 H2S (g) → 2 FeS2 (s) + 3 H2O (g) + H2 (g)                     (1) 

Elemental sulfur as a sulfur precursor is known to react with Fe oxide.1  It is known that Fe2O3 or 

Fe3O4 heated under gaseous sulfur atmosphere, results in the conversion of FeS2 as shown in Eq. 

2 and 3. 

        2 Fe2O3 (s) + 11 S → 4 FeS2 (s) + 3 SO2 (g)           (2) 

             Fe3O4 (s) + 8 S → 3 FeS2 (s) + 2 SO2 (g)           (3) 

The phase diagram shown below (taken from Smestad et al.) was calculated for 

equilibrium condition of ternary system where Gibbs free energy and heat capacity at 350 °C is 

used.1,2  
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Figure 2.1. Fe-O-S phase diagram. Taken from Reference 1.  

In order to prepare pyrite from metallic Fe in the absence of oxygen, it must to go through FeS 

phase. However, if pyrite is prepared by Fe2O3 or Fe3O4, then it would not be necessary to go 

through FeS phase field.  Rather, as shown in Eq. 2 and 3, Fe oxide reacted with elemental 

sulfur, pyrite and SO2 gas is produced.  Since the equilibrium phase diagram was constructed at a 

condition of 350 °C, we are required to use the same or slightly higher temperature condition.  

 Here in this chapter, we explored two different ways convert Fe oxide to FeS2: (1) 

Linearly ordered Fe oxide nanoparticles was placed in a chamber where pure H2S gas was flown 

at 390 °C for 12 hours. (2) Elemental sulfur was placed along with Fe oxide nanoparticle array 

sample on HOPG in a quartz ampoule which were sealed then annealed at 500 °C for 0.5-2 

hours. 
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EXPERIMENTAL 

Conversion of Fe3O4 NCs to FeS2 NCs by H2S annealing.  Samples were heated in pure quasi-

static H2S gas in a tube furnace at 390 °C for up to 12 hours. 

Conversion of Fe3O4 and marcasite NCs to pyrite NCs by elemental sulfur annealing. 

Samples were annealed in evacuated (< 100 mTorr) and sealed 14 mm ID quartz ampoules 

containing ~20 mg of elemental sulfur (99.999%, Alfa Aesar) in a box furnace at 500-550 °C for 

up to 2 hours. 

Characterization.  Scanning Electron Microscopy (SEM) of FEI Magellan 400 XHR at 10 kV 

were used to image each samples after sulfur annealing. Transmitted Electron Microscope 

(FEI/Phillips CM-20) was used. TEM samples were prepared by cleaving sample surface with an 

adhesive tape. Only optically transparent areas were mounted on a carbon-free copper TEM grid 

(50/100 mesh double folding copper grids, Ted Pella). Raman measurements utilized a Renishaw 

inVia confocal Raman microscope with 532 nm excitation and a 50× objective lens. 
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RESULTS AND DISCUSSION 

 It has been reported that thin films of iron oxides can be converted to FeS2 thin films by 

annealing in pure H2S gas.3 The same conditions (annealing Fe3O4 NCs in H2S at 390 °C for 12 

hours) were chosen for H2S annealing. The particle size of iron oxides measured by SEM before 

H2S annealing showed an average diameter of 40 nm. The H2S annealing condition led to the 

formation of aligned polycrystalline FeS2 nanowires that were 50 ± 15 nm wide and microns to 

millimeters long (Figure 2.2). These nanowires were around 100 nm in height (Figure 2.3). After 

the annealing process, individually separated particles coalesced together and formed nanowires 

(Figure 2.2 and 2.3). The slight expansion of particle size is due to the increase in unit cell 

volume from Fe2O3 to FeS2.  

The composition and crystallinity of these nanowires were determined by Raman and 

TEM. Raman spectra acquired over large areas of the samples (spot size of around 1 µm) showed 

the presence of both pyrite FeS2 (peaks at 343, 379, and 430 cm-1) and marcasite FeS2 (peaks at 

323 and 391 cm-1; Figure 2.4).4 

It was unclear how to exactly locate the presence of each phase in the nanowires due to 

the relatively large spot size in Raman. XRD data on these samples were negligible due to the 

low S/N ratio caused by a strong substrate signal.  Thus, lattice-resolved TEM images of 

exfoliated HOPG samples were used to better understand the nanoscale structure of the 

nanowires.  As shown in Figure 2.5, the wires consisted of crystalline grains with an average size 

of 50 nm, surrounded by a discontinuous shell of smaller crystallites and amorphous material.  A 

d spacing of 2.7 Å was measured from the lattice fringes and fast Fourier transform (FFT) in the 

blue box region corresponded to either (200) lattice planes of pyrite or the (020) planes of 

marcasite.  The FFT of the red box region showed (020) planes of marcasite and (120) plane of 
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marcasite (indicated by red arrows).  This result indicates that the initial conversion of 

Fe2O3/Fe3O4 to FeS2 is independent in NPs. 
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Figure 2.2. SEM images of Fe oxide NP arrays annealed in H2S gas. (A) before H2S annealing 
(B) after H2S annealing. 
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Figure 2.3. A 52 °-tilted SEM image of FeS2 (pyrite and marcasite) nanowires after the H2S 
annealing process.  
 

 
 
 
 
 
 
 
 
 



32 
 

 
 
 
 
 
 
 
 
 

 
 
Figure 2.4. Raman spectrum of H2S annealed Fe oxide NP arrays. Both pyrite (blue line) and 
marcasite (red line) phases of FeS2 are present. 

 

 

 

 

  



33 
 

 
 

 
 
Figure 2.5. TEM images of after H2S annealing process. Lattice resolved TEM image of a 
segment of a nanowires with fast Fourier transform (FFT) images of selected regions of the 
nanowire indicating (200) orientation of pyrite (blue arrows) and both (200) pyrite and (120) 
orientation of marcasite (red arrows). 
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Despite the mixed phases of FeS2, we found that the H2S annealing process on Fe2O3 

linear NPs can maintain uniformity of the nanowire morphology, enabling us to study the seed-

mediated growth of pyrite by CVD (chapter 3).  However, our interest in synthesizing a pure 

pyrite phase led us to use other sulfur sources in the annealing process.  Although we could not 

identify exactly the presence of Fe3O4 in nanoparticles, we could not neglect its presence.  It is 

known that hematite (Fe2O3) and magnetite (Fe3O4) can be converted to FeS2 by annealing in 

sulfur vapor.1  When Fe3O4 reacts with sulfur it produces pyrite and Fe2O3.  This is the 

intermediate step to convert Fe oxide to pyrite.  Thus, with excess sulfur, all oxide phases can be 

converted to pyrite.  We annealed the Fe2O3 nanoparticle arrays in sulfur at 550 °C for 2 hours in 

sealed quartz ampoules, mimicking our recent work with FeS2 thin films.3,4 The Fe2O3 NP chains 

were morphologically stable when heated to 550 °C in vacuum or argon (Figure 2.6) enabling us 

to interpret any morphological changes during sulfur annealing to the action of sulfur and no 

other variables. 
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Figure 2.6. SEM images of before and after annealing at 550 °C for 2 hours for stability studies. 
(A) Before annealing. (B) after annealing of the same location. 
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Sulfur annealing under these conditions resulted in a loss of NP morphology uniformity 

and the formation of large (100-1000nm), polydispersed, and faceted crystallites of pyrite 

organized into branched chains across the HOPG surface (Figure 2.7). Interestingly, these 

crystallites were formed where the Fe oxide NPs were before the elemental sulfur annealing 

process. In addition to these micron-sized clusters, the faint trails of NP chains remained in the 

same size even after the sulfur annealing process. Despite the loss of morphology uniformity, the 

Raman spectrum in Figure 2.8 indicates the presence of a pure pyrite phase. TEM images in 

Figure 2.9 confirmed that the elemental sulfur annealing process produced crystallites with some 

particles remaining in NP size. Figure 2.9B represents one of a small NPs on Figure 2.9A. A d-

spacing of 3.1 Å and 2.7 Å were measured from the lattice fringes which corresponded to (111) 

and (200) orientation of pyrite. Figure 2.9C is an image of a facetted region of large crystallites. 

The fast Fourier transform (FFT) for the black box region at the center (Figure 2.9C) represented 

(210) orientation of pyrite (d-spacing of 2.4 Å). Although mixed morphology was observed from 

elemental sulfur annealing process, all the Fe2O3 particles were successfully converted to pyrite.  
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Figure 2.7. SEM images of Fe oxide NP arrays annealed in sulfur vapor. (A) Before sulfur 
annealing. (B) After sulfur annealing. (C) Higher magnification view of (B). 
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Figure 2.8. Raman spectrum of Fe oxide NP arrays annealed in sulfur vapor. Only pyrite phase 
of FeS2 is present. 
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Figure 2.9. TEM images of Fe oxide NP arrays annealed in sulfur vapor. (a) Low-magnification 
TEM image. (b) TEM image of small nanoparticles on (a) and its FFT corresponds to (200) and 
(111) orientation of pyrite. (c) TEM image of large crystallite on (a) and its FFT corresponding 
(210) orientation of pyrite.  
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CONCLUSION 

We show successful fabrication of pyrite nucleation sites on HOPG.  This was done by 

converting linearly ordered arrays of Fe2O3 NPs (presented in chapter 1) using two different 

sulfur annealing processes. The H2S annealing method converted the NPs to mixed phases of 

FeS2 nanowires.  The elemental sulfur annealing method converted the NPs to a pure pyrite 

phase despite a loss in uniformity of the NP or nanowire structures.  These studies provide a 

platform for studying the basic mechanism of seed-mediated growth of pyrite presented in 

chapter 3. 
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CHAPTER 3 

FeS2 Nanoparticle Growth 
by Chemical Vapor Deposition 

 
 

INTRODUCTION 
 

Iron pyrite (cubic FeS2), one of the phases in the Fe-S system, is a promising material for 

photovoltaic devices. It has a suitable bandgap (Eg ~ 0.85-0.95 eV), high absorption coefficient 

(α > 105 cm-1 for hν > 1.3-1.4 eV), adequate minority carrier diffusion length, elemental 

abundance, and low toxicity.1,2,3,4,5,6 However, iron disulfide (FeS2) exists in numerous forms 

with unique electronic and magnetic properties depending on its stoichiometric ratio between Fe 

and S and its crystallinity. Fabrication of high quality pyrite film has been studied by numerous 

methods such as metal organic chemical vapor deposition (MOCVD).6  Importantly, due to its 

naturally occurring phases, generation of a pure pyrite phase is still a challenge in the field. In 

addition, high temperature conditions can change the stoichiometry of Fe and S that can interfere 

with the generation of a pure pyrite phase. Consequently, despite its potential, the efficiency of 

pyrite solar cells has not exceeded ~3% due to a low open-circuit voltage (Voc < 0.2 V).1, 7,8 

Therefore, basic studies on controlling pyrite nucleation and growth would potentially be useful 

in improving the fabrication of pure pyrite phases. This will have direct implication in improving 

film quality and device efficiency. Several studies have investigated the growth of pyrite 

nanostructures of controlled size and shape, including nanoparticles (NPs),9,10,11 nanowires,12 

hexagonal sheets,13 and nanocubes.13,14,15 Most of the studies were done by colloidal synthesis, 

but none of the studies were done using a non-solution method. 
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It is known from solution chemistry that recrystallization is most effective when a seed 

particle is added in the solution by initiating crystal growth. In this chapter, we asked the 

question of whether pre-deposited pyrite seed NPs on HOPG step edges (illustrated in chapter 1 

and 2) would provide an advantage in subsequent pyrite growth by CVD. 
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EXPERIMENTAL 

Chemical vapor deposition of FeS2. FeS2 was deposited in a homemade atmospheric pressure 

CVD system described in detail elsewhere16 using iron(III) acetylacetonate (≥ 99.9%, Aldrich) 

and tert-butyl disulfide (97%, Aldrich) in flowing argon at a substrate temperature of 300 °C. 

 

Structural and elemental characterization. Scanning electron microscopy (SEM) imaging was 

performed on an FEI Magellan 400 XHR instrument at 10 kV. Raman measurements utilized a 

Renishaw inVia confocal Raman microscope with 532 nm excitation and a 50× objective lens. 

X-ray Diffraction was performed on Rigaku Smartlab XRD.  
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RESULTS AND DISCUSSION 

The converted FeS2 NPs by distinct annealing procedures allowed us to ask two questions 

about the basic growth mechanism of pyrite: i) Can FeS2 NPs act as a seed to assist preferential 

growth of pyrite upon CVD? ii) Is this growth process-dependent? We used CVD of iron(III) 

acetylacetonate and tert-butyl disulfide at 300 °C (see Experimental for details) onto either H2S-

annealed or sulfur-annealed samples.  

Striking differences were seen where CVD on H2S-annealed samples maintained the 

mixed-phase pyrite/marcasite nanowires (Figure 3.1-3), while CVD on sulfur-annealed samples 

generated chains of pure-phase pyrite microcrystals and nanocrystals (Figure 3.4-6) suggesting a 

process-dependent growth of pyrite.  

A short time series (10, 15, 20, 30 minutes) of CVD was monitored on H2S-annealed 

HOPG sample (Figure 3.1-3.3). Initial 10 minutes of CVD growth resulted in a deposition on to 

the pre-existing nanowires. Figure 3.1A and B is the same sample at a similar location before and 

after 10 minutes of CVD. The exact same location could not be compared due to the beam 

damage that happens during SEM acquisition. It is known that during the CVD process, 

deposition is favored in the beam-damaged area. During a short CVD exposure, particles only 

deposited on to pre-existing nanowires. Rather than epitaxial growth, as might be expected, we 

observed the nucleation of multiple new grains on each seed crystal, with no obvious 

crystallographic registry between the new grains and the seeds. Upon 15 minutes of CVD, 

amorphous seed nanowires became more crystalline (Figure 3.2C). The new grains on each seed 

crystals became more facetted. Importantly, we observed preferential growth of new particles on 

the pre-exisiting nanowires since no growth was observed on the terraces. As the time increased 

to 20 minutes, new particles that were deposited on nanowires became crystalline (Figure 3.2D). 
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At 30 minutes of CVD exposure, pre-exited nanowires became crystalline and amorphous 

particles started to expand throughout the substrate from the nanowires (Figure 3.3E). As shown 

above, Raman spectra indicated the presence of both marcasite and pyrite phases after H2S 

annealing (Figure 3.3F; blue line). It is clear that the existence of both phases before CVD 

affected the growth of new particles. After 10 minutes and 30 minutes of CVD exposure, both 

marcasite and pyrite phases were still present (Figure 3.3F; green and red line). 
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Figure 3.1. SEM images of before and after CVD in different time series on H2S-annealed 
sample. (A) Before CVD. (B) 10 minutes of CVD exposure. 
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Figure 3.2. SEM images of after CVD in different time series on H2S-annealed sample. (C) 15 
minutes of CVD exposure. (D). 20 minutes of CVD exposure.  
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Figure 3.3. SEM image of after CVD and Raman spectra.  (D) 30 minutes of CVD. (F) Raman 
spectra of (A), (C), and (E). 
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Samples annealed in sulfur showed quite different behavior during initial CVD growth of 

FeS2. The SEM image of sulfur annealed samples showed the aforementioned loss of 

morphology uniformity yet pure pyrite phase (Figure 3.4A, 3.5C). Upon a short CVD exposure 

of 5 minutes (Figure 3.4B), we observed nucleation of FeS2 on the entire substrate indicating no 

preferential growth. However, we still observed a similar crystalline behavior as the H2S-

annealed sample at the pre-existing linear NP arrays of pyrite. CVD exposure for 20 minutes 

resulted in an agglomeration of particles at the surface. Interestingly, due to the presence of only 

pyrite phase prior to CVD, pyrite-pure growth was observed with short-time CVD deposition 

when measured by Raman spectroscopy (Figure 3.6F). As the CVD deposition time increased, 

marcasite phase started to grow as well as the pyrite phase (data not shown).  
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Figure 3.4. SEM images of before and after CVD in different time series on sulfur-annealed 
sample. (A) before CVD. (B) 5 minutes of CVD. 
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Figure 3.5. SEM image of after CVD in different time series on sulfur-annealed sample. (C). 10 
minutes of CVD. (D) 15minutes of CVD. 
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Figure 3.6. SEM image of after CVD and Raman spectra.  (D) 20 minutes of CVD. (F) Raman 
spectra of (B)-(E). 
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A possible explanation of the nonspecific nucleation of CVD FeS2 on sulfur-annealed 

samples is the creation of nucleation sites on HOPG by the reaction between sulfur and carbon 

during the annealing treatment. To test this hypothesis, we compared CVD growth of FeS2 on 

sulfur-annealed or blank HOPG substrates. As expected, 15 minutes of CVD exposure on blank 

HOPG substrate resulted in a predominant deposition of particles on the step edges that were 

taller and bigger than those on the terraces (Figure 3.7A). On the contrary sulfur-annealed HOPG 

showed no preferential growth at the step edges (Figure 3.7B). We used XRD to investigate 

potential structural changes to the HOPG surface (Figure 3.8). Interestingly, sulfur-annealed 

HOPG exhibited structural changes. HOPG mainly is composed of two different crystalline 

phases: hexagonal (2H) crystalline phase where hexagonal carbon layers are arranged in ABAB 

manner and rhombohedra structure of ABCABC staking of carbon layers (3R).17 Although it is 

difficult to state that a freshly cleaved HOPG prior to XRD measurement has a particular 

preferential crystalline phase, clear distinction could be made on post-elemental sulfur treated 

HOPG. Sulfur-annealed HOPG showed a strong peak for 2H phases that was not present on the 

blank HOPG substrate. It has been reported that 2H phases can interchange upon heating at high 

temperature and interchanges between oxygen and sulfur can be made by annealing the sample 

in a sulfur environment.17,18 This result indicated that upon sulfur-annealing, sulfur not only 

reacts with seed-particles but also with carbons on the HOPG, possibly leaving new nucleation 

sites on the terraces. This may explain the random distribution of particles on the sulfur-annealed 

HOPG substrate during CVD. 
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Figure 3.7. SEM images of CVD on (A) blank HOPG. (B) elemental sulfur annealed HOPG. 



56 
 

 
 
 
 
 
 
 

 
Figure 3.8. XRD of blank HOPG (red) and sulfur annealed HOPG (blue). Surface modification 
is observed with elemental sulfur annealed HOPG. 
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CONCLUSION 
 

Here in this chapter, we show that preferential growth of pyrite on pre-existing seed 

particles was process dependent. Despite the presence of phase impurities, the H2S annealing 

process suggested seed-mediated growth of FeS2 nanowires. On the contrary, elemental sulfur 

annealing surprisingly resulted in the growth of pure pyrite phase with random distributions of 

new NPs. Future studies will be required to optimize the conditions to preferentially grow pure 

pyrite phase that can potentially be used to generate high quality pyrite films. In conclusion, our 

studies provided a novel platform to study seed-mediated growth of pyrite NPs independent from 

substrate effects. The preferential growth of NPs in a linearly ordered manner also provides an 

advantage for theoretical calculations. 
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CHAPTER 4 

Photocatalytic Properties of Photo-deposited Pt Nanoparticles on 
Iron oxide nanoparticle arrays 

 
 

INTRODUCTION  

There has been a wide range of studies on tunable nanoparticles (NPs) due to its wide 

applications in photovoltaics, biomedical imagings, photocatalysts, and electro-optical 

devices.1,2,3,4  Especially, there has been extensive studies on heterostructures of NPs where two 

distinct metal components are synthesized to form a bimetallic system.  These bimetallic 

catalysts have higher activity than single metallic NPs.  Controlling the size and surface structure 

of these bimetallic systems has a key role in achieving high catalytic activity.5  The most 

important factor for catalytic performance is the size of metal particles.  It has been reported that 

sub-nanometer particles have both enhanced catalytic activity and selectivity than regular NPs.6  

Atoms that are in low-coordination sites function as active sites.7  It is therefore, ideal to 

synthesize smaller NPs to single atoms.  However, fabrication of single-atom catalysts is a 

challenge due to its stability under reaction conditions.  Specifically, we are interested in metal-

semiconductor hybrid systems have been of great interest due to their unique photocatalytic 

properties. In metal-semiconductor hybrid systems, semiconductors are used as light absorbing 

components. They absorb photons and create electron holes localized at the semiconductor, 

which are formed by excited electrons that move through the heterointerface.   

 Catalysts using Pt has been extensively studied due to their ideal catalytic properties, 

specifically in hydrogen oxidation and oxygen reduction in alternative fuel cell.  However, due to 

its high cost and low abundance, developing Pt based catalysis has been limited.  It is important 
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to use small amount of Pt and bring maximum catalytic properties of Pt.  It is known that Fe3O4 

nanoparticles conjuncted to Pt nanoparticles exhibit higher catalytic activity for oxygen 

reduction reaction (ORR), CO oxidation, and nitrite sensing. 3,5, 8,9,10,11   

Fe2O3 is a promising semiconductor photocatalyst due to its visible light absorption (Eg = 

2.2 eV), abundance, non-toxicity, and stability against photo corrosion. However, Fe2O3 suffers 

from short hole diffusion length, low electrical conductivity and high rate of electron hole 

recombination. To overcome these barriers, different transition metals (e.g. Au, Si, Pt) have been 

deposited on Fe2O3. Particularly, Pt on Fe2O3 is an ideal heterogeneous catalyst that has a variety 

of uses such as photoelectrochemical water splitting and CO oxidation.12 Importantly, Pt on 

Fe2O3 provides an improvement in photocatalytic properties on the degradation of dyes, such as 

methylene blue (MB). Although many studies deposit Pt on various forms of Fe2O3 (e.g. films, 

nanorods, and coreshells), Pt NPs on discrete Fe2O3 nanoparticles on highly oriented pyrolytic 

graphite (HOPG) has not been studied. The deposition of Pt on Fe2O3 has been studied using 

various methods such as electrodeposition and solution based synthesis. However, 

photodeposition of Pt on Fe2O3 has not yet been studied.  

In this chapter, we demonstrate photodeposition of Pt NPs selectively on Fe2O3/Fe3O4 

nanoparticle arrays formed by physical vapor deposition on HOPG. We find that Pt deposition 

on Fe2O3/Fe3O4 NP arrays enhances its photocatalytic properties as assessed by the degradation 

of methylene blue (MB).  
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EXPERIMENTAL 

Physical Vapor Deposition of Fe2O3 onto the Steps of HOPG. 

HOPG (Momentive Performance, ZYB Grade 12 × 12 mm) was freshly cleaved and immediately 

loaded onto tantalum sample holder in an evaporator (Edwards 306A coating system). The 

sample holder allowed electrical current to pass through and heat the graphite by resistive 

heating and a K-type thermocouple that was cemented on the back of the sample holder read the 

temperature of the sample holder as the heating process continues. The sample holder was at an 

angle of 57 ° from the ceramic crucible with Fe pieces (99.99 %, Alfa Aesar). The sample holder 

was gradually heated to 500 °C in 3 hours with a base pressure of < 5 × 10-7 torr. Fe was 

deposited onto HOPG held at around 500 °C with a uniform thickness of 2 nm measured from a 

quartz crystal microbalance (INFICON front load single crystal sensor) and annealed for 3 hours.  

Photodeposition of Pt on Fe2O3 nanoparticles on HOPG. 

A 0.1 mM of K2PtCl4 was prepared by dissolving K2PtCl4 (0.0256 g, Sigma Aldrich) in 300 mL 

of HPLC water (Fischer Price).  The sample of Fe2O3 nanoparticles on HOPG was loaded onto a 

cap with an opening at the center. Through that opening ultraviolet (UV) light can penetrate and 

photodeposition occurs. The cap was loaded onto a cell facing a 200 W mercury arc lamp. A 

monochrometer was set at 365 nm and UV light passes through a UV mirror angled at 45 ° with 

2 convex lenses that focuses the reflected light to the sample.  The sample irradiated by UV light 

for various times to optimize Pt nanoparticle distribution. After photodeposition, the samples 

were rinsed with and soaked in HPLC water (Fischer Price), then dried with nitrogen.  

Characterization.  

Samples of photo-deposited of Pt on Fe2O3 nanoparticles were imaged by Scanning Electron 

Microscopy (SEM) of FEI Magellan 400 XHR at 10 kV. EDS analysis was done at an 
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accelerating voltage of 15 kV.  X-ray Photoelectron Spectroscopy (XPS) measurements were 

performed with Molecular Environmental Sciences Beamline (Beamline 11.0.2) at the Advanced 

Light Source synchrotron facility at Lawrence Berkeley National Laboratory.  X-rays were 

produced from the ALS storage ring by a bending magnet. The hemispherical analyzer                                                                                

uses a three stage differentially pumped electrostatic lens system to maintain the UHV 

environment.  The sample was mounted on a sample holder that can be heated and measures 

accurate temperature by the thermocouple that is mounted on it. The spectra were obtained at a 

base pressure of 1 × 10-9 Torr.  The pass energy of 100 eV and 20 eV were used for survey scans 

and narrow scans, respectively.  Binding energy was calibrated by C1s of HOPG set at 284.6 eV 

as a reference. For Figure 4.7, photoelectron measurement was performed with ESCALAB MK 

II surface analysis instrument (VG scientific).  This XPS was equipped with a 150 mm 

hemisphere electron energy analyzer and a twin anode x-ray source (Mg/Al) in a multi-chamber 

system under ultrahigh vacuum. XPS were performed at a base pressure between 5 × 10 -10 and 1 

× 10-9 torr using Al Kα with a constant energy of 1486.6 eV and pass every of 20 eV. 

XPSpeak4.1 and CasaXPS programs were used to deconvolute peaks. Background subtraction 

was made by subtraction of Shriley-type background from each spectrum. 

Transmitted Electron Microscopy (TEM) images were obtained by TEM Philips/FEI CM-20.  

TEM samples were prepared by obtaining optically transparent areas by cleaving sample surface 

using an adhesive tape. Optically transparent areas were mounted in a copper TEM grid (Ted 

Pella, 50/100 double mesh folding copper grid). 

Methylene blue Photo-degradation study. 

Pt on Fe oxide linear arrays sample was placed in a fluorimeter cuvette cell (International Crystal 

Laboratories) with about 7 mL of 1 mM of methylene blue (MB) solution (HPLC-grade water).  
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The fluorimeter cell was covered with a Teflon stopper and para-film was sealed around the 

stopper and the cell.  A monochrometer was set at 365 nm and UV light passes through a UV 

mirror angled at 45 ° with 2 convex lenses that focuses the reflected light to the sample.  A 

fluorimeter cuvette cell with Pt-Fe oxide sample and MB solution was facing towards the UV 

light.  Every 15 minutes, sample was transferred in an aluminum foiled glass jar for UV-vis 

spectrum (Cary 50 Photospectrometer).  UV-vis spectra was analyzed by averaging highest peak 

absorption, 666 – 669 nm (λmax) of each spectrum and subtracted from averaged baseline (453 – 

455 nm).  The peak difference was then converted in concentration.  The concentration of MB 

was monitored over time of UV exposure.     
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RESULTS AND DISCUSSION 

4.1. Photodeposition of Pt on Fe oxide nanoparticle arrays 

Linearly ordered Fe oxide NPs deposited on HOPG was placed in a cell with 10 mL of 

0.1 mM of Pt solution in HPLC water. UV exposure on these sample resulted in the 

photodeposition of Pt on Fe oxide NPs. Upon 30 minutes of UV irradiation, Pt NPs in sub-

nanometer size were photo-deposited onto Fe oxide NPs. Longer irradiation did not have further 

effects on Pt particle size suggesting that Fe oxide sites are saturated with 30 minutes of UV 

exposure at the given concentration (data not shown). Figure 4.1 shows a typical secondary 

electron SEM image of photo-deposited Pt on Fe oxide NPs that allow us to understand the 

surface morphology of the sample.  In Figure 4.1A and B, brighter spots in 1-2nm in diameter 

can be seen on Fe oxide NP arrays. The bright spots were confirmed to be Pt particles based on 

EDS analysis (Figure 4.1C). Aggregated features were observed on the terraces of HOPG yet 

neither Fe nor Pt was observed in the EDS spectrum. This surface roughness on terrace areas 

could be due to HOPG surface and water interaction or beam damage during the imaging 

process. Many attempts were made to obtain SEM images of blank HOPG surface after water 

exposure yet it was difficult to focus the image due to the lack of particles. It is clear however 

that Pt NPs were only photo-deposited on Fe oxide NPs upon UV-light exposure.   
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Figure 4.1. SEM images and EDS of Pt NPs on linear arrays of Fe2O3 NPs on HOPG. (a) Low-
magnification SEM image. (b) High-magnification SEM image of boxed region in A. (c) 
Energy-dispersive spectra (EDS) of B. Presence of Fe, Pt and O observed. 
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4.2. Characterization 

To characterize the Pt NPs in more detail, TEM analysis was performed. Even at low 

magnification, it is apparent that the Fe oxide NPs are covered up with smaller dark spots that 

represent Pt NPs (Figure 4.2A). A high magnification image (Figure 4.2B) shows more detailed 

information about the Pt NPs. The low resolution made it difficult to accurately measure the Pt 

NP sizes however, they were roughly in 1-3nm in diameter. With a higher-magnification image 

shown in Figure 4.2C, an even more detailed analysis was performed. A d-spacing of 2.26 Å was 

measured from the lattice fringes and fast Fourier transform (FFT) in the red and blue box region 

corresponds to (111) lattice planes of metallic Pt.  A lattice resolved TEM image of another 

location within the same sample is shown in Figure 4.3. In some locations, we measured lattice 

fringe spacing of 2.26 Å, which index well to (111) planes of metallic Pt.  And FFT of red boxed 

region also corresponds to metallic Pt.  However, FFT of blue-boxed region indicates the 

presence of (100) planes of PtO, and (311) and (111) lattice planes of Fe3O4.  This may be due to 

the oxidization of Pt NPs by air exposure and/or by the rinsing process after the photodeposition 

reaction.  

Further insights into the oxidation state of Pt were obtained by synchrotron X-ray 

photoelectron spectroscopy (Figure 4.4).  XPS survey scan showed the presence of Pt, Fe and O 

and the XPS spectra were fitted by CasaXPS software.  The Pt 4f peak is composed of a doublet 

that is 3.35 eV apart and their intensity ratio is 3:4.13  The Gaussian shaped 4f5/2 peak is equal to 

half-widths of 4f7/2 peak.13  The Pt 4f electron spectra of as-prepared sample indicated two main 

oxidation state of Pt.  There are two doublets; one at 72.8 eV/76.2 eV and the other at 74.1 

eV/77.4 eV representing Pt (II) and Pt (IV), respectively.  Pt (II) species can be such as PtO or 

Pt(OH)2 and Pt (IV) species can be PtO2 or Pt(OH)4.  It is difficult to identify exact oxygen 
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terminated groups on Pt NPs although theoretically, exact identification can be determined by 

comparing O1s spectra and Pt 4f spectra.  However, HOPG being the substrate makes it difficult 

to draw a conclusion because we cannot neglect the presence of oxygen terminated carbon on the 

substrate where differentiation of oxygen on Pt or HOPG itself cannot be done. However, it is 

clear that as-prepared sample indicated the presence of Pt oxide and not metallic Pt. 

 As the sample was heated to 600 °C in ultra-high vacuum (UHV) and the XP spectra was 

obtained during this annealing process that can cause a change in Pt composition, the fitted Pt 4f 

spectra actually showed the growth of Pt (0) and a concomitant decrease in Pt (II) species 

compared to the as-prepared sample. A doublet representing Pt (0) is at 71.8 eV and 75.2 eV.  

The binding energy for metallic Pt is higher than that are known in literature, 71.2 eV for bulk 

platinum. This binding energy shift can be due to a decrease in electronic charge density on Pt 

that can be caused from metal-substrate interaction.14  
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Figure 4.2. TEM image of a Pt on Fe oxide nano arrays. (a) Low-magnification TEM image of 
one nanocrystal chain. (b) High-magnification TEM image of yellow boxed region in A. (c) 
Higher-magnification TEM image of B. Fast Fourier Transform (FFT) of boxed region (red and 
blue) and the measured fringe spacing of 2.26 Å corresponds to Pt (111). 
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Figure 4.3. Another TEM image of Pt on Fe oxide nano arrays. FFT of blue box region indicates 
the presence of 2.1 Å, 2.53 Å, and 4.85 Å corresponds to PtO (100), Fe3O4 (311), and Fe3O4 
(111), respectively. FFT of red box region indicates 2.26 Å corresponds to Pt (111). The 
measured fringe spacing of 2.26 Å corresponds to Pt (111). 
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Figure 4.4. Pt 4f XP spectra. The top spectrum was obtained during annealing to 600 °C at 
UHV. The bottom spectrum was as-prepared sample obtained at room temperature.  
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4.3 Photocatalytic properties of Pt on Fe oxide by Methylene blue photodegradation studies 

The photocatalytic property of Pt NPs can be assessed using Methylene Blue (MB) 

degradation studies. MB degradation was examined using our Pt NP deposited sample. There are 

two main peaks associated with MB in the UV spectrum: 609 m and 668 nm (Figure 4.5). UV-

vis spectrum was taken with an interval of 15 minutes for the initial 2 hours and then with 30 

minutes interval for up to 4 hours. We saw a decrease in MB absorption over reaction time with 

Pt NPs on Fe oxide NPs (Figure 4.5). For data analysis, the average around 668nm (black 

arrowed regions) was subtracted by the average regions at 455nm to obtain absolute peak 

intensity. The absolute peak intensities were then calculated in respect to MB concentration and 

plotted over reaction time (Figure 4.6 and 4.7)  

Figure 4.6 shows the control experiment. MB solution exposed to UV light alone or no 

UV light had no change in MB concentration. The freshly cleaved HOPG resulted in a minor 

decrease (0.05mM MB concentration difference) after the 2 hours of UV light exposure. These 

results suggest that the HOPG alone does not result in non-specific MB degradation and validate 

the experimental setup. Fe oxide NP arrays on HOPG in MB solution also showed no 

concentration difference without UV exposure.  

Upon UV light exposure to Fe oxide NP arrays, there was a significant MB concentration 

change (Figure 4.7). On the contrary to our expectation, the photodeposited Pt on Fe oxide NP 

array sample showed no evidence of enhanced photocatalytic efficiency. This could potentially 

be due to the oxidation state of Pt on Fe oxide NP arrays. As shown in Figure 4.4, most of the Pt 

NPs on Fe oxide NPs are in Pt2+ or Pt4+ state.  The inertness of Pt oxide state exhibiting no 

photocatalytic properties have been shown.15 Therefore, it was necessary to convert Pt oxide to 

metallic Pt without perturbing the Fe oxidation state.  
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 Pt oxide can be converted to metallic Pt at above 600 °C under ultra-high vacuum as 

shown in Figure 4.4. However, annealing at about 600 °C under vacuum caused Fe oxide phase 

to convert to metallic Fe (Figure 4.8).  At 450 °C annealing temperature however, the oxidation 

state of Fe did not change. It was known from our previous synchrotron XPS experiments on Pt 

on TiO2 NPs that Pt oxide converts to metallic Pt at above 300 °C.16  Based on this fact, we 

annealed photodeposited Pt on Fe oxide NPs to 380 °C for 10 minutes in the evaporator (base 

pressure of 5 × 10-7 Torr).  Instantly after cooling it to room temperature under vacuum, the 

sample was transferred to the XPS chamber.  Figure 4.9 is Pt 4f XP spectrum after annealing to 

380 °C.  Although the resolution was low, the deconvolution of peaks showed that there were 

two doublets; one at 71.6 eV/75.0 eV and the other at 72.8 eV/76.2 eV representing Pt (0) and Pt 

(II), respectively. Although the transfer time was readily quick, the sample was still exposed in 

ambient air, which could be sufficient time to oxidize some of the metallic Pt NPs.  This could be 

the source of the observed Pt (II).  Importantly, MB photo-degradation study on the metallic Pt 

converted annealed sample showed a mark decrease in MB concentration over UV exposure 

exceeding that of the Fe oxide NP array sample.   
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Figure 4.5. UV-vis spectral changes of Methylene blue degradation as a function of UV 
irradiation time on Pt NP on Fe oxide NP arrays of sample from Figure 5.1.  Black arrows 
indicate the region where highest peak absorption and baseline was averaged to obtain the 
absolute peak intensity.  
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Figure 4.6. Plot of MB concentration changes over UV irradiation time. Control experiments of 
methylene blue solution (1 mM) degradation over UV exposure: on a blank HOPG (red circle), 
methylene blue by itself over UV (green triangle) and without UV exposure (blue square), linear 
arrays of Fe oxide nanoparticles on HOPG without UV exposure (pink cross). 
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Figure 4.7.  Plot of MB concentration changes over UV irradiation time. Methylene blue 
solution (1 mM) degradation over UV exposure on: a blank HOPG (red circle), methylene blue 
by itself over UV (green triangle) and without UV exposure (blue square), linear arrays of Fe 
oxide nanoparticles on HOPG without UV exposure (pink cross), linearly ordered Fe oxide 
nanoparticle arrays on HOPG with UV (pink X), Pt on Fe oxide nano-arrays without UV (black 
diamond) and with UV (black square with cross inside), Annealed Pt on Fe oxide nanoparticles 
with UV (black pentagon). 
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Figure 4.8. Fe 2p XP spectra obtained from synchrotron XPS (Beamline 11.0.2.) Red and black 
spectra were taken from the same sample. Red line represents as-prepared Pt on Fe oxide NP 
array sample. Black line was obtained when sample was annealed to 600 °C.  Green line 
spectrum represents Fe oxide on plasma treated HOPG.  Green line spectrum was collected at 
around 450 °C. 
 



78 
 

 
 
 
 

 
Figure 4.9. Pt 4f XP spectra obtained from ESCALAB MK II surface analysis instrument (VG 
scientific) after annealing at 380 °C for 10 minutes.  
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CONCLUSION 

In this chapter, Pt NPs were successfully photodeposited on linearly ordered Fe oxide NP 

arrays. Its photocatalytic properties were examined by MB degradation studies under UV 

exposure.  It was shown from this chapter that Fe oxide NPs exhibit photocatalytic properties to 

a certain degree.  Importantly, Pt NPs on Fe oxide NP arrays exhibited enhancement in its 

photocatalytic ability when the nature of the deposited Pt oxide NPs were converted to metallic 

Pt.  As-prepared sample showed no enhanced effect on the photo-degradation of MB compared 

to Fe oxide NPs alone. These results suggest that photodeposited Pt NPs on Fe oxide NP arrays 

can be a useful tool to study fundamental aspects of photocatalytic activity, a feature important 

for the aforementioned applications. 
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CHAPTER 5 

Fe oxide Nanoparticle Growth on  
Oxygen Plasma Treated HOPG Surface 

 
 
INTRODUCTION 

 As mentioned in chapter 1, HOPG has been used as a substrate due to its ordered 

structures with strong σ-bond along the basal lines (terraces) and relatively weak interlayer 

forces.  Due to the stacking faults, there are naturally created defect sites known as step edges.  

In chapter 1, we successfully deposited Fe NPs specifically along the step edges.  It is a great 

privilege to have ordered NP arrays for theoretical calculations; however, low metal density on 

the surface prevents detection limits for NP characterization.  It is known that carbon on HOPG 

reacts with various gases such as O2, NO, H2O, and CO2
1,2,3 where the reaction between carbon 

and oxygen is temperature dependent.  Thermally heated HOPG at above 700 °C in oxygen 

results in an oxidation reaction mainly initiated at the defect sites, due to unoccupied sp2 orbitals.  

Further reaction results in creating new vacancies in the basal plane of HOPG and these 

vacancies can expand to monolayer etch pits.1   Plasma treatment, on the other hand, is known to 

create more or less circular shape vacancies over the terraces.3  10 minutes of plasma exposure at 

oxygen pressure of 1.0 mbar at a power of 100 W have been shown to create defects that are 20 

to 80 nm in diameter and heights of 0.3 to 8.8 nm.3  

 In an attempt to improve the detection limits for NP characterization, here in this chapter 

we exposed HOPG with oxygen plasma to create more defect sites and study how the surface 

modification affects Fe NP growth.  We varied 4 different parameters to obtain optimal NP 

morphological distribution.  We have varied the substrate temperature upon deposition, oxygen 



82 
 

plasma power, deposition rate, and post-annealing condition.  The results suggest that the 

substrate temperature, plasma power and deposition rate affect the size of Fe NPs. We also note 

that unlike Fe NP arrays on freshly cleaved HOPG, changes in post-annealing conditions can 

affect the Fe NP morphology on oxygen plasma treated HOPG. 
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EXPERIMENTAL 

Highly Oriented Pyrolytic Graphite (HOPG). 12 mm × 12 mm × 2 mm pieces of HOPG with 

a mosaic spread of 0.8 ° ± 0.2 ° (Grade ZYB, Momentive Performance) were used. Surface of 

HOPG was cleaved using Scotch tape in air to expose fresh surface and immediately transferred 

to oxygen plasma cleaner (Diener Model ZEPTO). Once sample was loaded at the back of the 

glass tray, the chamber was quickly pumped down to 2 × 10-3 mbar.  Once O2 (99.993%,Airgas) 

pressure was set to 0.4 mbar,  plasma is ignited via a 13.56 MHz (0 - 50 W) single electrode high 

frequency generator.  And increase the setting O2 pressure to 1 mbar.  Plasma was ignited for 10 

minutes.  Then the sample is quickly transferred to the evaporator. 

Physical Vapor Deposition. Physical Vapor Deposition (PVD) in an Edwards 306A thermal 

evaporation coating was used to deposit Fe on oxygen plasma treated HOPG. The sample was 

placed in a Molybdenum sample holder.  A K-type thermocouple was placed on top of HOPG 

and a Macor piece was mounted in between Molybdenum sample holder and HOPG.  This 

allowed us to directly measure HOPG temperature.  Prior to Fe deposition, HOPG was slowly 

increased to 600 °C with base pressure below 5 × 10-6- torr for over 3 hours to desorb water and 

remove any organic residues on the surface. The ceramic crucible holding iron shots were 

resistively heated at ~12 amps. Deposition thickness was measured by a quartz crystal 

microbalance, INFICON front load single crystal sensor. The sample was quickly cooled down 

to room temperature after deposition. 

Characterization. Scanning Electron Microscopy (SEM) of FEI Magellan 400 XHR at 10 kV 

were used to image each samples after iron oxide deposition. EDS (Oxford Instruments) analysis 

was done by using a silicon drift detector at an accelerating voltage of 15 kV.  X-ray 

Photoelectron Spectroscopy (XPS) measurements were performed with Molecular 
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Environmental Sciences Beamline (Beamline 11.0.2) at the Advanced Light Source synchrotron 

facility at Lawrence Berkeley National Laboratory.  X-rays were produced from the ALS storage 

ring by a bending magnet. The hemispherical analyzer uses a three stage differentially pumped 

electrostatic lens system to maintain the UHV environment.  The sample was mounted on a 

sample holder that can be heated and measures accurate temperature by the thermocouple that is 

mounted on it. The spectra were obtained at a base pressure of 1 × 10-9 Torr.  The pass energy of 

100 eV and 20 eV were used for survey scans and narrow scans, respectively.  Binding energy 

was calibrated by C1s of HOPG set at 284.6 eV as a reference. XPSPeak 4.1 and CasaXPS were 

used to deconvolute background. ImageJ was used to measure the iron oxide nanocrystal size 

and its spacing.  
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RESULTS AND DISCUSSION 

5.1 Varying Substrate Temperature 

Fe was deposited on HOPG that was previously treated by oxygen plasma. A freshly 

cleaved HOPG contains naturally occurring step edges.  As mentioned in chapter 1, HOPG held 

at above 475 °C enhances the nucleation along the step edges.  However, during the oxygen 

plasma cleaning process, a reaction between oxygen and the carbon on HOPG can happen that 

creates new defect sites on the surface. Presumably, these defect sites destroyed the step edges 

and no linearly ordered NPs could be observed (see Figures). These defect sites have been 

reported to be around 9 Å in heights.3  Although pure Fe shots were evaporated onto the plasma 

cleaned HOPG, air exposure after deposition for further characterization suggests that the NPs 

are in Fe oxide phases. 

We observed that varying the substrate temperature affected Fe NP morphology and size.  

Figure 5.1 shows SEM images of uniform thickness of 2 nm of Fe deposited on oxygen plasma 

treated HOPG that was held at 600 °C.  A low-magnification SEM image (Figure 5.1 top), shows 

high density of Fe deposited on the surface. These particles were in a range of 5 to 100 nm in 

diameter. We also observed larger NPs with irregular shape (50-100 nm wide and 25-40 nm on 

the shorter side). The gaps between these particles could vary from as close as 3 nm to hundreds 

of nm apart. A high-magnification SEM image (Figure 5.1 bottom), shows additional 

morphological information about the Fe oxide NPs where most of the particles had facetted 

edges and were quite crystalline.   

To quantitate the results, ImageJ was used to roughly estimate particle size. A histogram 

was generated from the low magnification image where it shows the particles were mainly in 

between 10-30 nm in length. It is interesting to note that gaps between particles correlated to the 
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size of the particles; the smaller the particle size, the shorter the gaps between the particles. This 

suggests that upon annealing after deposition, particles might agglomerate and form bigger 

particles.  

Fe deposited at 700 °C shows different results to that of 600 °C (Figure 5.3). A low-

magnification image on Figure 5.3 (top) shows two different NP sizes. The majority of NPs were 

approximately 10 nm in size. Large NPs were in the range of 50-70 nm. The gaps between each 

particles are smaller than that of Figure 5.1.  This was due to an increase in the number of 

smaller NPs on the surface.  Interestingly, trails were found around the larger NPs that may be 

results of Oswald ripening where smaller particles can diffuse to the large particle.  

During annealing process, NPs were too close to each other that 700 °C was sufficiently 

enough temperature to agglomerate nanoparticles. This Osward ripening effect is shown in 

Figure 5.11, where there was no post-annealing involved.  
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Figure 5.1. SEM images of 2 nm of Fe deposited on oxygen plasma treated (50 W, 1 mbar) 
HOPG at 600 °C followed by 3 hours of post-annealing at same temperature. (top) Low 
magnification SEM image. (bottom) high magnification SEM image. 
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Figure 5.2. Histogram generated from SEM image in Figure 5.1 top. A high density of particles 
is in the range of 5-6 nm. And some particles are as big as 131 nm in length. 
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Figure 5.3. SEM images of 2 nm of Fe deposited on oxygen plasma treated (50 W, 1 mbar) 
HOPG at 700 °C followed by 3 hours of post-annealing at same temperature. (a) Low-
magnification SEM image. (b) high-magnification SEM image. 
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Figure 5.4. Histogram generated from SEM image in Figure 5.3A. A high density of particles is 
in the range of 10-20 nm. And some particles are as big as 94 nm in length. 
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5.2 Varying Plasma power 

It is difficult to image defect sites created on the surface of HOPG after plasma treatment 

because the hydrocarbons are too mobile. However, it has been shown that defect sites that 

created from 100W, 200 mTorr of O2 are in the range of 0.3 - 8.8 nm in depth.3 We therefore 

varied plasma power and deposited Fe to observe differences in particle size. Figure 5.5 and 5.6 

represent Fe deposition on HOPG that was oxygen plasma treated at 1mbar and 0.4mbar for 10 

minutes, respectively. Same amount of Fe was deposited on both of samples at 600 °C. It is 

obvious from SEM images that lower oxygen pressure resulted in smaller particle distributions. 

The lower oxygen pressure results in the creation of smaller defects on the HOPG surface.  The 

higher amount of oxygen molecules in the high oxygen pressure condition can presumably react 

more with the HOPG surface leaving either larger defect sites or increased amounts of small 

defect sites could become one larger defect site. As mentioned in section 5.1, not all the NPs are 

in the same size range. As seen in high-magnification SEM images from Figure 5.4, there are 

particles that are in tens of nm in size. These NPs are again due to the annealing process during 

fabrications which is mentioned in section 5.11.  
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Figure 5.5. SEM images of 2 nm of Fe deposited at 600 °C on different O2 pressure HOPG at 
different temperature. (top) Low-magnification SEM image of Fe deposited on HOPG that was 
treated with 1 mbar of O2 pressure for 10 minutes. (bottom) High-magnification SEM image. 
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Figure 5.6. SEM images of 2 nm of Fe deposited at 600 °C on different O2 pressure HOPG at 
different temperature. (top) Low-magnification SEM image of Fe deposited on HOPG that was 
treated with 0.4 mbar of O2 pressure for 10 minutes.(bottom) High-magnification SEM image. 
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Plasma power did not affect much on a sample where Fe was deposited at 700 °C.  Figure 

5.7 and 5.8 represents HOPG that was plasma treated with 1 mbar and 0.4 mbar of oxygen for 10 

minutes, respectively. Most of the HOPG surface was covered up with NPs that are in 10 – 20 

nm in range. These NPs on both surfaces were not crystalline but in spherical shape.  These 

results suggest that once the substrate reaches a certain temperature, the oxygen plasma power 

dependence on NP size is no longer affective. This is due to the fact that Fe adatoms diffuse 

faster at the surface that the size of the defect can no longer affect NP size. In this case, 700 °C 

was enough to overrule the size of defect sites.    
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Figure 5.7. SEM images of 2 nm of Fe deposited at 700 °C on different O2 pressure HOPG at 
different temperature. (top) Low-magnification SEM image of Fe deposited on HOPG that was 
treated with 1 mbar of O2 pressure for 10 minutes. (bottom) High-magnification SEM image. 
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Figure 5.8. SEM images of 2 nm of Fe deposited at 700 °C on different O2 pressure HOPG at 
different temperature. (top) Low-magnification SEM image of Fe deposited on HOPG that was 
treated with 0.4 mbar of O2 pressure for 10 minutes. (bottom) High-magnification SEM. 
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5.3 Varying deposition rate 

Fe NP growth on oxygen plasma treated HOPG varied with deposition rate. Figure 4.9 

show SEM images of Fe deposited at 600 °C at different rates. Fe deposition at a rate of 0.266 

nm/min results in particles with are more crystalline and discrete. There were two types of NPs, 

where the smal particles were dispersed all over the surface of HOPG whereas the large particles 

showed trails behind. At a relatively fast Fe deposition rate, 0.36 nm/min, a different morphology 

was observed. Instead of discrete NPs with similar morphology, there are at least 3 different 

types of morphology observed: spherical NPs, thin sheet, and needle-like long nanowires. There 

is no exact explanation for these effects; however, it can be assumed that at a faster rate, rate of 

diffusion of Fe adatoms might be slower than the rate of nucleation.    
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Figure 5.9.  SEM images of 2nm of Fe deposited at 600 °C at different deposition rate. (top) Fe 
deposited at 0.226 nm/min. (bottom) Fe deposited at 0.36 nm/min. 
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5.4 Post-annealing effect 

Post-annealing after deposition affected the morphology of Fe NPs dramatically. Figure 

5.10 shows a SEM image of a sample that was post-annealed at deposition temperature for 3 

hours and Figure 5.11 represents a sample where there was no post-annealing. During the 

annealing process, particles undergo the Oswald ripening effect. This is evidenced from the trail 

that is behind larger NPs.  This effect was not observed on HOPG samples not treated with 

oxygen plasma (Chapter 1) as shown by the distance between the NPs. On an oxygen plasma 

treated HOPG, however, Fe NPs were very close to each other. At 600 °C annealing process, 

NPs that are within 1-2 nm away from each other can diffuse into each other creating larger NPs. 

It is evident that the 3 hours of annealing process generates the diffusion of NPs resulting in the 

formation of large NPs in the size range of hundreds of nm. The trails behind suggest that as the 

small NPs diffused into each other, it also slowly moved along the terraces (Figure 5.1-5.10). 

This Oswald ripening effect-dependent growth (by definition, ‘big island grow at the expense of 

small island’4) is affected by post-annealing process and is different from the Volmer-Weber 

growth observed with linearly ordered Fe oxide arrays (shown in chapter 1). 
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Figure 5.10.  (top) Low-magnification SEM image of sample that was post-annealed at 600 °C 
for 3 hours. (b) High-magnification SEM image of top.  
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Figure 5.11.  SEM images of no post-annealing processed sample. (top) Low-magnification 
SEM image of sample that was not annealed after Fe deposition. (bottom) High-magnification 
SEM image of top.  
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5.5 Characterization of high-density Fe nanoparticles and its comparison to linearly 

ordered Fe nanoparticles on step edges. 

  XP spectra were analyzed by using CasaXPS and XPSpeak 4.1 software.  All XP                                                                                                                                                                                                                                    

spectra were calibrated by fixing C 1s peak to 284.6 eV, which represents graphite.  Background 

subtraction was made by subtraction of Shirley-type background from each spectrum.5                                                                                                                                                                 

All the survey scans were collected to determine the presence of contaminates. Figure 5.12 is a 

Fe spectrum of Fe 2p of the high-density Fe NPs prepared on HOPG (black line).  Due to spin-

orbit coupling, Fe 2p peak is split into two peaks where lower and higher binding energy 

represents Fe 2p3/2 and Fe 2p1/2, respectively.  Fe 2p3/2 peak represents four degeneracy states 

whereas Fe 2p1/2 represents two degeneracy states.   Due to this fact, Fe 2p3/2 peak is bigger than 

Fe 2p1/2 peak.  The peak splitting distance for Fe oxide in this case is 13.6 eV.  In Figure 5.12, Fe 

2p3/2 peak is located at 710.6 eV which represents Fe2O3.6  There is a satellite peak located 8 eV 

higher than associated Fe 2p3/2 peak which is indicative of Fe2O3 phase.  Importantly, when 

compared to the XP spectra of linearly ordered Fe NP arrays prepared in chapter 1, there was a 

significant enhancement in the detection signal. These results confirm that the oxygen plasma 

treatment of HOPG can enhance the detection limit due to the high particle density on the HOPG 

surface.  
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Figure 5.12. Comparison XP spectra of Fe2p. black line represents Fe oxide NPs on O2 plasma 
treated HOPG  and red line represents linearly ordered Fe NP arrays from chapter 1 (enlarged 10 
times). 
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CONCLUSION 

 Here in this chapter, we investigated how creating defect sites by oxygen plasma 

treatment on HOPG affect Fe NP growth.  This was an attempt to improve the detection limits 

for NP characterization (as shown in Figure 5.12 red line; linearly ordered Fe NP arrays without 

oxygen plasma treatment). By varying 4 different parameters, we find that substrate temperature 

upon deposition, oxygen plasma power, deposition rate, and post-annealing condition all can 

affect Fe NP growth on HOPG. Importantly, oxygen plasma treatment resulted in defect sites 

that caused high particle density growth of Fe NPs on HOPG. This resulted in an improvement 

of the detection intensity as shown by XPS (Figure 5.12 black line).   
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