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Abstract of “Complex Pattern Formation in Carbon Thin Films and Multi-Layer 

Graphene through Low Temperature Etching by Catalytic Combustion” by Lutfiye Bulut, 

Ph.D., Brown University, May 2010 

 

This dissertation describes the development of a novel technique for complex pattern 

formation and shape control in carbon and graphite films which has significant 

importance on the properties of carbon based materials for variety of applications. 

Carbons are quite resistant to solvents, acids, and bases and thus cannot easily be 

patterned by conventional techniques. The main difficulty in current patterning 

technology is inability to produce large amounts of identical carbon nanostructures and 

precision is not possible with combination of existing lithographic and chemical methods.  

This thesis demonstrates the use of catalytic combustion as a new and flexible approach 

to selectively etch carbon materials and focuses on controlling the etching direction by 

using magnetically steered catalyst particles. Catalytic combustion provides a way of 

using oxygen as a dry etchant by acting selectively on catalyst particles positioned by 

controlled metal deposition. Liquid phase catalyst deposition and carbon thin films as a 

model material and reaction system were used for the demonstration of this new concept. 

A polydimethylsiloxane stamping technique was used to transfer metal chloride solutions 

onto carbon thin films in the form of ordered droplet microarrays that dry to produce 

catalytic micropatches. The results showed that under the correct drying and reaction 

conditions, it is possible to convert these microdroplet arrays into well-defined 

micropatterned carbon films by controlled catalytic combustion. Catalyst selection, 
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drying behavior, etchant selectivity ratio and effect of carbon substrate on the fidelity of 

combustion pattern were discussed.   

In addition, behavior of magnetic catalyst particles on the surface of natural graphite 

during carbon oxidation reaction has been investigated and it has been proved that an 

external magnetic field could influence the mode of catalytic attack significantly. Ability 

to create complex, preset patterns in multi-layer graphene by catalytic channeling in the 

presence of external magnetic fields has been demonstrated. Graphene films were 

obtained from natural single graphite crystals by mechanical exfoliation. A custom 

resistive heat treatment device was developed to allow close proximity access for high 

temperature resistant powerful magnets. The mode of etching along the basal plane of 

graphene layers was explicitly controlled by active steering of magnetic particles and this 

technique has been successfully applied to create directional etched channels and 

predetermined complex patterns in graphene.  
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Chapter 1 

 

Introduction 

 

 

1.1 Carbon Materials and Nanotechnology 
 

Carbon is one of the few elements known since ancient times in the form of charcoal 

which is usually produced from burned wood. Carbon is widely distributed in nature and 

carbon compounds form the basis of all known life on Earth. There are several 

structurally different forms of carbon of which the naturally occurring ones are graphite 

and diamond. The physical properties of carbon vary widely with the allotropic form. For 

example, diamond is highly transparent, while graphite is opaque and black. Diamond is 

among the hardest materials known, while graphite can be one of the softest. Diamond 

has a very low electrical conductivity, while graphite is a very good conductor. All other 

carbon products including coke, carbon black or soot, activated carbon, carbon/graphite 

films, carbon composites and many more are produced from carbonaceous precursors.  

Until the late twentieth century, carbon compounds have been utilized extensively as 

combustion materials for the production of synthetic gas, fuel gases and activated carbons 
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and also for the production of cokes for metallurgical operations. However, discovery of 

fullerenes in 1985, a family of nanostructred carbon allotropes [1] , made a significant 

impact in many different scientific areas and led to the synthesis of new forms of carbon 

including spherical buckyballs [2], carbon fibers [3], carbon nanotubes [4, 5, 6, 7] , 

carbon nanobuds [8] , glassy carbon and graphene sheets [9] (see Figures 1.1-1.4).   

These new carbon materials are leading candidates for use in many future technologies, 

including hydrogen storage, fuel cells, advanced batteries, and high-strength composites. 

The design, synthesis and modification of these novel carbon-based materials have 

become the primary research interest in engineering nanotechnology and materials 

science due to unlimited possibilities of applications.  

All these carbon forms are based on the graphite lattice. Graphite consists of stacked up 

graphene layers, each layer has sp2-bonded carbon atoms densely packed in a honeycomb 

structure. The sp2-bonded nature of the carbon atoms allows for structural possibilities. 

Graphene layers are highly anisotropic having different properties when measured in 

different directions. Therefore, orientational patterns create many structural forms of 

carbon and are key to the most of the bulk material properties. Introduction of structural 

defects within the graphene layer causes a distortion of the planar structure. As in the 

case of fullerenes, insertion of pentagonal rings causes the graphene sheet fold around 

onto itself to form a cage. Similarly, single wall nanotubes (SWNT) are considered as a 

graphene sheet that is rolled up into nanoscale tube form. There may be additional 

graphene tubes around the core of a SWNT to form multi wall nanotubes (MWNTs).  
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Figure 1.1. Schematic structure of carbon nanofibers and nanotubes. (a) Graphene layer, 

(b) stacked cone (herringbone) nanofiber, and (c) nanotube. [10] 
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Figure 1.2. (a) 1.4-nm-diameter SWNTs in a bundle [11], (b) a MWNT containing a 

concentric array of nine SWNTs [12]. 

 

 

 

Figure 1.3. (a) Herringbone and (b) bamboo-type carbon nanofibers [10]. 
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Figure 1.4. NanoBud: Fullerene is attached to the surface of SWNT [8]. 

 

Depending on the different arrangements of atoms in the material, these new carbon 

forms show unique and fascinating properties. The most widely used methods to produce 

carbon nanomaterials especially nanotubes are electric arc discharge [5, 13] laser ablation 

[11] and chemical vapor deposition (CVD) of hydrocarbons onto catalysis [14,15]. In the 

arc discharge process, two graphite electrodes are separated by a short distance inside a 

chamber filled with an inert gas [16, 17, 18]. When current is passed through the 

electrodes, carbon is vaporized from the graphite anode and deposited onto the negative 

electrode in the form of small carbon clusters. These clusters rearrange themselves into 

tubular structures forming multi-walled carbon nanotubes (MWCNT) [19] and single-

walled carbon nanotubes (SWCNT) in the presence of metallic nanoparticles [20, 21, 22]. 

In the laser ablation or evaporation process, a pulsed laser vaporizes a graphite target in a 

high-temperature reactor while an inert gas is fed into the chamber. Carbon atoms from 

the high-temperature zone are transferred by the carrier gas to a cold copper collector on 

which they condense into nanotubes [18]. Along with SWCNTs and MWCNTs, 
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fullerenes, amorphous carbon, and other carbon products are produced when using the 

laser ablation technique [23,24, 25]. In a chemical vapor deposition method, after the 

hydrocarbon decomposes into hydrogen and carbon atoms at high temperatures, carbon 

atoms diffuse into the metal surface and precipitate out in the form of nanotubes [26, 27]. 

One of the advantages of the CVD method is that the growth of carbon nanotubes can be 

controlled by changing the type, size and shape of the catalyst and also adjusting the 

temperature and type of the hydrocarbon. 

 In recent years catalytic approach has been used to deposit CNTs on pre-designed 

lithographic structures [28], producing vertically aligned and ordered arrays of CNTs. 

Pre-patterning of catalysts by photo-and/or soft lithographic techniques enables 

controlled synthesis of carbon-based structures through selective growth of CNTs on 

substrates. Uniformly sized and spaced arrays of aligned CNTs are highly desirable for 

many applications including microelectronics, electrochemical probes, composite 

materials, chemical filters and microfluidic devices [10, 29, 30].  

Over the last decade, one of the particular interests in carbon nanotechnology is carbon 

thin films due to their unique optical, mechanical and chemical properties [31, 32, 33, 

34]. A variety of graphene layer arrangements in carbon films gives rise to new 

directional properties and functions. It is not surprising that a number of studies have 

focused on controling graphene layer orientations in carbon materials for possible 

applications in molecular electronics, photoconductors, molecular wires and liquid crystal 

displays [35, 36, 37, 38]. Carbon thin films with controlled electronic and optical 

properties can lead to a variety of other applications in interdisciplinary fields, which 

cover chemistry, physics, biology, medicine, materials science and engineering. Isolated 
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graphene layers as 2D carbon materials [9] have also triggered an intense research 

activity for the last years. Studies mainly focus on how to understand its properties, and 

try to find ways to produce it in larger quantities for extensive research and eventually for 

commercial applications. The design, synthesis and modification of graphene and carbon 

thin films would create novel carbon materials with variety of unique and potentially very 

useful characteristics.  

Therefore shape control in carbon nanotubes, carbon thin films, graphene layers and other 

advanced carbon materials in a large-scale is one of the fundamental challenges for the 

development, construction and application of functional devices in today’s 

nanotechnology.  
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1.2 Objectives 
 

In this thesis low-temperature catalytic oxidation will be presented as a novel technique 

for shape control and complex pattern formation on carbon materials. Our main interest is 

to control the geometry and surface structure of carbon thin films and graphene layers in 

order to obtain pre-determined and specific properties which would be significantly 

essential for the fabrication of functional carbon-based devices in next generation 

nanoelectronics and many future technologies.  

The work in this thesis was performed with the following objectives:  

(1) to demonstrate the concept of catalytic combustion as a synthesis tool for 

shape/structure control in advanced carbon materials using carbon thin films as a model 

material and liquid-phase catalyst deposition and dioxygen reaction as a model reaction 

system. 

(2) to explore the possibility of creating arbitrarily complex patterns in multi-layer 

graphene or graphite films through magnetic steering of single catalyst particles through 

low temperature oxidation, 

(3) to discuss the potential of controlled oxidative etching to extract nanoscale graphitic 

structures (for example, cut-to-size carbon films, or nanoscale graphene sheets) from 

larger domains of these materials which would create extemely promising materials for 

all sorts of applications.  
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1.3 Thesis Outline 
 

General introduction to carbon materials and goals of the thesis are presented in Chapter 

1. Chapter 2 provides detailed background for carbon thin films, graphite films, graphene 

as materials tested in this study. Conventional patterning techniques and challanges for 

carbon materials are also discussed briefly in Chapter 2. In Chapter 3, catalytic oxidation 

of carbon as a synthesis or patterning tool and catalyst behaviour on graphite surfaces 

will be explored. Selection of the catalyst, substrate, reactant and reaction temperature 

and their dependence on the mode of the catalytic attack will be discussed in detail. 

Experimental and characterization techniques are described in Chapter 4. Chapter 5 

demonstrates the synthesis of patterned carbon thin films through controlled catalytic 

combustion at 400 oC by using microdroplet patterning or polydimethylsiloxane stamping 

technique to transfer metal salt solutions onto carbon surfaces. Results of testing different 

metal catalysts, the effect of carbon substrate and salt concentration, kinetics and 

selectivity of catalysts are discussed in this chapter. In chapter 6, a novel technique is 

developed for single particle etching of graphite films and multi-layer graphene in 

complex preset patterns. Ability to produce and control uniform and distinct reaction 

modes by using external magnetic fields to steer single catalyst particles will be 

illustrated in detail. Conclusions and the possible directions for future developments will 

be discussed in Chapter 7.  
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Chapter 2 
 

Relevant Background 
 

2.1 Carbon Thin Films 
 

Carbon films have outstanding properties such as chemical inertness, high hardness, high 

electrical resistivity, high thermal conductivity, high dielectric strength and infrared 

transparency. These films find application as thin film electrodes [1-3], lithographic 

masks [4-6], optical components, gas separation, ultrafiltration membranes [7-10] or 

material coatings designed for biocompatibility [11,12], lubrication [13,14], abrasion 

resistance [14,16], corrosion resistance or thermal and electrical conductivity [17,18]. 

Existing synthesis routes for carbon films include physical vapor deposition (PVD), 

pulsed laser deposition [19, 20, 21] ion beam deposition [22,23], sputtering [24,25], 

chemical vapor deposition (CVD) [26, 27] and microwave plasma CVD and pyrolytic 

deposition [28-30]. The properties of carbon films strongly depend on the precursor 
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material and method of deposition. Depending on the conditions, varying proportions of 

sp3 and sp2 bonded carbon films can be obtained in which composition ranges from sp2-

rich (almost 100% sp2), glassy or sputtered carbon, to sp3-rich (up to 80% sp3), 

tetrahedral a-C (ta-C) or amorphic diamond (a-D) [7]. a-C materials are astonishingly 

different, as they can be either dark and soft (evaporated carbon), or almost as hard as 

diamond and quite transparent (ta-C). Of particular interest is to have patterned carbon 

thin films on substrates which would give rise to new directional properties and 

functions.  

 

2.1.1 Liquid Crystalline Derived Carbon Films  
 

Carbon films with different crystal structures, such as carbon films with graphene layers 

lying perpendicular to the substrate surface are not readily obtainable by conventional 

high-temperature synthesis routes. Jian et al. showed a new technique for molecular 

control in carbon films using liquid crystalline surface anchoring and flow [31]. Liquid 

crystal (LC) is a state of matter that is intermediate between an isotropic liquid and a 

crystalline solid. In general, liquid crystals are thermotropic (those that form as 

temperature increases) or lyotropic (those that form as their concentration in solution 

increases), and can be calamitic (rod-like) or discotic (disk-like).  

Carbon thin films can be prepared from alternative liquid crystalline precursors 

composed of sulfonated polyaromatic dyes. These disk-like planar molecules undergo 

massive π-stacking in aqueous solution to form rod-like aggregates. At high 

concentrations or on surfaces, these rods or molecular columns align by repulsive 
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interactions (lyotropic behavior), giving rise to a transverse alignment of the stacked 

polyaromatic disks. The water-soluble lyotropic dye, indanthrone disulfonate, is one of 

the precursors in which polyaromatic faces remain hydrophilic, and this leads to 

extensive π-stacking in aqueous solution [32, 33, 34]. In other words, indanthrone 

disulfonate exhibits liquid crystallinity while in low viscosity solution and therefore, can 

be processed in water at room temperature allowing it to be spin coated or bar-coated into 

uniform fully dense carbon films. These films exhibit surfaces rich in graphene edge-sites 

and are either anisotropic unidirectional (by bar coating) or multi-domain with long-range 

isotropy (by spin coating). Such thin films can be obtained by spin coating or meyer bar 

coating of indanthrone disulfonate on quartz substrates followed by drying and direct 

carbonization at 700 oC. Detailed information can be found in [31]. Carbon films 

produced by spin coating are fully dense, 100% anisotropic, thin (200-300nm) and 

partially transparent. (see Figure 2.1)  

 

 

Figure 2.1. Digital photographs of spin coated carbon thin films.  
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2.1.2 Physical Vapor Deposition Films  
 

Physical vapor deposition (PVD) is one of the common techniques to make carbon thin 

films on substrates. PVD is a process in which thin film of material is deposited on a 

substrate in a high vacuum environment. First, carbon thread is converted into vapor 

phase by applying heat, causing it to undergo evaporation. Then, the vapor undergoes 

condensation on the substrate to form the thin film of carbon. Heating of the carbon 

thread usually involves resistive heating, where a wire of low vapor pressure metal such 

as tungsten is used to support strips of the material to be evaporated [35]. The wire is then 

resistively heated, so that the carbon thread melts first and then evaporates. This is done 

in a high-vacuum environment, so that the vaporized atoms or molecules will be 

transported to the substrate with minimal collision interference from other gas atoms or 

molecules.  One of the advantages of using PVD is that film thickness can easily be 

controlled by fixing the operating parameters and adjusting the deposition time. Also, 

because this technique requires high vacuum conditions, purity of the resulting carbon 

thin films is also very high. 

Figure 2.2 shows PVD films made by vaporizing doubly-configured carbon thread 

(Technotrade International, Inc.; BU007131-T) onto quartz substrate for 6 s below 1 Pa 

in a Bal-Tec CED 030 carbon evaporator. [36, 37] 
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Figure 2.2. PVD carbon films with different thicknesses.  

 

 

2.2 Single Crystal Natural Graphite 
 

Nearly perfect crystals of graphite can be found in nature or obtained synthetically by 

high-temperature treatment of pyrolytic graphite. Synthetic graphites are referred as 

highly oriented pyrolytic graphite (HOPG) and they consist of high degree of preferred 

crystallographic orientation. Natural crystals of graphite (NG) occur in a number of 

locations, such as Madagaskar, Russia and the Ticonderoga area in NY. Among these 

selected crystals from Ticonderoga, NY occur as large flakes of single crystals of high 

crystallographic perfection. Both HOPG and NG have been extensively used in research 

for measurements of physical properties, studies of reactivity changes or catalytic 
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oxidation reactions. Recently, most of the experimental and theoretical studies carried out 

on these single crystals have focused on characteristic cleaving properties so that 2D 

graphene layers can be isolated from 3D graphite crystals.  

 

2.2.1 Graphene 
 

 

 

Figure 2.3. Schematic view of graphitic forms. [38] 
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Graphene is a two-dimensional material in which sp2-bonded carbon atoms are arranged 

in a honeycomb lattice that is just one layer of atoms thick (see figure 2.3). Surprising 

mechanical, structural, and electronic properties of one-atom-thin graphene sheets 

quickly grabbed widespread attention in the scientific world. Most of the research focuses 

on exploring methods for synthesizing graphene in commercial quantities, chemically 

modifying the material and having predetermined specific properties for potential 

commercial applications. The graphene structure has been known since long before its 

first discovery in 2004 [39] as a free standing two dimensional crystals. Basically, 

graphite has been used as pencil lead for centuries and every time one scrapes a line on a 

paper, the resulting mark contains flakes of graphene. Similarly, for years, scientists have 

discussed and described the properties of many carbon-based materials in terms of sheets 

of graphene. Graphite, for example, is described as a three-dimensional crystal built from 

graphene layers (Figure 2.4). And fullerenes, including carbon nanotubes and buckyballs, 

which have been known since the 1980s, are thought of as wrapped or rolled-up forms of 

graphene sheets. On the other hand, although known as an integral part of 3D materials, 

graphene was assumed not to exist in the free state and was believed to be unstable with 

respect to formation of curved structures such as soot, fullerenes and nanotubes.  
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Figure2.4. Graphene graphite relation. 

 

Graphene was first isolated as a 2D crystal by peeling it off from highly oriented 

pyrolytic graphite (HOPG) with Scotch tape and optically identify it by transferring to a 

SiO2 layer on Si [39]. The method (often referred to as mechanical exfoliation or a 

scotch-tape technique) provides crystals of high structural and electronic quality [40] 

which can reach millimeter size (figure 2.5) However yields for this method are low and 

involve searching the substrates for single sheets and optical microscope, atomic force 

microscopy (AFM) and Raman techniques must be performed in order to provide 

existence of graphene sheets.  

Although mechanical cleavage of graphite originally led to the discovery of graphene 

sheets and is the process currently used in most experimental studies, different methods 

other than mechanical exfoliation of 3D graphite crystals have been proposed to obtain 

graphene. These include epitaxial growth by thermal decomposition of SiC [41-46] or by 
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chemical vapor deposition of hydrocarbons on metal substrates [47-50], sonication in 

various solvents [51 52], intercalation [53] and chemical reduction of graphite to obtain 

few-layer graphite oxide (figure 2.6) [ 54-57].  

 

 

 

Figure 2.5. Large graphene crystal prepared on an oxidized Si wafer by the scotch tape  

technique. [Courtesy of Graphene Industries Ltd.]  
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Figure 2.6. (a) Scanning-electron micrograph of a large graphene crystal showing 

armchair and zigzag edges [38] (b) Suspension of graphene microcrystals obtained by 

ultrasound cleavage of graphite in chloroform and printed graphene film on a substrate 

[Courtesy of R. Nair, University of Manchester] 

 

A single atomic plane is considered as a 2D crystal, whereas 100 layers are considered as 

a thin film of a 3D material. For the case of graphene, the electronic structure gradually 

changes with the number of layers, approaching the 3D limit of graphite after 10 layers 

[58]. Therefore, according to the layer number, graphenes can be distinguished as single, 

double, and few (3–10) layer graphene. [38]. For practical applications, multilayer 

graphene sheets are preferable in terms of mechanical strength for supporting large- area 
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film structures, whereas thinner graphene films have higher optical transparency [59]. 

Graphene exhibits unusual electronic, mechanical, optical and chemical properties. The 

limit to mobility of electrons in graphene is about 200,000 cm2/Vs at room temperature, 

compared to about 1,400 cm2/Vs in silicon, 100,000 cm2/Vs in carbon nanotubes [60] and 

77,000 cm2/Vs in indium antimonide, the highest mobility conventional semiconductor 

known [61] (see table 2.1)  

 

             Table 2.1. Comparison of electron mobility of materials at room temperature. 

Silicon Indium antimonide CNTs Graphene 

1,400 cm2/Vs 77,000 cm2/Vs 100,000 cm2/Vs Over 200,000 
cm2/Vs 

 

Mobility can also be expressed as the conductivity of a material per electronic charge 

carrier, and so high mobility is also advantageous for chemical or bio-chemical sensing 

applications in which a charge signal from, for instance, a molecule adsorbed on the 

device, is translated into an electrical signal by changing the conductivity of the device 

[61, 62].  

Graphene has very high room temperature thermal conductivity of up to 5300 W/mK [63-

65]. Table 2.2 provides comparison of the thermal conductivity reported for graphene 

[66] with the experimental data reported for other carbon materials [67, 68]. Huge range 

of the thermal conductivities of carbon materials enables them to serve both as thermal 
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insulators (some of the diamond like carbons or amorphous carbons) as well as the “heat 

superconductors” such as graphene. 

 

Table 2.2. Room temperature thermal conductivity of graphene and other carbon 

materials 

Diamond Single Carbon  

Nanotube 

CNT Bundles Graphene 

0.2 W/mK 3500 W/mK 1750-5800 W/mK 4840-5300 W/mK 

 

Recently, graphene has been reported to be the strongest material ever tested [69]. 

Mechanical properties of monolayer graphene membranes suspended over open holes can 

be measured by utilizing an atomic force microscope (AFM) nano indentation. Spring 

constant of graphene is in the range 1-5 N/m and the Young's modulus is 0.5 TPa, which 

differs from that of bulk graphite. These high values make graphene very strong and rigid 

material and raise the possibility of using graphene for nano-electro-mechanical systems 

(NEMS) applications such as pressure sensors, and resonators [70]   

Overall, these outstanding properties of graphene make it a great candidate for 

applications in chemical sensing instruments [62], high-speed analogue electronics, 

spintronics [61], microchips, biosensors [71], ultracapacitance devices [72], flexible 

displays and other innovations [73,74]. Another significant advantage of graphene is its 

two-dimensionality, making it compatible with existing planar device architectures. 
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Much of the recent work focuses on controlling the geometry of graphene on a nano- or 

micrometer scale, so that one could obtain unique structures with well-defined physical 

and chemical properties.  

 

2.2.2 Graphene Nanoribbons  
 

Graphene nanoribbons (GNRs) are single layers of graphene that are cut in a particular 

pattern to give it certain electrical properties. When graphene is patterned into a narrow 

ribbon and the carriers are confined to a quasi-one-dimensional (1D) system and these 

charge carriers create an energy gap. Similar to CNTs, this energy gap depends on the 

width and crystallographic orientation of the graphene nanoribbon (GNR) [75,76]. 

Graphene ribbons with either metallic or semiconducting electronic structure are 

possible, depending on the crystallographic direction of the ribbon axis [77]. For 

instance, when a single graphite layer is terminated by zigzag edges on both sides, 

localized electronic states at each edge can be obtained [78]. Son et al. showed half-

metallicity in nanometer-scale zigzag graphene ribbons (ZGNR) by controlling their 

magnetic properties if homogeneous electric fields are applied across the zigzag-shaped 

edges of the graphene nanoribbons. It has been shown that resistivity of a graphene 

nanoribbon increases as its width decreases, indicating the impact of size of the ribbons 

(Figure 2.7) [79]. The combination of lithography and etching is the most common 

procedure currently used to confine the width of graphene and thus to fabricate GNRs 

with various sizes. GNRs as narrow as 20 nm can be fabricated by e-beam lithography 
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and oxygen plasma etching [79,80], however there are difficulties in obtaining smooth 

edges and reaching the true nanometer scale ribbon width.  

 

 

Figure 2.7. (a) SEM picture of GNR devices fabricated on a 200 nm SiO2 substrate. The 

widths of the GNRs from top to bottom are 20, 30, 40, 50, 100 and 200 nm.(b) Maximum 

resistivity of GNRs as a function of ribbon width [79]. 

 

Chemical approaches and self assembly processes [56, 81,82] has also been proposed to 

make graphene structures with desired shape and dimensions for fundamental and 

practical applications. Li et al. [52] developed a chemical route to produce GNRs with 

varying widths along their lengths as well as single ribbons with widths down to 10 

nanometers (figure 2.8). 
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Figure 2.8. Chemically derived graphene nanoribbons down to sub-10-nm width [52]. 

 

2.3 Patterning Techniques for Carbon Thin Films and Graphene 
 

The practical realization of micro- and nanoscale devices based on carbon materials 

requires precise engineering of carbon films, nanotubes or graphene layers on substrates. 

Patterning carbon materials has attracted considerable attention in the recent years 

because of their significant importance to many of the applications that range from 

electronic devices to solar cells to lubricants or to biocompatible coatings. Various 

techniques including standard lithography [79, 83-86], soft lithography [87, 88], and self-

assembly [89], transfer printing [40,90], plasma etching [62, 91] or electrocatalysis [92] 

have been applied for systematically modifying the structure and fabricating carbon-

based devices. Some of the examples of patterned carbon films, carbon nanotubes and 

graphene layers by different methods are provided in the next pages.  
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2.3.1 Lithography  
 

2.3.1.1 Selective Growth or Deposition on Pre-patterned Surfaces 
 

Carbon black filled composite thin films have been patterned using a traditional 

photolithographic lift-off process [93] which includes several steps; spin coating a 

photoresist layer onto glass substrate, patterning the photoresist by ultraviolet light 

through a mask, layer-by-layer deposition of carbon film and removal of the underlying 

photoresist (Figure 2.9). The resolution that can be achieved using this procedure is 

around 5 µm. 

Similarly, fabrication of 3D aligned carbon nanotube patterns by multi-step process based 

on photolithography and selective growth is outlined in Figure 2.10. Aligned carbon 

nanotube arrays on metal patterned substrates are obtained by pyrolysis of hydrocarbon 

and removal of metal pattern by chemical etching process [94]. However, morphology, 

length, density, and structure of the aligned CNT arrays are very sensitive to the varying 

experimental conditions. 
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Figure 2.9. (a) Schematic of procedure used to pattern carbon black thin films (b) Optical 

micrographs of patterned carbon films. The scale bars are 20, 10, and 25 um moving from 

left to right [93] 
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Figure 2.10. Top: Schematic illustration of the procedure for generating three-

dimensional (3D) aligned CNTs. Bottom: SEM images of 3D aligned CNT arrays grow 

selectively on silver-patterned substrate [94] 
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Figure 2.11. (a) Aligned carbon nanotube pattern fabricated by photolithography based 

on pyrolysis of FePc. (b) of acetylene [95]  

 

Analogous to the carbon nanotube growth [96,97], single or multi layer graphene sheets 

are grown at particular locations and with desired geometries by controlling the catalyst 

morphology and position [48]. Figure 2.12 demonstrates the direct chemical vapor 

deposition growth of a graphene pattern using a pre-patterned Ni structure. 

 

Figure 2.12. Direct growth of graphene patterns from pre-patterned Ni structures. (a) 

Optical image of a pre-patterned Ni film on SiO2/ Si. (b) CVD graphene is grown on the 

surface of the Ni pattern [48]. 
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2.3.1.2 Transfer Printing  
 

In this technique an elastomeric stamp or mold, usually a poly(dimethylsiloxane) 

(PDMS) block, with patterned relief structures on its surface is used to generate patterns. 

First the PDMS block is patterned by conventional photolithographic techniques. Then, 

these elastomeric stamps are used to cut and exfoliate a graphene piece from bulk 

graphite (see Figure 2.13.) and the quality of the graphene sheet that is attached on the 

stamp is inspected by microscope. Then, if the graphene printed on the stamp is good 

enough, the next step is to transfer the graphene sheet by establishing a direct contact 

with the substrate to be patterned [90, 98]. However, deformation and distortion of the 

elastomeric stamp/mold during printing need to be completely understood. Because the 

elasticity and thermal expansion of PDMS make it difficult to get high accuracy during 

applying across large areas, it may limit the utility of lithography in multilayer fabrication 

and/or nanofabrication. This technique requires precise control on transferring the 

graphene pattern in order to get good quality structures because resolution depends on the 

mechanical contact between PDMS stamp and the substrate.  
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Figure 2.13. Schematic of transfer printing of graphene onto a substrate (top) and 

resulting graphene pattern on SiO2 [90]. 
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2.3.2 Electrocatalysis  
 

The literature contains a few reports of pattern formation in carbon films by probe–based 

local modification. This technique typically involves using high voltages or currents 

across the tunneling junction or mechanical indentation of the carbon surface directly 

with the scanning probe tip [99, 100]. The voltage pulse height and length and also the 

height of the tip above the carbon surface when the pulse is applied have an effect on the 

results of patterning process. Eagle et al. reported writing nanoscale pits in amorphous 

carbon layers using a scanning tunneling microscope (STM) [100]. 

A similar method has been suggested by Muhl et al., for patterning carbon films based on 

either local graphitization of amorphous carbon films (a-C) in vacuum [101,102] or local 

oxidation [103] by using a scanning force microscope (SFM) tip. It is proposed that the 

local Joule heating due to the introduced power is the main reason for graphitization and 

raised features on the a-C film. However, in the presence of oxygen, applied voltage at 

the tip of a SFM induces local consumption of the carbon layer and results in trenches or 

pits on a-C surface (Figure 2.14). The main disadvantage of this technique is the slow 

patterning or writing speed. In addition to that, it is difficult to distinguish the written 

marks from the background surface due to surface roughness of the a-C layer. 
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 Figure 2.14. Raised feature of height 8nm (left) and trench of half width 35 nm (right) 

on a-C film by tip induced local modification in vacuum and in oxygen [101,103]. 

 

2.4 Motivation 
 

The main obstacle in current patterning technology is inability to produce large amounts 

of identical carbon nanostructures. For example, nanotubes come in different sizes and 

structures and the same is true of many other carbon materials. There is no reliable way 

to directly produce a single CNT type such as will be needed in large integrated systems 

or no straightforward way exists of patterning even simple CNT based materials. 

Similarly patterning carbon thin films and graphene is limited by the resolution of current 

lithographic techniques.  

For the case of graphene, it needs to be patterned with high precision down to nano level 

for the proposed next-generation devices. Such precision seems not possible through a 

combination of standard lithographic and chemical methods discussed so far. State-of-
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the-art lithographic technology does not allow the formation of a uniquely defined 

graphene ribbon edge, such as, armchair or zigzag, but a mixture of edges may co-exist 

along the length of the graphene ribbon. This is likely the result of the present limitations 

of lithography rather than an intrinsic feature of graphene ribbons. 

So, fabrication of precise graphene nanoribbons, graphene-based electronic 

devices/circuits or other patterned carbon film structures with well-defined geometry 

remains an important challenge.  At present, it appears that revolutionary advances in 

process technology are needed to obtain reproducible characteristics for large-scale 

integration of carbon based devices. 

Catalytic carbon combustion could be used for selectively removing material near 

strategically placed catalyst particles or films, and thus become a tool for shaping or 

patterning advanced carbon materials. This concept is especially attractive for carbon due 

to the lack of convenient liquid-phase etchants, such as those that exist for lithographic 

polymers and most other materials. Therefore, controlled oxidative etching to extract 

nanoscale graphitic structures (for example, cut-to-size carbon films, or nanosize 

graphene sheets) from larger domains of these materials would create extremely 

promising materials for all sorts of applications. 
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Chapter 3 
 

 

Catalytic Combustion of Carbon 
 
Carbons are quite resistant to solvents, acids, and bases and thus cannot easily be 

patterned by conventional techniques. Catalytic combustion may provide a way to exploit 

O2 as a dry “etchant” for selective shaping or microstructural modification of a variety of 

carbon materials. In the following sections catalytic gasification of carbon, especially 

graphite, active catalysts for gasification of carbon and different catalyst behaviours on 

graphite surfaces will be explored. Selection of the catalyst, substrate, reactant and 

reaction temperature and their dependence on the reaction mode will be discussed in 

detailed.  

 

3.1 Catalytic Gasification of Carbon 
 

Carbon gasification reactions form the basis of many important processes such as 

combustion of coal and the production of synthesis gas, fuel gases and activated carbons. 

The most important gas carbon reactions involve reactions of carbon with O2, CO2, H2O 

or H2. Gasification of carbon can take place by several reactions: 

48 
 



 
 

C + CO2 2CO 

C+H2O  CO + H2 

C+2H2 CH4 

C+O2  CO/CO2 

It has been known for many years that small amounts of catalysts can have significant 

effect on the rates of these reactions, which have been analyzed in many studies from 

both experimental and theoretical viewpoints [1-4]. More recent literature focuses on 

catalyst regeneration for metallurgical processes and on the use of metals as additives for 

enhancing low-temperature soot burnout to remove carbon particulate from exhausts, 

especially in diesel engine applications [5-7].  

The reactions of carbon with gases, especially with oxygen, are strongly affected by 

various catalytic agents and under some conditions a high degree of catalytic 

enhancement is observed. The carbon combustion reaction, C(s) + O2  CO/CO2 is 

catalyzed by a number of materials that have been shown to exhibit catalytic activity, the 

most active being transition metals, alkali metals and alkaline earth metals. In the 

following sections active catalysts for carbon gasification will be summarized.  

 

3.1.1 Alkali Metals  
 

Alkali metal salts are the oldest known additives that have been observed to increase the 

rate of oxidation of carbon materials and there have been many practical application of 
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their catalytic effect. In general, alkali carbonates are more active than sulfates or halides 

[8]. Addition of increasing amounts of sodium carbonate (Na2CO3), to coal gradually 

lowers the ignition temperature of coke in air [9, 10]. Also, potassium impurity 

introduced either electrochemically or from the vapor phase, leads to accelerated 

gasification of graphite by oxygen and higher combustion rates [11]. The catalytic 

activity of alkali and alkaline earth metal salts or oxides in gasification of coal is given in 

the following order: K2CO3 > Na2CO3 > KCl > NaCl > CaCl2 [12]. Alkali metal 

monoxides such as Na2O, when added to graphite showed very rapid acceleration in the 

rate of gasification in oxygen, the reaction being initiated at temperatures in the range of 

450-500 oC [13]. K-Ca catalyst mixture has been observed to be much more active for the 

steam gasification of graphite at temperatures 577-627oC than potassium oxide or 

calcium oxide alone [14]. 

 

3.1.2 Alkaline Earth Metals 
 

The strong catalytic effect of alkaline earth (group IIA) metals on carbon oxidation rates 

is also well known. When reactivity of coal towards air at 500 oC is measured, coal chars 

containing the highest amount of calcium and magnesium impurities show the most 

reactivity [15]. The order of the catalytic activity of alkaline earth metals is given as Na > 

Ba > Sr > Mg > Ca for graphite oxidation [16]. It has been observed that, the oxides of 

alkaline earth metals show only modest catalytic effects when added to graphite and then 

heated in air. Relative catalytic effects are given in the order BaO > CaO > MgO > SrO 

50 
 



 
 

and the effect of alkali and alkaline earth oxides on the oxidation of graphite in air is 

shown in Table 3.1. [13, 17] 

 

Table 3.1. Effect of alkali and alkaline earth oxides on the oxidation 

                of graphite in air 

          Material T (oC) for  1% 
burnoff in air 

       Pure graphite (G) 
       G + MgO 
       G + CaO 
       G + SrO 
       G + BaO 
       G + Li

2
O 

       G + Na
2
O 

763 
740 
728 
750 
718 
568 
608 

 

 

3.1.3 Transition Metals 
 

Transition metals and their salts received much more attention than any other catalysts 

because they are known as the most active catalysts for the oxidation of carbon. 

Transition metals show different catalytic activities in different gas atmospheres [2,18]. 

They are only weakly active for the C + CO2 and C + H2O reactions unless they are in 

reduced state whereas highest activity is seen for C + O2 reaction. The magnitude of the 

catalytic effects of different metals for carbon gasification in oxygen are in the order Co 

> V > Fe > Mn > Cr [19]. Another reported catalytic rate order for metal doped carbon 

towards oxygen [20] is Ni > Co > Cu > Ag > Fe > Ca. For comparison, the effect of 
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different catalysts on the ignition temperature of graphite in oxygen is shown in Table 3.2 

[21] and the order of activity for some metals is Pb > V > Mn > Co > Cr > Fe > Ni. 

Among all transition metals, Fe, Ni and Co are the most popular catalysts for graphite 

gasification reactions. Activity of metallic catalyst is very dependent on the nature of the 

oxidizing gas. For example Fe, is generally less active in air or O2 than when the 

oxidation is carried out in CO2 [22] 

 

Table 3.2. Effect of catalysts on the ignition temperature of graphite in O2 

Catalyst Ignition T (oC) in O2  

Pure graphite 
Pb 
V 

Mn 
Co 
Cr 
Cu 
Mo 
Ag 
Cd 
Fe 
Pt 
Ni 
Ir 
Rh 
Ru 
Pd 
Ce 
Zn 
W 
Hg 
Sn 

740 
382 
490 
523 
525 
540 
570 
572 
585 
590 
593 
602 
613 
638 
622 
640 
659 
692 
700 
718 
720 
738 
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3.2 Catalyst Behavior on Graphite  
 

One of the most interesting subjects in the field of catalysts is the mechanism by which 

metallic particles influence the gasification of graphite reaction. Although there is no 

single mechanism which can describe all catalyzed carbon gasification reactions, two 

major mechanisms have been proposed: electron transfer and oxygen transfer 

[2,8,18,23,24]. In the electron transfer mechanism, carbon-carbon bonds attached to the 

edge or surface carbon are weakened because the carbon matrix transfers an electron to 

the metal ion in the catalyst and facilitates the gasification of carbon. In the oxygen 

transfer mechanism, the solid catalyst forms intermediates in the oxidizing atmosphere 

which are then transferred to the carbon surface from the catalyst particle and oxidize the 

carbon in its vicinity. Regardless of the mechanism, it is a well-established experimental 

fact that catalyst action is localized. It has been shown that enhanced local gasification 

rates are observed after gasification of carbon in O2 with fine dispersions of active (e.g. 

Cu, Ni, Fe, Ag) metals [25]. Also, the areas of preferred attack of Ni metal on diamond 

correspond to the regions in the immediate vicinity of the catalyst particle [8]. Therefore, 

oxidation reaction takes place directly at the carbon/catalyst interface [26] and intense 

localized action of the catalyst particles is evident from these studies.  

The most interesting phenomenon related with the catalyzed gas-carbon reactions is the 

motion of the catalyst on carbon or graphite which results in the catalytic activity. In the 

past years, a great deal of attention has been devoted to understanding of the catalytic 

behavior during the gasification reactions.  The action of catalysts has been investigated 

by microscopic studies on the surfaces of graphite single crystals. A variety of catalyst 
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motions are observed, mostly by electron microscopy, including pitting [8, 27], 

channeling [8, 26, 28, 29] and deep edge recession [14, 30, 31]. 

 

3.2.1 Modes of Catalytic Attack 
 

In the graphite oxygen reaction, catalysts operating by facilitating basal-plane penetration 

in imperfect regions are known as pitting catalysts and those operating by increasing the 

rate of removal of carbon atoms at the edges or steps are known as channeling catalysts. 

In general, for particles to become activated they must be located at the edges or steps on 

the graphite. Imperfections on the graphite basal plane, i.e. vacancies, can also serve as 

centers for catalytic attack. A schematic of the graphite basal plane with edges and steps 

is shown in Figure 3.1.  

The mode by which a catalyst operates is governed to a large degree by the strength of 

the interaction between the metal and the graphite edge atoms. Although catalytic action 

is a complex phenomenon and has not been fully understood yet, the mode of the 

catalytic attack is known to depend on several factors such as chemical state of the 

catalyst, temperature of the reaction, vacancies and/or defects of the graphite surface, size 

of the catalyst particle and interaction between the metal and the graphite edge atoms [32] 
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Figure 3.1. Schematic representation of graphite structure showing basal plane, edge 

plane and steps.  

 

3.2.1.1 Catalytic Pitting  
 

Pits are generally initiated when catalyst particles come into contact with surface defects, 

such as vacancies. An active catalyst particle proceeds to attack the graphite crystal in a 

direction perpendicular to the basal plane and produces a pit. With continued oxidation, 

pits increase in depth and take the form of hexagonally shaped holes which is believed to 

be due to uncatalyzed attack. It is well established that the rate of oxidation by pitting is 

slower than that which occurs by catalytic removal of carbon along the basal plane by 

channeling [26]. The behavior of metal particles on the surface of graphite single crystals 

during oxidation has been studied by Baker et al. [33] and an example of pitting action by 

platinum particles on graphite at 500 oC is shown in Figure 3.2. 
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Figure 3.2. Scanning electron microscope image of a pit produced by platinum particles 

[33]. 

 

3.2.1.2 Catalytic Channeling  
 

Mobility of catalyst particles and the channeling on the basal plane of graphite crystals 

are unique features of graphite gasification reactions and the reason for the particle 

motion during catalytic gasification has not been fully explored yet. However, it has been 

established primarily by Baker et al. [26] that channeling is initiated only when the 

catalyst particle comes into contact with a step on the graphite surface [26, 28]. The 

reaction takes place at the catalyst/graphite interface, and since the loss of carbon atoms 

is faster at the step, particles proceed to cut channels in the graphite crystal.  

Some catalyst particles tend to move along steps and edges and resulting channels follow 

well-defined crystallographic directions in the graphite basal plane. On the other hand, 
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channeling is completely irregular in some instances, and the moving particles might 

perform frequent and random changes in direction [21].  

Regardless of the direction of motion both types of channels share common features: 1) 

All channels originate from edges or steps on the surface, 2) The width of the channel is 

generally the same as that of the catalyst particle, 3) The linear rate of channel 

propagation is proportional to the depth of the channel and to the width of the catalyst 

particle. Small particles cutting shallow channels move at the fastest rate.  

Catalytic channeling by potassium hydroxide has been observed during steam 

gasification of graphite at temperatures between 500-600oC [34]. Catalyst particles 

indicated by arrows can be seen at the head of channels which have random orientation 

on the graphite surface (see Figure 3.3)  
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Figure 3.3. Catalytic channeling by KOH at 500oC [34] 

 

Another observation of catalytic attack by channeling reveals that catalyst particles may 

undergo random directional changes on the surface of graphite [33]. Pt particles larger 

than 100 nm in diameter formed irregular channels at higher temperatures between 735-

850 oC in O2 (see Figure 3.4). Keep et al. gives the order of catalytic effect of different 

metals as Rh > Ru > Ir > Pt > Ni > Pd > Co > Fe and shows channeling of Ni particles 

during hydrogenation of single crystal graphite [29] (Figure 3.5). The majority of the 

channels are observed to exist parallel to the specific crystallographic directions.  
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Figure 3.4. Catalytic channeling of Pt particles during graphite oxidation at 750oC [33]. 

 

Figure 3.5. Channeling of Ni particles in H2 at 800oC [29] 
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3.2.1.3 Edge Recession  
 

When the catalyst particles show strong interaction with the graphite edge atoms and 

form a thin film, the mode of catalytic action is known as edge recession. Catalyst 

particles which adhere to edges and steps starts to spread along these regions and proceed 

to facilitate the removal of carbon. A schematic of catalyst spreading on the graphite 

surface is shown in Figure 3.6. The contact area between catalyst and graphite edge 

atoms is maximized when the catalyst spreads on the surface as a thin film. Edge 

recession was first presented by Harris et al. [31] by using controlled atmosphere electron 

microscopy. It has been shown that lead forms an extremely thin film on graphite at 

temperatures below 545oC and rapid edge recession takes place during graphite-oxygen 

reaction. Catalytic edge recession has been observed by a number of catalyst including 

calcium and barium [35] during steam gasification of graphite at relatively high 

temperatures (see Figure 3.7). 
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Figure 3.6. Relation between wetting tendency of a catalyst and the mode of catalytic 

attack [36] 

 

 

Figure 3.7. Catalyzed edge recession by calcium in steam at 715oC [35] 
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In some cases, it may not be possible to predict whether catalytic attack will occur by 

channeling or edge recession because catalysts may show a transformation in wetting 

properties of graphite depending on the temperature or reactant gas, and as a 

consequence, both forms of catalytic attack can be observed.  An example of how a 

minor change in the gas composition can change the catalyst action was shown by Baker 

et al. [35]. Nickel particles spread along the graphite edges as a thin film in steam 

gasification allowing the edge recession as the dominant mode of attack. However, 

addition of a small amount of hydrogen to the steam reduces the wettability of nickel on 

graphite and causes metal to remain in a particle form. So, in that case the catalyst action 

is restricted to channeling. 

Reaction temperature, as well as the type of the catalyst, is also an important factor 

affecting the catalytic behavior. For example, metals such as molybdenum, platinum and 

palladium catalyze the oxidation of graphite by a pitting mode at lower temperatures and 

then switch over to channeling mode at higher temperatures [33, 35]. Silver and lead are 

very active catalysts at low temperatures whereas temperatures over 725oC are required 

for zinc particles to be active for the graphite-oxidation reaction. [26, 31].  
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Chapter 4 
 

Experimental Techniques 
 

 

4.1 Thermogravimetric Analyzer 
 

The thermogravimetric analyzer (TGA) is a useful technique for quantifying kinetics. 

TGA measures weight changes in a material as a function of temperature (or time) under 

a controlled atmosphere. Its principal uses include measurement of a material's thermal 

stability. It can be used in isothermal conditions to determine reaction order by varying 

the reactant gas concentration or under various temperature conditions to determine 

activation energy with various partial pressure conditions or using a given heating rate to 

determine chemical reactivity. Oxidation reactivity of carbon samples was measured by 

non-isothermal thermogravimetric analysis in this work. The TGA (Dupont 951 TGA and 

CAHN TGA-2141 systems) consists of a high precision balance with a pan (usually Pt) 

loaded with the sample. The balance and the pan system are placed in a small electrically 

heated furnace, which is controlled by a temperature programmer, with thermocouple to 

accurately measure the temperature. Sample weight given by the microbalance and the 

temperature readings from S type thermocouple are recorded to a computer. Air is used 
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as a reactant gas and regulated at 300cc/min by the flow meters. Digital photographs of 

the TGA systems used in this work are shown in Figure 4.1. A carbon sample weighing 

about 3-10 mg is placed in a Pt pan and suspended by the microbalance. Then, samples 

are heated from room temperature to 900 oC with a heating rate of 10 oC/min. Most of the 

time heating is delayed at 100 oC for 20 minutes to remove possible absorbed moisture 

from the sample. Sample weight and the temperature are continuously monitored and 

results are processed and expressed as reaction rate versus temperature for the samples.  
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Figure 4.1. Thermogravimetric analyzer systems with (a) vertical balance and furnace (b) 

horizontal balance and furnace.  
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4.2 Resistive Heat Treatment Device 
 

The resistive heat treatment apparatus has been designed and built in our group 

previously [1] to quantify char deactivation by high temperature heating experiments in 

inert atmospheres. The heat treatment device is capable of 2700 oC with a maximum 

heating rate of 1000 oC/s. In order to perform controlled oxidation experiments together 

with magnetic actuation, we modified the heating apparatus to allow close-proximity 

access for high temperature resistant permanent magnet and CCD video recording. The 

heating device modified for catalytic oxidation experiments (see Figure 4.2), consists of a 

thin polycrystalline graphite sheet held at the end of brass electrodes connected to a low-

voltage power supply. Natural graphite samples are placed onto the graphite sheet, which 

acts as an electrical resistance heater, so that there is a direct contact between the heat 

source and the sample. The surface of the graphite sheet is optically accessible from 

beneath for temperature measurements.  

The temperature measurement system includes optical fiber thermometer from 

LUXTRONTM and optical pyrometer sensor. A high-speed one-color pyrometer focuses 

on a spot on the underside of the polycrystalline graphite and measures the temperature in 

real time. The graphite sheet electrode is vertically symmetrical and temperature 

gradients across the ultra-thin exfoliated natural graphite sample are small. The 

pyrometer is capable of measuring temperatures of 450 oC-3000 oC at 30 readings per 

second operating at 10 kHz and results are accurate within ±13 oC. 
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High temperature resistant samarium-cobalt (Sm2Co17) permanent magnets from MMC 

Magnetics, NY are mounted to steer the magnetic catalyst particles during air oxidation 

experiments. Reaction is monitored with a long focal length refracting microscope 

(Infinity Photo-Optical, Model K2) with fiber optic illumination and CCD video 

recording [2]. 

 

 

Figure 4.2. Digital micrograph of the hot stage oxidizing microscope.  
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4.3 Optical Microscopy 
 

Optical microscopy imaging is an attractive technique for convenient and large-scale 

investigation of macroscopic samples. The optical microscope basically uses visible light 

and a system of lenses to magnify images of small samples and information is obtained 

by light transmission through or reflected from the surface of a material. Magnification 

up to 1000X may be obtained, allowing the examination of structures to a limit of 

resolution on the order of 1 µm.  

In order to characterize the surface of carbon thin films polarized light is often used. 

Crossed polarized mode enables one to observe the interference colors generated due to 

the orientation of the graphitic lamellae at the carbon surfaces. Carbon can show a unique 

series of microstructures depending on the range of shared orientations [3]. Optical 

microscopy is very useful in the observation of liquid crystal textures, due to the 

anisotropic properties of liquid crystals (see Figure 4.3). The interference colors, usually 

yellow, blue and purple can be used to determine the orientations of the lamellar planes. 

Yellow and blues are indicative of prismatic edges whereas purple regions indicate basal 

planes. The purple color represents an essentially isotropic surface and remains 

unchanged during the rotation of the specimen. However, the purple color of anisotropic 

carbon is generally darker in tone than that of glassy carbons and these two can be 

distinguished with careful investigation.  
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Figure 4.3. Example of a liquid crystal texture with different molecular orientations 

obtained by polarized optical microscopy [4]  

 

Optical microscopy is also widely used to determine the thickness of graphene layers by 

looking at the color modulation on the substrate [5, 6]. The presence of thin graphite on 

the surface produces a phase shift on the interference in the reflection spectrum as a 

consequence of the additional optical length introduced in the system. These phase shifts 

in the interference color are sensitive to the number of graphene layers. As shown in 

Figure 4.4, there are color contrast changes in the samples with different thicknesses due 

to interference induced color shifts. Color shifts in region I and II indicates that graphene 

layer is thinner in region one compared to region II. In addition to optical microscopy, 

atomic force microscopy (AFM) can be used to obtain a detailed height profile of the 

graphene layers. Optical microscopy is rapid and nondestructive technique for reliable 

thickness evaluation and applicable to thin layers of wide variety of materials.  
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Figure 4.4. An optical microscope image of a cleaved graphite sample containing regions 

of many different thicknesses. Color shifts indicate a thinner graphene layer in region I 

compared to region II [6].  

 

4.4 Scanning Electron Microscopy 
 

Scanning electron microscope (SEM) is one of the most useful instruments for 

understanding the surface structure of various samples including carbon materials. SEM 

uses electrons instead of light to form a largely magnified image. Because the SEM uses 

electromagnets rather than lenses, there is much more control in the degree of 

magnification.  SEM has a large depth of field, which allows more of a specimen to be in 

focus at one time yielding characteristic three-dimensional appearance.  Therefore, 

closely spaced specimens can be magnified at much higher levels by SEM than is 

possible with a light microscope.  
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The schematic of the working principle of the SEM is shown in Figure 4.5. A beam of 

electrons is produced at the top of the microscope by an electron gun.  The electron beam 

follows a vertical path through the microscope, which is held within a vacuum.  The 

beam travels through electromagnetic fields and lenses, which focus the beam down 

toward the sample. Once the beam hits the sample, electrons and X-rays are ejected from 

the sample. Detectors collect these X-rays, backscattered electrons, and secondary 

electrons and convert them into a signal that is sent to a screen. This produces the final 

image. The images created without light waves are delivered black and white.  

 

Figure 4.5. The schematic view of scanning process and image formation of the SEM. 
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Low acceleration voltage for electron beam is recommended for analyzing carbon 

materials because in materials that consist of low atomic number, such as carbon, the 

electron beam can penetrate and thus the images obtained are the accumulation of 

secondary electrons reflected from all parts along the depth of penetration. Therefore, in 

this work, we used low acceleration voltages, less than 5 kV to understand the exact 

surface of carbon thin films and graphite.  
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Chapter 5 

 

Catalytic Combustion as a Synthesis Tool for 

Micropatterned Carbon Materials 

 

5.1 Introduction 

 

It has long been known that the carbon combustion reaction, C(s) + O2 →CO/CO2, is 

catalyzed by metals, including metal-containing impurities in carbon materials derived 

from natural precursors. There is an extensive literature on the catalysis of carbon 

combustion [1–6], much of it from the 1960s and 1970s, motivated by the desire to 

predict the combustion rates of coal and biomass chars [7,8], cokes [9], and nuclear and 

structural graphites [10–12]. Al kali metal salts have been observed to markedly increase 

the rate of oxidation of carbonaceous materials. 
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Adding 0.5–5 wt% sodium carbonate to a coal resulted in a progressive increase in the 

reactivity of coke toward air [13]. Harker et al. showed that a potassium impurity had a 

significant catalytic effect on the gasification of graphite by oxygen [14]. When alkali-

metal monoxides, such as Na2O, are added to graphite powder, the temperature of the 

gasification reaction significantly drops [15]. In a study of coal char reactivity toward air, 

chars containing the greatest amounts of Ca and Mg impurities showed the highest 

reactivity at 500 oC [16]. Vanadium metal and vanadium oxide (V2O5) were observed to 

be extremely active catalysts for the oxidation of graphite at temperatures around 550 oC 

[17]. Chromium, in the form of Cr2O3, has been reported as an active catalyst for graphite 

oxidation [18], as have Pt, Fe, Ni [19], Ag, and Cu [20]. A series of metals and oxides 

were examined as catalysts for oxidation of powdered graphite and lead oxide showed the 

highest catalytic activity [19]. 

In some of these cases, especially for relatively pure carbons at low combustion 

temperatures, significant rate enhancements (Rcat/Rnon-cat) are observed upon only ppm-

level addition of well-dispersed active catalysts. More recent literature on the catalytic 

combustion of carbon has focused on the use of metals as additives for enhancing low-

temperature soot burnout to remove carbon particulate from exhausts, especially in diesel 

engine applications. Several catalysts have been developed for diesel particulate 

combustion [21–23]. Ciambelli et al. [24] showed that a Cu/V/K based catalyst is very 

active in the combustion of various carbonaceous materials. The vanadate-based catalyst 

Cs4V2O7, which still stands as the most active catalyst for diesel soot combustion, 

resulted in a 50% decrease of the activation energy compared to noncatalytic combustion 

[25]. 

78 
 



 
 

Catalytic carbon combustion is a three-phase (solid/solid/gas) reaction system whose 

fundamental mode of catalytic action has been postulated to involve (1) alteration of the 

electronic structure of the carbon substrate by catalyst particles and/or (2) oxygen transfer 

to the carbon surface from the catalyst particle, which serves as a dissociation center for 

the O2 reactant. Regardless of the mechanism, it is a well established experimental fact 

that the catalyst action is local [6,26]—the accelerated combustion reaction is observed in 

the immediate vicinity of the catalyst particle or directly at the carbon/catalyst interface, 

as observed directly by in situ TEM [26]. 

The combination of local action and high selectivity (large Rcat/Rnon-cat) suggests to us 

that catalytic carbon combustion could be used for selectively removing material near 

strategically placed catalyst particles or films, and thus become a tool for shaping or 

patterning advanced carbon materials. This concept may be especially attractive for 

carbon due to the lack of convenient liquid-phase etchants, such as those that exist for 

lithographic polymers and most other materials. Carbons are quite resistant to solvents, 

acids, and bases and thus cannot easily be micropatterned by conventional techniques. 

Catalytic combustion may provide a way to exploit O2 as a dry “etchant” for selective 

shaping or microstructural modification of a variety of carbon materials. To our 

knowledge, however, there have not been systematic studies along these lines, and the 

potential of catalytic carbon combustion as a materials synthesis tool remains largely 

unexplored. The goal of this chapter is to demonstrate the concept of catalytic 

combustion as a synthesis tool for shape/structure control in advanced carbon materials 

using a convenient model material and reaction system. 
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For the first demonstration of this concept, we chose to work with carbon thin films as 

simple two dimensional materials and to attempt the formation of parallel microfeatures 

(a circle micropattern) using liquid transfer of water-soluble metal salts as location-

specific catalysts. Carbon thin films find application as electrodes [27–31], lithographic 

masks [32–35], or material coatings designed for biocompatibility [36,37], lubrication 

[38,39], abrasion resistance [40,41], or thermal and electrical conductivity [42,43]. For 

organic materials there are established patterning techniques that include lithography, 

replica molding (REM), microcontact printing (μCP), and micromolding in capillaries 

(reviewed in [44]), but these techniques cannot be applied to carbons because of the lack 

of suitable liquid etchants. The literature contains one report of pattern formation in 

carbon films produced by the tip of a scanning probe microscope in the presence of 

oxygen. That study is an example of electrocatalysis, in which the applied voltage at the 

probe tip induces local consumption of the carbon layer [45]. A second study from the 

same group shows the possibility of creating 3D structures on amorphous carbon films by 

local carbon oxidation under the prepatterned tip of a scanning tunneling microscope 

[46]. 

For the oxidation catalyst we chose liquid transfer, as it allows us to use established 

microprinting techniques and is applicable to a wide variety of metals in the form of 

water-soluble salts. The literature provides some guidance for the selection of the 

catalyst. Letort and Martin (reviewed in Walker et al. [1]) studied the combustion of 

graphite in air at 500 ◦C with 0.12% catalyst addition and found the following order of 

activity: Au > Na > Ca > Ag > Cu > Pb > Ni > Mn > Co > Fe. Amariglio (also 

reviewed in [1]) impregnated nuclear graphite with 110 ppm of water-soluble salt and 
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studied the combustion in air at 600 ◦C. This study reported relative activities as in Letort 

and Martin, but also the catalyst enhancement factors (Rcat/Rnon-cat): Pb, 4.7×106; Mn, 

8.6×104; Ag, 1.34 × 105; Cu, 500; Au, 240; Na, 230; Ba, 100; Cd, 90; Sr, 8; Mg, 6; Co, 4; 

Al, 3; Be, 1; and B, 1. These enhancement factors are particularly useful for the present 

study, as they become the “selectivity ratio” that is a key parameter in pattern formation. 

Other reported rank sequences are from Amariglio and Duval [10] for graphite oxidation, 

Na > Ba > Sr >Mg > Ca, and Marsh and Taylor [47] for oxidation of metal doped 

polymer carbon, Co > V > Fe > Mn > Cr. For pure graphite powder in oxygen, McKee 

obtained the order of catalytic activity as Pb > V > Mn > Co > Cr > Fe > Ni [19]. 

These data provide only initial guidance for our chosen experiment, since the rank orders 

are not always consistent and because the catalytic carbon combustion rate is known to 

depend in a complex way on the properties of the carbon substrate, the doping level, the 

catalyst dispersion, and to some extent the anion associated with the salt delivery system. 

For the anion effect on catalytic activity see for example, Lang [48]. For this reason, a 

significant experimental effort was spent on testing and optimizing the catalyst 

formulation. 

In the remainder of this chapter we describe the screening of potential catalysts, the 

behavior of salt solution microdroplets during liquid transfer and drying, and the 

optimization of catalyst concentration and carbon substrate and then integrate these 

aspects in the demonstration of simultaneous parallel microfeature formation. This 

demonstration uses a polydimethylsiloxane (PDMS) stamp to transfer 200-μm diameter 

catalyst salt solutions as ordered droplet microarrays onto a carbon thin film. Under the 
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correct drying and reaction conditions, we demonstrate that it is possible to convert these 

microdroplet arrays into well-defined micropatterned carbon films by controlled catalytic 

combustion. 

 

5.2 Experimental 

 

This study used carbon thin film fabricated by two methods: physical vapor deposition 

(PVD) and spin coating/carbonization of an organic liquid-crystalline dye [49]. The PVD 

films were made by using thin carbon thread (1.3 mm nominal diameter) as a source of 

coating material for evaporation. Quartz substrates were coated by flash evaporation of 

the carbon thread under high vacuum conditions (CED 030 Carbon Coater, Bal-Tec). The 

resulting carbon films were annealed at 1000 ◦C for 30 min. The thickness of the PVD 

films can be preselected by using the film thickness curve and adjusting the height of the 

sample holder in the evaporator. 

The spin-coating process involved depositing an aqueous solution of the aromatic 

precursor indanthrone disulfonate (Optiva Inc., South San Francisco) [49] onto the center 

of a quartz substrate and then spinning the substrate at 500 rpm for 20 sec and then 5000 

rpm for 30 s in a CEE 200 spin coater from Brewer Science Equipment. After drying, the 

organic thin film was carbonized by slow heating (4 oC/min) in nitrogen to 700 oC for 1 h 

and then annealed at 1000 ◦C for 10 min for further improvement of the film structure. 

The thickness of the films were estimated by scanning electron microscopy at high tilt 

and found to be typically 120 nm for PVD films and 1.9 μm for the liquid-crystal-derived 
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films. In many experiments the carbon thin films were treated with 2 wt% ozone gas in 

oxygen at room temperature for 10 min to impart oxygen surface groups [50], which 

improves the droplet wetting and salt deposition patterns. 

After ozonation, both drying patterns and combustion results improved for Na and Cr 

salts. When non-ozonated films were used, the Cr salt formed a high-density catalyst 

deposit, which blocked oxygen during combustion. By comparison, on ozonated films the 

same salt produced thinner catalytic films and resulted in quality combustion patterns. 

Thermal gravimetric analysis (TGA) is a useful technique for quantifying kinetics, but 

the very low mass of the carbon thin films make them poor subjects for TGA 

experiments. We therefore carried out TGA experiments on model carbon nanoparticles 

with dimensions similar to the film thickness (300–1000 nm) and fabricated from the 

same precursor and under similar carbonization conditions [51]. These liquid-crystal-

derived “supramolecular” carbon nanoparticles were studied as prepared [51] and after 

doping with 8 mol% NaCl added by incipient wetting of saturated NaCl solutions in air 

from room temperature to 900 ◦C with a heating rate of 10 ◦C/min in TGA. The reaction 

temperature was selected by comparing the reactivity plots of as-produced and catalyst-

doped carbon nanoparticles in air. 

Carbon films were loaded with aqueous solutions of catalytic metal using 10-μl 

micropipettes. After drying at room temperature, the samples were examined under an 

optical microscope and the dried droplet pattern was documented by photography prior to 

combustion. Preliminary combustion experiments were performed at a predetermined 

reaction temperature in air to eliminate the catalysts that give an inefficient combustion 
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pattern. To measure selectivity ratios, the times required to completely remove carbon 

from the as-produced and catalyst-loaded films were determined visually after 

combustion in a tube furnace. 

For the full micropatterning demonstration, aqueous salt solutions were transferred onto 

carbon thin films using a PDMS microstamping technique. An elastomeric PDMS stamp 

(see Figure 5.1) with 200-μm diameter circle features was first prepared by casting a 

prepolymer against a silicon master patterned by conventional lithographic techniques. 

The catalytic salt solutions were deposited on a glass slide and then spread into uniform 

thin films by Meyer-bar coating (RD Specialties Inc.) [49]. Meyer bars are wire-wound 

rods that leave a liquid film of calibrated thickness when scraped over smooth substrates. 

Here the 20-mil Meyer bar was chosen to give 46-μm thick films, chosen to be much less 

than the circles’ feature depth of 225 μm to prevent filling of the intercircle spaces. After 

the hemispherical droplet arrays formed on PDMS, the stamps were brought into direct 

contact with the carbon surface and lifted off to produce similar hemispherical droplet 

microarrays that were allowed to dry into salt patterns on carbon (see Figure 5.1). 
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Figure 5.1. Optical microscope images of PDMS stamp with feature size 200 μm (left), 

PDMS stamping technique (right). The microprinting technique consists of (1) PDMS 

stamp fabrication and Meyer-bar preparation of thin liquid films of catalytic salt solution, 

(2) microdroplet lift-off and transfer to carbon film, and (3) drying of the microdroplet 

array and combustion of the carbon with patterned salt films. 
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After drying at room temperature, the samples were examined by optical and/or electron 

microscopy and then placed on a ceramic dish and inserted into a quartz tube furnace. 

After purging with nitrogen gas, the furnace was ramped to 400 ◦C and the gas supply 

switched to 300 cm3/min of air for controlled oxidation times. The reaction was quenched 

by switching back to nitrogen flow and cooling and the samples were subjected to 

microscopic examination. 

 

5.3 Results 

5.3.1 Catalyst Screening 

Saturated solutions of CdCl2, CoCl2, CrCl3, FeCl3, KCl, MgCl2, NaCl, and NiCl2 were 

screened as potential catalysts in the early phase of this study. It quickly became clear 

that the drying pattern of the salt solutions was the key to obtaining high-quality 

micropatterns. The Cd, K, Mg, and Ni salts were observed to give irregular drying 

patterns that deviated significantly from the desired circular footprint of the original 

microdroplet (see Figure 5.2). These are pipetted droplets of saturated solutions of metal 

salts dried on liquid-crystal-derived carbon thin films. Compared to salt free droplets, 

these solutions spread, suggesting some active interaction between the solute and the 

substrate that altered surface free energies and wetting behavior. Note that these irregular 

patterns all arise upon drying, as the original pipette drop is observed to be initially 

circular. 

The dendritic structures of potassium salt deposits are particularly noteworthy and 

beautiful (Figure 5.2). The Co salt showed a coffee drop drying pattern—one in which a 
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dense ring of solids forms at the outer edge of the original droplet footprint, usually 

attributed to internal convective flow that transports fine particles (here precipitate 

particles) from the center to the contact line perimeter, where they deposit [52]. The NaCl 

solution dries to give a small number of visible salt crystals, which bear no resemblance 

to the original droplet footprint (Figure 5.2). The chromium salt gave regular circular 

patterns, which appear promising for micropatterning.  

Initial combustion experiments were performed on these samples in air using 400oC for 

short periods of time with 10-s increments to observe the combustion pattern of catalysts. 

Cd, Mg, and Ni salts did not burn through the carbon and Co and K salts gave 

undesirable patterns, as expected, because of irregular salt film formation during drying. 

Although the Fe salt produced a circular drying pattern, burning of larger areas than the 

original droplet footprint was observed after the preliminary combustion tests. The 

combustion results for NaCl were surprisingly positive, despite the odd drying pattern 

(see Figure 5.2), which deviated greatly from the ideal circular footprint. Progressive 

combustion of NaCl-doped samples gradually gave rise to well-defined circular etch 

patterns (see Figure 5.3) at the location of the original droplets. 
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Figure 5.2. Optical microscope images of metal salt deposits on carbon thin films 

following microdroplet deposition and drying.  
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It became clear that there is a transparent circular film on the original droplet footprint 

that is catalytically active, and the large crystals are excess salt above that needed to form 

the adsorbed film. The existence of this circular thin NaCl film in the unreacted sample 

was confirmed by SEM (see Figure 5.3), and surprisingly, NaCl was one of the best 

catalysts, judged by the quality of the final circular etch features. Sodium chloride 

catalysis occurs through an active but optically invisible salt layer (Fig. 5.3 left), which is 

gradually revealed (Fig. 5.3 center and right) through its selective combustion at 400 ◦C 

in air of the underlying carbon thin film.  

Based on the time for the catalytic reaction to completely consume the underlying carbon 

(see Section 5.3.4), one can define a dimensionless reaction time or Damköhler number 

as, 

                                                                  
rxncat

process

t
t

Da
−

≡                                                                  

 In Figure 5.3, Da = 0 (left), 0.11 (center), and 0.5 (right). 

In general, both the drying pattern and the subsequent combustion pattern need to be 

evaluated to choose the best catalyst formulation. Based on both sets of experiments, Na 

and Cr were chosen for further development as micropatterning catalysts. 
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Figure 5.3. Optical microscope images of gradual appearance of sodium chloride 

catalysis which at first forms an active but optically invisible thin film. 

 

5.3.2 Effect of Carbon Substrate 

 

The effect of the carbon substrate was examined by comparing the combustion pattern of 

NaCl on PVD and spin coated films. After 5 min combustion of the PVD carbon thin film 

at 400 ◦C with Na salt in air, we observed peeling of the carbon on the outer edge of the 

original droplet (see Figure 5.4), which may be due to residual tensile stress in the films.  

The carbon thin films prepared by spin coating of an aromatic aqueous solution followed 

by carbonization at 700 ◦C show liquid crystalline structure under polarized light [49]. 

The surface is uniform, dense, and entirely anisotropic. After combustion in the presence 

of Na or Cr salts, no secondary fracture or detachment was observed, so further work 

concentrated on these films. The spin coated carbon films were ozone treated at room 

temperature for 10 min. Cr forms a solid drop of a catalytic film on as produced carbon 
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film (Figure 5.5a left) , which blocks oxygen and results in inefficient combustion 

(Figure 5.5a right).  

However, ozonated films show a better combustion pattern (Figure 5.5b right) due to 

formation of a thinner catalytic film showing optical interference patterns that indicate a 

thickness on the order of a wavelength of visible light (Figure 5.5b left). Significant 

improvement in the fidelity of the combustion pattern was observed as a result of better 

salt film deposition on the more hydrophilic film.   

 

 

Figure 5.4. Combustion pattern of Na salt on PVD carbon films. Cracking, detachment, 

and curl-up of the carbon film occurs on the edges of a large (left) and small (right) 

circular combustion zone, likely due to residual stress in this type of film. 
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Figure 5.5. Drying (left) and combustion patterns (right) of Cr salt on as-produced (a) 

and ozonated (b) spin-coated carbon films.  

 

5.3.3 Effect of Salt Concentration 

 

After Na and Cr were chosen as catalysts for detailed study, the role of solution 

concentration was investigated by repeating the screening experiments after various 

dilutions of the original saturated NaCl solution. Figure 5.6 shows the result for NaCl, 

which shows improved performance at the highest concentration used. Optical 
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microscope images of NaCl-doped carbon films before (top row) and after combustion at 

400 ◦C in air for 3 min (bottom row) demonstrate the effect of increasing NaCl 

concentrations. Concentrations used with the left-to-right sequence are: (a) 0.01 mol% or 

1/1000 saturation; (b) 0.1 mol% or 1/100 saturation; and (c) 5 mol% or 1/2 saturation.  

Examination of these films from below indicates that at lower concentrations the reaction 

is confined to the zone directly beneath the large NaCl crystals. As the salt concentration 

increases, larger Na crystals form on the film and the combustion results suggest the 

formation of a better salt film (Figure 5.6c). 

 

 

Figure 5.6. Effect of salt concentration on the generation of features by selective 

combustion.  

 

93 
 



 
 

5.3.4 Kinetics and Selectivity 

 

Regarding catalytic combustion as an etching process, we can define selectivity as the 

ratio of the catalytic to the noncatalytic (undoped) rate: Rcat/ Rnon-cat. Selectivity ratios 

were measured as the inverse ratios of the total combustion time in the presence and 

absence of catalyst and were determined optically as the times required to reveal the 

underlying quartz (see Table 5.1). The total catalytic combustion time was determined 

optically as the time required at 400 ◦C in air to completely remove the carbon film in the 

doped areas and reveal a circle of underlying quartz. The total combustion time of the as-

produced (non-catalytic) carbon film at 400 ◦C is 170 min and selectivity ratios are 

summarized in Table 5.1. 

Figure 5.7 gives the nonisothermal TGA data as an alternative way to quantify the 

catalytic rate enhancement. The as-produced carbon nanoparticles used as model material 

begin to lose mass by oxidation around 550 oC, compared to about 400 ◦C for the 8 mol% 

NaCl doped nanoparticles. A temperature of 400 ◦C was selected for the micropatterning 

process, since the TGA data in Figure 5.7 indicate that the non-catalytic rate is very slow, 

but the temperature is just above the reaction initiation point where the catalytic rate 

begins to proceed quickly. 
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Table 5.1. Selectivity ratiosa measured for carbon thin fimsb doped with saturated 

solutions of various catalytic salts 

Material  Time (min) Rcat/ Rnon-cat
c 

Raw carbon film  

NaCl 

CrCl3 

CoCl2 

170 

3 

0.5 

1.5 

- 

57 

329 

113 

a Selectivity ratios are special for conditions of this experiment (T, PO2, solution 
concentration, droplet size) 
b Liquid-crystal derived carbon films with an average salt film diameter of 500 µm. 
c Combustion in air at 400oC 
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Figure 5.7. Comparison of catalytic and noncatalytic rates on carbon nanoparticles 

[50,51] prepared from the same precursor and carbonization conditions as the liquid-

crystal-derived films. Rates are measured by nonisothermal TGA at 10oC/min in air. 

Catalyst is 8 mol% NaCl added by incipient wetness from saturated NaCl solutions. On 

the Y -axis, mgo refers to the initial unreacted weight of the sample. 
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5.3.5 Micropatterning 

 

The full micropatterning experiment was carried out for both the sodium and chromium 

salts using saturated solutions on the liquid-crystal-derived thin films. Following the 

Meyer-bar spreading of solution films, microdroplet arrays were transferred to carbon via 

the PDMS stamp followed by drying and oxidation (10 and 3 min for sodium and 

chromium respectively) at 400oC. A selection of results is shown in Figure. 5.8. For the 

sodium salt case, an ordered array of polygonal crystals is seen prior to combustion and a 

surrounding circular salt film is visible by SEM (b) but not optical microscopy (a). 

Combustion is selective on the catalytic regions, and Figure 5.8 shows examples of circle 

features in various stages of formation (c, d, f). Exceeding the minimum time for 

complete carbon consumption under the catalyst footprint (3 min, based on Figure 5.6c) 

leads to “blooming” of the combustion front beyond the circle boundaries. 

This does not appear to be due to non-catalytic reaction (which is slow), but rather to 

horizontal migration of the catalytic reaction front occurring during or after the formation 

of the primary pattern. These larger area arrays are sometimes vulnerable to temperature 

and oxygen gradients and corresponding gradients in conversion, as seen in the example 

in panel (d). 

97 
 



 
 

 

Figure 5.8. Selection of micropatterning behaviors. (a) Optical micrograph of NaCl 

micropattern showing excess salt crystals but no visible salt film, (b) same array with salt 

film visible by SEM, (c) NaCl-catalyzed single-circle feature at high magnification 

postcombustion (10 min), (d) example of circle features at different stages of combustion 

in a single sample due to spatial gradients where arrows indicate probable sites of 

horizontal catalyst migration (10 min), (e) CrCl3 array after drying, and (f) CrCl3 array 

after partial combustion (3 min). 

 

5.4 Discussion 

 

The combined results successfully demonstrate the concept of selective etching using 

catalytic combustion for the chosen example of micropatterned carbon thin films. 

Measured selectivity ratios (Rcat/ Rnon-cat) are high, ranging from about 50 to 300, so the 

larger challenge is to create well-defined metal doping patterns prior to combustion. Here 
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we focused on liquid-phase delivery of soluble salts, which works sufficiently well for 

some catalysts (NaCl and CrCl3) but is problematic for others due to irregular drying 

patterns. Beyond uniform deposition, there is also the challenge of controlling metal 

surface density in the desired range. Insufficient density does not lead to a uniform 

catalytically active salt film, while very high densities produce excess deposits, which in 

some cases block access of oxygen to the carbon surface and/or are difficult to remove 

following combustion. Similar behavior has been reported in other studies of catalytic 

carbon gasification, where rates are proportional to metal content at low doping levels, 

but reach saturation at higher levels [1, 8, 12, 13] and eventually cause rate decreases by 

physical blockage of carbon surface area. For both NaCl and CrCl3 a catalyst formulation 

was found and optimized that is capable of producing patterned microfeatures in carbons 

after PDMS microprinting, drying, and low-temperature combustion at 400oC. The 

condition that leads to successful microfeature production in Figure 5.8c corresponds to a 

surface NaCl density of about 2 mg/cm2, which for a 1.9-μm-thick carbon film of density 

1.7 g/cm3 corresponds to a NaCl/C mass ratio of 6.5:1 or 57 mol% catalyst within the 

doped circles. 

Finally, it will be useful to examine any fundamental limitations on feature size that arise 

from the scaling relationship between droplet size and salt film density (see Figure. 4.9). 
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Figure 5.9. Schematic diagram of the salt film droplet on carbon film.  

 

Dried salt film density depends on the contact angle, θ, the feature size, R, and the 

concentration, [C], of the initial salt solution. The combustion behavior is governed by 

the dried salt film, so we are interested in predicting the dried salt surface density, σ ≡ 

msalt/Adroplet, as a function of droplet radius, R, solution contact angle, θ, and mass 

concentration (mg/ml) of salt, [C], in the initial solution. The main mass balance is, 

                                                    msalt = Vdrop × [C],                                                         (1) 

where Vdrop is the volume of the droplet determined by the geometric relation. 

For spherical curvature in the liquid (see Fig. 5.9), 

               )].90sin(2[)]90sin(1[
)90(cos3

2
3

3

θθ
θ

π
−+×−−×

−
×=

RVdrop                         (2) 

This condition is strictly fulfilled in the limit of small drops where gravity effects are 

negligible and the Laplace equation predicts uniform 2D curvature at the droplet/gas 

interface. 
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Combining, the dried salt film density, σ, becomes 

                   
)90(cos

)]90sin(2[)]90sin(1[][
3
1

3

2

θ
θθσ

−
−+×−−

×××= RC                                    (3) 

For the simple case of θ = 90◦, 

                                                  RC ××= ][
3
2σ                                                                (4) 

Figure 5.10 shows the effect of solution wetting (contact angle) at fixed concentration. As 

expected, decreasing contact angle (improved wetting) leads to larger feature sizes and 

lowered salt film densities. Figure 5.11 examines the effect of droplet size for the simple 

case of 90◦ solution contact angle, which is similar to that for pure water on highly 

oriented pyrolytic graphite often used as model of the ideal graphite basal surface [50]. 

(Other smooth carbon surfaces have lower contact angles that range from 30◦ to 80◦ 

depending on surface functional groups [50].) 

At a fixed salt concentration in solution and fixed contact angle, increasing droplet size 

leads to higher salt film surface densities due to the R1 scaling in Eq. (3). The data from 

the present study are also shown on this plot, along with a rough indication of the salt 

film density ranges that led to good feature production. One of the consequences of this 

plot is the need to use higher salt concentrations as droplet (feature) size is reduced in 

order to remain in the favorable range of salt film density. Another consequence of this 

scaling behavior will be the difficulty of extending the technique to nanoscale features 

(<100 nm) (using dip-pen lithography, for example [53]) due to reduced salt film density 
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at small scales. Extension of this technique to nanoscale features may require another 

method of metal delivery such as physical vapor deposition or sputtering. 

 

 

 

Figure 5.10. Salt film surface density predicted by Eq. (3) as a function of feature size 

and water contact angle. All calculations are for the high concentration case, [C] = 0.5 

g/cm3. Poor wetting solvents (high θ ) are more effective at delivering patterns with high 

salt film densities. 
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Figure 5.11. Salt film surface density predicted by Eq. (3) as a function of feature radius, 

R, and initial salt concentration, [C].  

 

Circles show the experimental data (R, [C] values) and the vertical bars indicate the 

approximate ranges where combustion patterning was observed to be successful or not. 

Figure 5.11 suggests a fundamental limitation on the minimal feature size obtainable by 

this technique. Below about 1 μm, even the most concentrated solutions (0.5 g/cm3) give 

salt films of lower surface density than is needed to make reliable patterns. 
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5.5 Conclusions 

These results demonstrate that catalytic combustion can be used to selectively shape or 

pattern carbon materials. Common metals give catalytic selectivity factors (Rcat/Rnon-

cat) that are clearly large enough for high-fidelity patterning, so the more significant 

challenge is the accurate positioning of the catalyst and prevention of its migration during 

drying and combustion. Among the metal salts examined, sodium and chromium 

chlorides are most suited overall for microfeature formation by selective catalytic 

combustion. PDMS microstamping provides a route for one step generation of large area 

arrays. Droplet footprints of 300 μm and larger can be reproduced in carbon with 

reasonable fidelity, but smaller features become more challenging due to the effects of 

horizontal catalyst migration and/or the intrinsic scaling law for droplet drying which 

predicts reduced salt film surface density as droplet size decreases. 

We imagine a variety of other applications for this basic concept including the shaping of 

carbon monoliths, the use of catalytic single particles, fibers, nanoparticles, or nanorods 

to make controlled pores or nanoscale features, or three-dimensional contouring of 

vertical carbon nanotube/fiber arrays within alumina templates, which is not easily 

accomplished by existing patterning techniques. Combustion methods in general are 

making increasing contributions to advanced materials synthesis and processing [54–58], 

and the present work offers a new approach within this emerging interdisciplinary field. 
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Chapter 6 

 

A Magneto-Catalytic Writing Technique for 

Etching Complex Channel Patterns In Multi-Layer 

Graphene  

 

6.1 Introduction 

 

Graphene, single layer of graphite sheet, has a two-dimensional (2D) honeycomb 

structure and forms the basis of all other graphitic materials of different dimensionalities 

such as 0D fullerenes, 1D nanotubes or 3D graphite. Although graphene has been studied 

for more than 60 years as 2D crystals of graphite [1-3], the number of studies has 

increased significantly after the discovery of one-atomic-thick free standing graphene [4]. 

Graphene shows remarkable electronic, mechanical and chemical [5-8] properties making 

it a potential material for semiconductors, microprocessors, electric batteries and novel 
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electronic devices. Several methods have been reported to produce graphene sheets based 

on chemical oxidation of graphite [9-11] or thermal decomposition of silicon carbide [12-

14] or mechanical exfoliation of graphite [4]. Recently, many researchers have focused 

on the ability to control the geometry of graphene, since it would be more promising for 

nanostructured devices with well-defined electronic properties.  

There is tremendous interest in the patterning of graphene and other carbon films for 

applications that range from electrodes [15,16] to integrated electronic circuits [17] to 

lithographic masks [18, 19] to material coatings designed for biocompatibility, [20] or 

lubrication, [21] or thermal and electrical conductivity [22] Proposed patterning methods 

include lithography, [23,24] , transfer printing [25,26], plasma etching, [27,28] and 

electrocatalysis [29]. Lithographic patterning of graphene sheets [24,25,30] has produced 

graphene nanoribbons (GNRs), quasi-one dimensional structures. Their charge carrier 

ability [31] and high thermal conductivity [32] makes them great candidates for room 

temperature transistor operations [33, 34]. However, due to the limitations of the 

lithographic techniques, fabrication of precise graphene nanoribbons, graphene-based 

electronic devices/circuits, or other patterned carbon film structures with well-defined 

geometry remains an important challenge.  

In addition to lithographic methods, graphene and carbon film patterning may be possible 

through selective etching by catalytic gasification. It has long been known that 

gas/carbon reactions are catalyzed by metals, [35-40] and the specific gasification 

reactants include steam [41], carbon dioxide and hydrogen, [42-44] and dioxygen [45, 

46]. Few layer graphene, three and more layers of graphite sheet, has shown similar 

etching results to bulk natural graphite [47]. Catalytic gasification of natural graphite has 
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been studied extensively in the literature [35]; much of it focused on the effect of 

catalysts on the rate of gasification reactions. Vanadium metal, vanadium oxide [36] and 

chromium, in the form of Cr2O3 [37] have been reported as active catalysts for the 

oxidation of graphite, as well as Pt, Fe, Ni, [38] Ag and Cu [39]. Transition metal oxides 

have been known to be the most active catalysts for the C+O2 reaction [40] as opposed to 

C+H2O and C+CO2 reactions, where they are only weakly active.  

Also, a significant amount of work has been published for the behavior of catalyst 

particles on graphite surfaces during gas-carbon reactions when the reactants are O2, CO2, 

H2O and H2. Different catalyst behavior has been observed depending on the catalysts’ 

activity and mobility, as well as the gasification agent. The dominant mode of the catalyst 

action depends on the wetting condition, which depends on the gas environment and 

temperature [48]. 

Gasification reactions typically occur in the immediate vicinity of the catalyst particle 

and result in pitting [49] (catalyst motion perpendicular to the basal plane), deep 

channeling [50] (catalyst motion along the basal plane transverse to step edges), or 

uniform edge recession [51]. The selection of reaction mode depends in a complex 

manner on catalyst, substrate, temperature, and reactant by rules that are only partially 

understood [38,52-55]. Catalytic pitting and channeling occurs naturally during the 

gasification of impure or doped carbon materials, [38,42,45,56-61] and only recently has 

this well-known solid/solid/gas reaction phenomenon been explored as a synthesis or 

patterning tool [62-66]. The channeling of graphite by various metal and oxide particles 

has been found in atmospheres of oxygen [45, 46] carbon dioxide and hydrogen [42-44] 

and steam [41]. Tamai and his coworkers [67] showed that series of transition metal 
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oxides created channels across the graphite basal planes in hydrogen environment. Mckee 

also found that the reaction between graphite and hydrogen was strongly catalyzed by 

iron, cobalt and nickel [68] resulting in random channels on graphite surface.  

We recently reported that catalytic oxidation could be used as a tool for micropattern 

formation in carbon thin films [62] in which dioxygen serves as a dry etchant acting 

selectively on catalyst particles positioned by controlled metal salt deposition using 

microcontact printing followed by drying. Also, single-particle channels have recently 

been demonstrated in highly oriented pyrolytic graphite (HOPG) using hydrogen 

gasification catalyzed by cobalt nanoparticles [63]. For graphene patterning, Ci et al.[64] 

have used Ni nanoparticles in catalytic hydrogenation to create single-particle etch 

patterns in HOPG, and Severin et al.[65] have used silver as a channeling catalyst for the 

dioxygen reaction. Datta et al.[66] have reported the use of iron  to obtain nanotrenches 

in few layer graphene through catalytic hydrogenation. It has been reported that 

channeling catalyst particles follow preferred crystallographic directions, [64-66, 69] 

which if fully understood could lead to precise patterning through rule-based etching 

protocols.  Such direct writing methods may offer advantages over static methods in 

terms of line resolution, but this class of technique would be much more powerful and 

flexible if one had a method to explicitly control the channeling directions, or to change 

direction dynamically to produce complex and preselected channel patterns.  

Here we explore the possibility of creating arbitrarily complex patterns in multi-layer 

graphene or graphite films through magnetic steering of single catalyst particles. The 

immediate challenge was to find a material that is both an active channeling catalyst and 

a ferromagnet at reaction temperature. 
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6.1.1 Catalyst Selection  

Ferromagnetism is lost above the Curie temperature, which for common magnetic phases 

occurs at temperatures near or below those of the graphite/hydrogen reaction (Ni: 354 oC, 

Fe: 770 oC). To improve the chances of magnetic steering, we attempted to reduce 

reaction temperature to below 600 oC using the dioxygen reaction (C + O2  CO/CO2).  

There is a substantial literature on this reaction. Letort and Martin [55] studied the 

combustion of graphite in air at 500 oC with 0.12% catalyst addition and found the 

following order of activity: Au > Na > Ca > Ag > Cu >Pb > Ni > Mn > Co > Fe. Other 

reported rank sequences are from Marsh and Taylor [70] for oxidation of metal-doped 

carbon, Co > V > Fe > Mn > Cr and McKee for pure graphite powder in oxygen, Pb > V 

> Mn > Co >Cr > Fe > Ni [38]. Holstein and Boudard [40] report that transition metal 

oxides are among the most active catalysts as opposed to C+H2O and C+CO2 reactions, 

where they are only weakly active. Overall, Co (Curie pt: 1100 oC) appears to be a 

particularly promising candidate if uniform catalytic channeling can be demonstrated in 

the range of 400-600 oC. 

Here we show that cobalt micro- and nano-particles can produce complex, preset patterns 

by catalytic channeling through graphene multi-layers on the surface of natural graphite 

in the presence of external magnetic fields. Other metals (Ni, Fe, Ni-Cr alloy, Nb, Ag) 

under the same conditions show a variety of interesting etch patterns, but no evidence of 

active steering due to weak or non-existent ferromagnetism at the elevated reaction 

temperature. We demonstrate our ability to dynamically steer these magneto-catalytic 

particles by producing four uniform and distinct reaction modes (pitting, unidirectional 
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channeling, bidirectional channeling, and tridirectional channeling) by varying only the 

position and motion of an external, permanent magnet while keeping reaction conditions 

constant. 

 

6.2 Experimental Details 

Much of the work reported in this article has been performed with natural single crystal 

graphite found in Ticonderoga, New York. These crystals have a well-defined crystalline 

structure (Figure 6.1a) and can be cleaved into thin specimens while maintaining large 

and smooth basal plane surfaces [57]. Clean and fresh surfaces (Figure 6.1b) were 

obtained through simple mechanical exfoliation, in which successive layers were 

removed by using an adhesive tape [4]. Such thin graphite films vary in thickness from 

20 to 50 um which are suitable for Scanning Electron Microscopy (SEM) analysis. 

Excessive cleavages were not required since reactions on basal plane are of primary 

interest. 

 

Figure 6.1. Optical microscope images of natural graphite surface before (a) and after 

mechanical exfoliation (b). 
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Magnetic cobalt microparticles (<2 um) from SigmaAldrich and nanoparticles (0.5-1.5 

um) from Strem Chemicals, MA were deposited on freshly cleaved surfaces from 

aqueous solutions or as dry powders. Catalyst loaded samples were then dried at room 

temperature and subjected to oxidation in air at temperatures between 550-580 oC. The 

catalytic oxidation was carried out in a custom resistive heat treatment device which 

consists of a thin polycrystalline graphite sheet held at the ends by brass electrodes 

connected to a low-voltage power supply. The device is capable of 2700 oC with a 

maximum heating rate of 1000 oC/s [71]. The temperature of the graphite sheet was 

measured in real time with a Luxtron high-speed one-color pyrometer focused on a spot 

on the underside of the polycrystalline graphite. The graphite sheet electrode is vertically 

symmetrical and temperature gradients across the ultra-thin exfoliated graphite sample 

are small. The sample is in direct contact with the resistively heated polycrystalline 

graphite sheet spanning brass electrodes. The pyrometer results are accurate within ±13 

oC.(see Figure 6.2). High-temperature-resistant Sm2Co17 magnets (MMC Magnetics, NY) 

were mounted to steer the Co catalyst particles during air oxidation while the reaction 

was monitored with a long-focal-length refracting microscope (Infinity Photo-Optical, 

Model K2) with fiber optic illumination and CCD video recording [72]. The long focal-

length microscope allows in situ hot stage video imaging of the behavior of magnetic 

particles during hot catalytic oxidation and magnetic steering from below. A schematic of 

the experimental setup is shown in Figure 6.2. 
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Figure 6.2. Hot stage oxidizing microscope modified for close-proximity ferromagnetic 

actuation. 

 

After the oxidation reactions, samples were examined in detail by optical microscopy and 

SEM.  Preliminary studies were also done with other catalysts, including nickel (3-7 um, 

Alfa Aeser, MA), iron (<10 um, Alfa Aeser, MA), Fe2O3 (<50 nm, SigmaAldrich), Fe3O4 

(7-10 nm, supplied from Prof. Sun, Brown University), nickel-chromium (<100 um, Alfa 

117 
 



 
 

Aeser, MA), niobium (1-5 um, Alfa Aeser, MA) and citrate-stabilized silver (10-100 nm) 

provided courtesy of Jingyu Liu at Brown University. The thermal and phase behavior of 

the cobalt catalyst and and its mixtures with graphite were studied by Thermal 

Gravimetric Analysis in air from room temperature to 700o C with a heating rate of 

10oC/min, and by X-ray diffraction (Bruker AXS D8 Advance XRD).  

 

6.3 Results 

Early experiments with Ni, Fe, Ni-Cr, Nb and Ag showed a variety of interesting 

graphene etch patterns, many of which have been reported previously [63-66,69]. Even 

with the catalysts that are ferromagnetic phases at room temperature we did not see any 

evidence that an external magnetic field could influence behavior or set a preferred 

channeling direction.  Successful magnetic steering was only observed for Co catalysts, 

which became the focus for detailed study. 

 

6.3.1 Pitting  

Figure 6.3(a) shows cobalt particles on the graphite surface after air oxidation at 560 oC 

without magnetic actuation. It is seen that without the Sm2Co17 permanent magnet, fine 

cobalt particles (<2 um) on freshly cleaved graphite surfaces are apparently inactive and 

immobile in air at 560 oC, not forming visible pits or channels (Figure 6.3(a)). In contrast, 

when the high temperature Sm2Co17 magnet was positioned underneath the sample during 

reaction, vertical pits were observed associated with single catalyst particles (Figure 

6.3(b)). Etching occurs at each location where Co particle lies/stays on the surface as 
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some of them are indicated by arrows in Figure 6.3(b). We believe the difference between 

Figs. 6.3(a) and 6.3(b) reflect the need for close contact between the catalyst and the 

graphite surface, which in this and some other cases appears necessary to initiate the 

gas/solid/solid reaction process. It has been suggested previously,[49]  that etch pit 

formation requires good bonding between the metal and carbon, though ours is the first 

evidence that this bonding can be enhanced by application of an external magnetic force 

perpendicular to the substrate. Figure 6.3(b) shows that Co particles progressively 

penetrate each layer of graphite in the area of contact between metal and graphite and 

catalyze the perpendicular reaction of oxygen. 
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Figure 6.3. SEM images of (a) cobalt particles on natural graphite surface after air 

oxidation at 560oC. (b) Vertical pitting (only in presence of the permanent magnet 

mounted in fixed position below the substrate) 
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6.3.2 Channeling and Complex Pattern Formation  

Figure 6.4(a) shows the second reaction model (unidirectional channeling) caused by 

translational displacement of the Sm2Co17 magnet at the start of the reaction process (air 

oxidation, 570 oC, 20 min.).  We observe that the cobalt particles (between 0-2 um size in 

diameter) move in the same direction as the magnet and linear channels with catalyst 

particles at their tips are shown in Fig 6.4(a). Fixed orientation SEM (in which the sample 

is marked and mounted in the chamber in known orientation relative to the reaction 

experiment) clearly shows that these uniform channels are produced by particle motion 

along the same directional vector as the magnet translation. These first results suggested 

that the direction of motion of the metal particles was being controlled/restricted by the 

magnet, opening the possibility for controlled directional etching of complex patterns. 

To confirm the hypothesis that the particles were being actively steered, further 

experiments were performed to create complex patterns that could not reasonably occur 

as natural (unguided) etch tracks. Figure 6.4(b) shows etch patterns produced by two 

translations of the Sm2Co17 magnet. (In all of these experiments, the Sm2Co17 magnet 

begins directly below the substrate to create the close metal/carbon contact that appears 

to be necessary for reliable channel or pit formation). After two translational motions (10 

min in each of three locations for a total oxidation time of 30 min.), a complex, uniform 

etch pattern is seen in parallel for many particles (Figure 6.4(b)). The primary long etch 

track from lower left to upper right follows the vector of the first magnet translation, 

followed by an abrupt change in direction and a shorter etch track along the vector of the 

second translation. Schematic representation of the manipulation of the magnet is shown 

in Figure 6.4(b) inset. For some particles only, there is also a short initial track segment, 
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which we believe is associated with the original magnet position, which was not strictly 

below these particles and likely exerted some small horizontal magnetic force component 

during the initial 10 minutes. Co particles located at the end of each channel tip can be 

seen in higher magnification image of the selected area (see Figure 6.4(b) right), and the 

width of the channels are the same as the diameter of the particles. All the channels 

produced on this sample are oriented in the same direction regardless of the size of the 

catalyst particle. Larger Co particles appear to create longer channels (Figure 6.4(b)), and 

the primary etch track is much longer than the secondary though both were produced in 

10 min reaction segments. This provides some evidence that the catalytic rate decreases 

over the course of the reaction  (vida infra).  

As a final and more rigorous test to confirm active steering, we attempted to produce 

tridirectional channeling through three translations of the Sm2Co17 magnet during one 

reaction period. Figure 6.4(c) shows the behavior when the magnet was translated to a 

new position every 10 minutes in a horse-shoe or U–shaped pattern.  The uniform U-

shaped etch patterns cannot reasonably be random, nor can they reflect preferred 

crystallographic directions in graphene – these complex shapes seen in parallel for many 

single particles, clearly demonstrate magnetic control.  
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Figure 6.4. Demonstration of controlled reactive etching of freshly cleaved natural 

graphite by magnetic steering. Reaction conditions are 550-580 oC in air and Sm2Co17 

permanent magnet. (a) Unidirectional etching (1 translation of magnet); (b) Bidirectional 
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etching (2 translational motions of the magnet); Close up image of the selected area in 

image (b) showing individual channels with cobalt particles at the end of the channel tips; 

(c) Tridirectional etching (3 translational motions of the magnet). A schematic of the 

manipulation of the magnet during etching process is shown in insets.   

 

6.4 Characterization 

 

6.4.1 Thermagravimetric Analysis 

Additional characterization was carried out to obtain insight into the etch mechanism. 

Figure 6.5 and Figure 6.6 show the thermal and phase behavior of Co, graphite, and 

Co/graphite mixtures under these reaction conditions. During non-isothermal thermo-

gravimetric analysis in air, cobalt/graphite mixtures (33 wt% Co, metal basis) begin to 

lose mass by oxidation around 400 oC, compared to about 650 oC for graphite alone 

confirming the ability of Co to catalyze graphite oxidation in this temperature range. Pure 

cobalt particles under these conditions show mass gains beginning at 300 oC and reaching 

completion at 520 oC indicating gradual formation of cobalt oxides (see Figure 6.5). The 

mass gain of about 35 % is consistent with the ultimate formation of Co3O4 as also 

suggested by X-ray diffraction (vida infra).  
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Figure 6.5. Oxidation behavior of cobalt, graphite and cobalt/graphite mixture by non-

isothermal TGA in air at heating rate of 10 oC/min.  

 

Under our reaction conditions the stable phases of Co are clearly oxides, consistent with 

equilibrium thermodynamics (ΔGf
0 =-214.2 kJ/mol for CoO and -808.2 kJ/mol for 

Co3O4) [73, 74]. In the simultaneous presence of cobalt, carbon and dioxygen, one has an 

intrinsically non-equilibrium system, since carbon and dioxygen cannot coexist at 

equilibrium. The preferred cobalt phase in this Co/C/O system is a question of competing 

oxidation and reduction kinetics.   
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6.4.2 XRD analysis 

 

The preferred cobalt phase is not apparent from the thermogravimetry data, because the 

large mass losses from catalyzed carbon gasification mask any mass changes associated 

with cobalt oxide formation. 

We therefore used X-ray to better understand the phase behavior (see Figure 6.6). 

Spectrum (A) characterizes the phases produced by exposing Co particles alone to air at 

400 oC from 10 min, representing the early stages of the reaction, while (B) corresponds 

to Co particles alone in air at 550 oC after 30 min, representing the end stages of the 

reaction. Comparison of these two spectra shows a gradual conversion of Co to CoO and 

then to Co3O4 as the primary phase. The early oxidation product (400 oC, 10 min) still 

responds to the Sm2Co17 magnet, but much more weakly than the starting Co.  The late 

oxidation product, (550 oC, 30 min, giving almost entirely Co3O4) no longer responds to 

the Sm2Co17 magnet, even at very close proximity. The end stage of cobalt oxidation 

under our conditions appears to be much less effective as a magneto-catalyst, and this is a 

likely explanation for the decrease in etching speed as the reaction progress (see shorter 

final etch track in Figure 6.4(b)). McKee [38] report that iron, cobalt, and manganese 

gradually lose their catalytic activity through the course of reaction due to the formation 

of metal oxides, which may also be the case here. 

 

Interestingly when cobalt is air oxidized (550 oC, 30 min) but in situ on a graphite surface 

(spectrum C) it shows a small unique diffraction peak (200) for face centered cubic (fcc) 

metallic cobalt located at 53.16o.  The phases are otherwise similar to the pure Co case 
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under the end stage conditions (550 oC, 30 min). This result suggests the presence of a 

minority cobalt-zero phase in intimate contact with the carbon, possibly engaged in a 

catalytic redox cycle where oxygen is shuttled to the graphene step edge sites through 

cyclic formation and decomposition of cobalt oxide. The proportion of Co metal is 

undoubtedly small, and it is not surprising that this phase would be only very weakly 

ferromagnetic. 
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Figure 6.6. XRD spectra of cobalt particles after: (A): air oxidation for 10 min at 400 oC 

(representing early-stage reaction); (B) air oxidation for 30 min at 550 oC (representing 

late-stage reaction); (C) air oxidation for 30 min at 550oC in contact with exfoliated 
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graphite with Sm2Co17 permanent magnet below substrate to improve catalyst/ carbon 

contact ( to characterize the effect of carbon on Co phase behavior).  

 

Under these reaction conditions, and in the absence of carbon (A, B) Co is gradually 

converted to oxides on the time scales of our etching reaction. At the end stage of 

reaction (B), there is a mixture of Co3O4 and CoO (minority phase) and no detectable 

metal. In the presence of carbon, the end-stage products are Co3O4 with a trace of Co 

metal, likely located in intimate contact with the substrate allowing carbothermal 

reduction.  

 

6.5 Conclusions 

Overall, we have demonstrated that multi-layer graphene can be etched into arbitrarily 

complex and  preset  channel  patterns  by using cobalt-based catalyst particles for  the  

dioxygen  reaction  (C + O2  CO/CO2) at temperatures near 550 oC using externally 

applied magnetic fields. Use of other catalyst formulations (Ni, Fe, Ni-Cr, Nb, Ag) 

produce interesting etch patterns but in random or multiple directions that cannot be 

dynamically controlled through field steering. Etch rates as high as 2 um/min are 

achieved and the etch tracks and XRD studies suggest the gradual decrease in magneto-

catalytic activity over the course of the reaction through cobalt oxide formation. The 

results suffice to demonstrate active steering for particles/channels down to about 200 

nm. For multi-domain particles, the effect of particle size on the magnetic steering force 

is complex, as are the surface forces that influence crystallographic etch directions, so the 

ultimate lower size limit for this technique requires additional experimentation.  This is to 
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our knowledge the first demonstration of a magneto-catalytic writing technique for 

carbon materials, and it may find application in the massively parallel production of 

uniform flow channels, pores, wells, or ribbons. The present study focused on directional 

multi-layer graphene channeling parallel to the basal plane, and more work is needed to 

identify fundamental limitations on layer number, particle (feature) size, and feature 

precision, and to extend the technique if possible to nanopore fabrication or complex 

nanoscale channeling in few-layer or single-layer graphene.  
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Chapter 7 

 
 

Conclusions and Recommendations 

 

7.1 Conclusions 

 

This thesis demonstrated a novel and a practical technique which uses catalytic 

combustion to create patterned carbon materials. We proved that regular and 

predetermined micro patterns on carbon thin films can be achieved by selectively 

removing carbon during combustion at low temperatures with strategically placed metal 

catalysts.  Another important contribution of the thesis is that directional etching of 

graphene layers was demonstrated for the first time by using magnetically steered catalyst 

particles.  This thesis presents a powerful method to explicitly control the channeling 

directions, or to change direction dynamically to produce complex and preselected 

channel patterns in multi-layer graphene.  

For the demonstartion of this new concept we first worked with carbon thin films. This 

thesis used carbon thin films fabricated by two methods: physical vapor deposition 
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(PVD) and spin coating/carbonization of an organic liquid-crystalline dye. The surface of 

these films is uniform, dense, and entirely anisotropic. Carbon combustion reaction, C(s) 

+ O2  CO/CO2 is catalyzed by a number of metals and under some conditions a high 

degree of catalytic enhancement is observed. These enhancement factors are particularly 

useful for the work presented in this thesis, as they become the “selectivity ratio” that is a 

key parameter in pattern formation. 

For the oxidation catalyst we chose liquid transfer, as it allowed us to use established 

microprinting techniques and is applicable to a wide variety of metals in the form of 

water-soluble salts. Aqueous solutions of CdCl2, CoCl2, CrCl3, FeCl3, KCl, MgCl2, NaCl, 

and NiCl2 were screened as potential catalysts in this thesis. The Cd, K, Mg, Co and Ni 

salts were observed to give irregular drying patterns that deviated significantly from the 

desired circular footprint of the original microdroplet. So, the significant challenge is the 

accurate positioning of the catalyst and prevention of its migration during drying and 

combustion. 

We saw that when the carbon thin films were treated with 2 wt% ozone gas in oxygen at 

room temperature for 10 min, significant improvement in the fidelity of the combustion 

pattern was observed as a result of better salt film deposition on the more hydrophilic 

film. By comparison, on ozonated films the same salt produced thinner catalytic films 

and resulted in quality combustion patterns. After ozonation, both drying patterns and 

combustion results improved for Na and Cr salts. In general, both the drying pattern and 

the subsequent combustion pattern need to be evaluated to choose the best catalyst 

formulation. Among the metal salts examined, sodium and chromium chlorides are most 

suited overall for microfeature formation by selective catalytic combustion.  
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We used a polydimethylsiloxane (PDMS) stamp to transfer 200-μmdiameter catalyst salt 

solutions as ordered droplet microarrays onto a carbon thin film. PDMS microstamping 

provides a route for one step generation of simultaneous parallel microfeature formation. 

Under the correct drying and reaction conditions, we demonstrated that it is possible to 

convert these microdroplet arrays into well-defined micropatterned carbon films by 

controlled catalytic combustion. 

This technique is especially attractive for carbon due to the lack of convenient liquid-

phase etchants, such as those that exist for lithographic polymers and most other 

materials. Carbons are quite resistant to solvents, acids, and bases and thus cannot easily 

be micropatterned by conventional techniques. Catalytic combustion provides a way to 

take advantage of O2 as a dry “etchant” for selective shaping or microstructural 

modification of a variety of carbon materials. 

Significant amount of work has been published for the behavior of catalyst particles on 

graphite surfaces during gas-carbon reactions when the reactants are O2, CO2, H2O and 

H2. Different catalyst behavior has been observed depending on the catalysts’ activity and 

mobility, as well as the gasification agent. The dominant mode of the catalyst action 

depends on the wetting condition, which depends on the gas environment and 

temperature. It has been reported that single-particle etch patterns in HOPG [1] or 

nanotrenches in few layer graphene [2] can be obtained through catalytic hydrogenation. 

In this thesis, we focused on controlling single particle etch patterns in graphene by using 

dioxygen as an alternative gasification agent, which allowed a reduction in reaction 

temperature below the Curie point of some magnetic materials and opened the possibility 

for magnetic steering to create complex patterns. Ferromagnetism is lost above the Curie 
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temperature, which for common magnetic phases occurs at temperatures near or below 

those of the graphite/hydrogen reaction. We reduced the reaction temperature to below 

600 oC using the dioxygen reaction which is below the Curie temperature of cobalt (1100 

oC) and thus the particles could be steered magnetically during etching at the reaction 

temperature. 

Multi layer graphene was obtained by mechanical exfoliation of natural single graphite 

crystals and cobalt micro/nanoparticles were deposited on the freshly cleaved basal plane 

and oxidation carried out at temperatures between 500 oC-600 oC  in a custom resistive 

heat treatment device.  High temperature-resistant Sm2Co17 magnets were mounted to 

magnetically control the mobility of cobalt particles during air oxidation. 

We demonstrated the ability to dynamically steer these magneto-catalytic particles by 

producing four uniform and distinct reaction modes (pitting, unidirectional channeling, 

bidirectional channeling, and tridirectional channeling) by varying only the position and 

motion of an external, permanent magnet while keeping reaction conditions constant. 

This thesis showed the possibility of etching graphite by metal particles in an oxidative 

environment by controlling the etching direction with a magnetic force and results are the 

first illustarion of multi layer graphene channeling paralel to the basal plane in response 

to the magnet. More work is needed to identify fundamental limitations on layer number, 

particle (feature) size, and feature precision, and to extend the technique if possible to 

nanopore fabrication or complex nanoscale channeling in few-layer or single-layer 

graphene. 
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7.2 Recommendations for future work  

 

The potential of this new concept as a materials synthesis tool remains largely 

unexplored. We imagine a variety of other applications for this basic concept including 

the shaping of carbon monoliths, fibers, nanoparticles, or nanorods to make controlled 

pores or nanoscale features, or three-dimensional contouring of vertical carbon 

nanotube/fiber arrays, which is not easily accomplished by existing patterning techniques. 

Porous carbon structures with high dispersion of metal particles would be promising for 

electrocatalytic activity in fuel cell technologies, microelectrode arrays [3,4]. Also, 

carbon-based materials with microfluidic channels would be promising templates for the 

analysis of biomolecules and particles. When considering the utilization of carbon 

materials in catalysis, energy storage, gas or liquid separations, revolutionary advances in 

process technology are needed to obtain reproducible characteristics for large-scale 

integration of patterned carbon materials. Catalytic combustion offers a simple and 

effective way for selective etching of carbon in a controllable fashion and it can be used 

in the parallel production of uniform flow channels, pores or tunnels in the surface layers 

of various carbon materials to create new functions or to enhance the properties of the 

carbon materials. This technique shows a great potential for producing high-performance 

carbon materials with functional nano-architectures which would be the essential 

components of the next generation devices for many practical applications.  
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