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Abstract 

Rational Nanocarbon Composites for Novel Sensing and Catalysis 

 

David Linn White, PhD 

 

University of Pittsburgh, 2020 

 

 

 

 

Carbon nanomaterials have extraordinary electrical properties due to their covalent 

structure which enable a wide range of sensing and catalytic applications. While these structures 

are impressive on their own, combinations with other materials enable broader extensions of 

properties and applications. Most functionalization schemes to form composite materials to this 

date have resulted in degradation of the excellent physical properties. Careful introduction of 

defects or composite formation is a potential route to avoid loss of outstanding electrical properties 

and enable a wide range of nanomaterial composites. We first investigated how covalent organic 

frameworks can be used as a templating strategy to control oxidation while retaining sp2 

conjugation to make holey graphene from single layer graphene. Holey graphene can then be used 

as a substrate for formation of size-controlled gold and palladium nanoparticles without reducing 

agent. Composite holey graphene nanoparticle materials exhibit strong electronic coupling 

between the individual nanomaterials and were leveraged to perform sensing of hydrogen sulfide 

and hydrogen gases for gold and palladium-based composites, respectively. This covalent organic 

framework template strategy can be further extended into formation of bulk holey graphene 

through patterning many graphene sheets at once on highly ordered pyrolytic graphite (HOPG). 

Once exfoliated, many solution phase reactions with metal salts were explored but silver, gold, 

copper, and nickel were all shown to form size-controlled nanoparticles in aqueous solution in a 

concentration dependent manner. So-called graphene nanoparticle compounds showed strong 

electronic coupling between constituent nanoparticles and nickel-based compounds showed 
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promising activity for oxygen evolution reaction reaching mass current activities of 10,000 mA/mg 

of Ni at 1.7 V versus reversible hydrogen electrode. The final project leveraged growth mechanics 

of porous frameworks with nanocarbon materials to combine a copper catecholate based metal 

organic framework (MOF) grown on single-walled carbon nanotubes (SWCNTs). These 

composites were used to facilitate a liquid-based field-effect transistor (FET) sensing modality 

where ionic strength and migration of ions into pores in the presence of homologous series of 

carbohydrates altered observed current leading to a size selective sensor. The results of this report 

illustrate how careful control of nanomaterial interfaces can be leveraged for novel sensing and 

catalysis. 
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1.0 Introduction 

Human development in the past century has first and foremost been pushed forward by the 

rise of exponential technologies. The necessary characteristic of these technologies is the ability 

for further developments in the technology to enable better tools to develop the technological 

frontier. Semiconductor manufacturing takes on this character as most clearly exemplified by 

Moore’s Law.1 The ability to make circuits denser allows for the computational power to design 

denser circuits. Nanoscience and technology also take on this characteristic. Development of 

specific nanostructures can be used to implement new nanostructures.2 As the length scale of given 

physical system has a strong effect on the properties of that system, the ability to construct systems 

across very small scales will open new frontiers of scientific development and ultimately human 

development.  

Nanoscopic phenomena are those which take place on a length scale between 1 and 100 

nanometers, where nanometers constitute a billionth of a meter. This length scale reduction 

drastically increases the ratio of surface to bulk atoms present in each physical system. Surface 

atoms present in materials are inherently less stable (conversely more reactive) than atoms present 

in the bulk due to relatively unsatisfied chemical environments.3, 4 Control over length scale 

therefore represents tunability in the physical system reactivity which leads to a series of novel 

physical phenomena not observed in either bulk or atomic length scales.5-8 Particularly, the 

tunability9 in the electronic orbital structure10 and electronic transport11 through composites of 

different materials offers a novel arena to develop new understanding and technologies which can 

address forthcoming challenges for the human species. 
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Development of novel electronic devices and nanomaterial interfaces can in particular be 

used for tunable interactions with molecular systems. In particular, rational modification of 

existing nanomaterials through synthesis can yield altogether new behavior. One set of cases will 

focus on using patterning to generate translationally invariant defects to enable band structure 

manipulations. Another case is focused on using nanomaterials as structure directing agents to 

facilitate a composite material which synergizes with the structure directing agent to form a wholly 

new conductive material.  

1.1 Graphitic Nanomaterials 

Graphitic nanomaterials represent a broad class of carbon allotropes distinguished for their 

sp2 bonding character.12 Nanomaterials are typically categorized according to the remaining length 

scales which belong in bulk scale, i.e., nanotubes are considered one dimensional due to their 

longitudinal axis typically being of bulk dimension. Typical representatives of graphitic 

nanomaterials include fullerenes,13 carbon nanotubes,14 and graphene15 as zero, one, and two 

dimensional nanomaterials as shown in Figure 1.1. Graphitic nanomaterials are prized for a variety 

of physical properties imparted by their covalent bonding character including mechanical 

strength16, 17 and superior electrical conductivity.18-20 Electrical conductivity is a particularly 

important property for the contents of this dissertation and as a central focus of the research laid 

out here the discussion of graphitic materials will be limited to one- and two-dimensional variants 

namely carbon nanotubes and graphene. 
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Figure 1.1 Examples of different graphitic nanomaterials including fullerenes (green), single-walled carbon 

nanotubes (purple) and graphene (light blue). Reprinted with permission from reference. 21 Copyright 2007 

Springer Nature 

Discussions of graphitic nanomaterials electronic properties are typically conducted by 

examining the band structure of graphene.22 Band structures can be considered as the infinite 

translational extension of molecular orbitals through a symmetry matching condition in the 

wavefunction.23 In particular, the relevant molecular orbitals to address are the pz orbitals which 

lie above and below the plane of graphene. As these orbitals are all the same character, 

consideration of their overlap as phase is varied leads to the formation of semimetallic (zero band 
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gap) Dirac cone physics in the first Brillouin zone at the K points. The relevant consideration of 

the Dirac cone structure is the massless dispersion that the band structure takes near the cone. This 

massless dispersion is identified by the linear relation between energy and electron momentum 

near the fermi level. Additionally, the relatively low density of states enables facile doping of the 

energy through changes in local chemical potential. This brings considerable promise for graphene 

both in terms of high electron mobility as well as manipulation of the band structure for novel 

composite formation.  

Carbon nanotubes electronic structure can also be formulated through this Dirac cone 

construction but by imposing additional symmetry conditions which are typically formulated as a 

chiral vector drawn on top of a graphene sheet as seen in Figure 1.2.24 The chiral vector, composed 

of two basis vectors n and m, describes how the nanotube must be rolled up to preserve 

translational symmetry around the circumference. Imposition of this symmetry condition leads to 

cutting of Dirac cone into individual sections some of which are metallic while others are 

semiconducting. Consideration of this wrapping leads to the conclusion that statistically single-

walled carbon nanotubes will be 1/3 metallic and 2/3 semiconducting.25  
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Figure 1.2 Illustrations of band structures and density of states for graphene (top), semiconducting carbon 

nanotubes (middle), and metallic nanotubes (bottom). N and M criteria refer the basis vectors for the chiral 

vector. Reprinted with permission from reference.24 Copyright © 2004 WILEY‐VCH Verlag GmbH & Co. 

KGaA, Weinheim 

Both carbon nanotubes and graphene are of interest for sensors due to the all surface nature 

of their construction. The ability of the surface atoms’ chemical potential to be modulated by 

analytes, which can subsequently be read out as changes in conductance make these materials a 

powerful platform technology. The wealth of chemistry26, 27 to modify these structures to enhance 
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the selectivity for particular analytes and improve the sensitivity at lower concentrations is a 

considerable boon over existing technologies. 

Growth of graphitic nanomaterials has typically been conducted through multiple avenues 

with different relative tradeoffs. Earliest reports of graphene were achieved with mechanical 

exfoliation via the “scotch tape” method.15 The primary disadvantage of mechanical exfoliation is 

the limited control over the achieved lateral size of the resulting single layer sheet and relatively 

low throughput to achieve large scale quantities of graphene. Advantages of this methodology 

include the ease of achieving a nanomaterial and the high quality of the resulting graphene 

dependent on the starting material. In the interest of developing a more scalable methodology, 

chemical vapor deposition (CVD) was harnessed to achieve larger scale growth of graphene on 

top of metallic films.28 Copper, nickel, and their alloys are the most common metals used to 

facilitate hydrocarbon decomposition to yield the sp2 carbon lattice. Parameters have been well 

tuned to achieve centimeter area sized single crystals of graphene recently.29 

Another primary method to achieve larger scale graphene in solution has been the 

development of wet chemical oxidation to yield graphene oxide from bulk graphite. The most 

popular method has been the oxidation of graphite through Hummer’s method, which entails 

exposure to potassium permanganate and sulfuric acid.30 This yields a soluble graphene but one 

which is riddled with oxygenate defects. There have been several improvements to these methods 

to limit the extent of degradation31 but the inherent nature of the wet chemical process will induce 

random defects which destroy the honeycomb lattice and heterogeneously alter the electronic 

properties. Typical efforts to induce improved electrical properties have utilized reduction via 

hydrazine or thermal annealing.32 Achieving controlled oxidation of graphene through non-

random defects is one of the central aims of this work.  
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1.2 Covalent Organic Frameworks 

Covalent organic frameworks (COFs) are considered as an extension of organic chemistry 

from chemical reactions that form small molecules to ones that form polymeric materials.33, 34 

COFs are defined as porous materials with long range order linked through molecular covalent 

linkages. Induction of this structure is achieved through condensation reactions with well-defined 

symmetry and rigidity. There are a variety of porous structures that a given covalent organic 

framework can take on depending on the individual constituents of the framework. Control of the 

resulting structure can be reliably predicted from the individual linkers which is a hallmark of these 

systems as demonstrated in Figure 1.3. While both 3-D35 and 2-D36 topologies have been formed, 

this work will primary focus on 2-D structures.  
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Figure 1.3 Scheme illustrating different covalent linkages leading to two different three dimensional topologies. 

Reprinted with permission from reference.37 Copyright 2016 Elsevier 

COFs are typically formed using dynamic reversible covalent bonding between rigid 

linkers to generate an overall crystalline porous structure.38 Although this has been the primary 

strategy to date, there have been several recent reports of irreversible bond formation being used 
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to form COFs.39, 40 The reversibility of the bonding has tended to be important to enable crystal 

structures to heal from local energetic minima in bonding configuration to a more global energetic 

thermodynamic minimum, i.e., crystalline structure as opposed to a kinetically preferable 

structure. A variety of bonding chemistries have been developed including boroxine,41 boronate 

ester,42 Schiff base imines,43 triazine,44 and many more. The dynamic nature of the bonding has 

led to instability of the crystalline structure in response to different chemical environments, such 

as humidity, acid, base, and other organic solvent systems.45 In general, more dynamic linkages 

tend to form larger crystalline domains and vice versa. In general, nucleation and growth dynamics 

for COFs are often different, some depend on pi-pi stacking to promote larger growth while others 

are dependent on catalytic reaction conditions to promote growth.46  

This work is focused on the use of COF-5 which is a boronate ester-based COF with 

linkages between a ditopic boronic acid-based benzene unit with a tritopic catecholate unit to form 

an overall 2-D hexagonal morphology with 1-D channel dimensions of 2.7 nm as shown in Figure 

1.4. Previous work has shown in response to heterogeneous growth environments, i.e., graphene, 

COF-5 orients normal with respect to the pi-surface to generate a thin film morphology47 in 

contrast to typically insoluble randomly oriented microcrystalline domains homogeneously 

formed in solvothermal environments.  
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Figure 1.4 Chemical structure of COF-5 and synthetic conditions for growth. Reprinted (adapted) with 

permission from reference.47 Copyright © 2011, American Association for the Advancement of Science 

Applications of COFs have centered around a variety of applications including gas 

storage,48 sensing,49 and photocatalysis.50 Predictably, arrangements of pi-pi stacking structures as 

well as pores are highly favorable for all these applications. Recently there have also been several 

papers looking at the interfacing of COF to carbon nanomaterials for additional applications 

including supercapacitors,51 transistors,52 and batteries.53 Utilizing the crystalline structure for a 

physical etching template was a driving force in the work presented below. 
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1.3 Metal Organic Frameworks 

Metal organic frameworks (MOFs) are a diverse class of organic-inorganic porous 

crystalline materials with well-defined topology.54 Similar to COFs, prediction of topology from 

linker and ligand environment of the metal are defining characteristics for this class of materials 

as shown in Figure 1.5. The primary distinction is the formation of coordinate bonds as opposed 

to covalent linkages. Rational prediction of structure is predicated on the knowledge of secondary 

building units (SBUs) which consist of metal ions or clusters and their preferred coordinative 

environment based on charge and ligands. Porosity (as assessed by surface area) similar to or 

superior than COFs can occur in both 2-D as well as 3-D contexts. A variety of bonding chemistries 

have been used to make MOFs but most commonly carboxylate-metal type linkages dominate the 

synthesized cases.55 A particularly popular motif has been catecholate type linkages which can 

engender an overall square planar or octahedral environment around the metal site.56, 57 
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Figure 1.5 Various MOF topologies contingent upon linkage identity and secondary building unit including 

interpenetrated networks. Reprinted with permission from reference.58 Copyright © 2010, American Chemical 

Society 

The versatility of the chemical functionalities and topologies that MOFs can take on make 

them attractive for electronic applications. Unfortunately, due to more ionic type linkages between 

metal cations and organic molecules, most electronic transport through MOFs has been defined by 

hopping type transport between distinct molecular orbital as opposed to band type transport 

observed in completely conjugated systems.59 Many recent examples of more band like transport 

have been reported leveraging mixed valence systems and larger pi-systems in the linkers as shown 

in Figure 1.6.60-62 While there have been some notable recent examples of high electrical 
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conductivity in systems, most of the reported syntheses MOFs are insulating preventing a large set 

of applications from being explored.  

 

Figure 1.6 Prototypical metals and linkers in the formation of conductive MOF materials. Reprinted with 

permission from The Royal Society of Chemistry, reference.62 



 14 

A particularly promising application of these systems has been using them as 

chemiresistors and other chemical sensors. The large structural possibilities, porosity, and 

chemically tunable of these structures makes them ideal for detection of chemical environments. 

Integrating electrical conductivity into these materials enables the long-range transmission of 

chemical events which is otherwise challenging. There is also distinct promise in studying 

chemical events confined to nanoscopic distances. This highly confined regime is used here to 

develop size selective sensing in combination with single walled carbon nanotubes.  

1.4 Metallic Nanoparticles 

Metallic nanoparticles are an archetypal nanomaterial due to their relatively long history 

as compared to other materials with initial reports stretching backing to ancient Rome.63 Modern 

understanding of these phenomena have centered around surface energy considerations for the 

generation of different nanoparticles and sizes.64 Considering a bulk metal, each metal atom has a 

definite translational invariant coordination environment to its respective surrounding atoms 

dependent on unit cell. This set of interactions is favorable based on valence orbital considerations 

for the relative environmental considerations. Instead of considering an atom located in the bulk, 

we could instead consider an atom located at the surface. This surface atom inherently lacks the 

same coordination environment as compared to the bulk atom due to exposure to the atmosphere 

or other non-metal atoms. As a result, to minimize the unfamiliar interaction with the non-metallic 

environment, the surface atoms will contract their bond lengths, altering the orbital interaction 

with sub-surface atoms, and seek additional ligands to bind to minimize their surface energy. 

Generally, bulk atoms are more stable than surface atoms as illustrated in Figure 1.7. While this 
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phenomenon can be considered at a surface, one could also consider this occurring at the boundary 

of a sphere defining the nanoparticle. Therefore, small nanoparticle will be highly unstable due to 

the relative ratio of surface to bulk atoms.65 In efforts to stabilize these atoms, other chemistry, 

here called ligands, can be used to decrease the unfavorable interactions at the surface.  

 

Figure 1.7 Illustrations of changing strain and surface energy with respect to the size of gold nanoparticles. 

Reprinted with permission from reference.65 Copyright 2006 American Physical Society 

Synthesis of spherical metallic nanoparticles have several routes, but one potential route is 

through appropriate metal containing precursors combined with a reducing agent and potentially 

a ligand or surfactants to dictate the size of the resulting nanoparticle. Thermal decomposition of 

organometallic precursors is another potential route which will not be considered for the purpose 
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of this work. Synthetic considerations can hinge upon pH, solvent environment, respective 

concentrations of metal precursor, ligands, reducing agent, temperature, and presence of light.66 

Characterization of resulting nanocrystal structure size is typically conducted through transmission 

electron microscopy as well as dynamic light scattering. In this work we consider using holey 

graphene as both a ligand and reducing agent to synthesize size-controlled nanoparticles.  

1.5 Electronic Sensing Materials and Principles 

Many low power sensors are constructed from materials which can conduct electrons. This 

enables output in response to sensing in terms of an electrical signal. A wide variety of 

methodologies exist, but most commonly changes in resistance are measured in response to a 

chemical event, termed a chemiresistor.67-69 The chemiresistive material is typically 

semiconducting with surface functional groups that are altered in response to chemical interactions 

with an analyte. The device architecture typically uses metal electrodes as a source and drain for 

charge injection into the material with an example as shown in Figure 1.8. By applying a potential 

bias across the material, current can be measured inversely proportional to resistance of the 

semiconductive channel material. These devices offer many benefits including simple 

construction, low cost, low power consumption, and readability of output signal.  
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Figure 1.8 Illustration of a carbon nanotube chemiresistive device and potential sensing mechanisms. Reprinted 

with permission from reference.70 Copyright 2019 American Chemical Society 

Resistive changes may happen through a wide array of potential mechanisms. Direct charge 

transfer is commonly cited as a mechanism. This doping is caused by charged analytes approaching 

the surface of the sensor and altering the local chemical potential which in turn changes the 

resistance of the device. Alternative mechanisms include Schottky barrier modification of the 

junction of metal and the semiconducting channel.71 As the analyte interacts at this junction, the 

relative work function difference of the metal-semiconductor junction is altered which in turn 

alters the resistance of the materials by enabling more or less charge injection at a given potential 

bias.  

1.5.1 Traditional gas sensing materials 

More traditional commercial sensors are based on semiconducting metal oxides.72 These 

materials require high temperature to activate surface functional groups as well as decreasing 

resistivity to enable sufficient signal to be read out of the device as shown in Figure 1.9. High 

temperatures limit the application of these devices as persistent sensors due to the power 

consumption requirements. Additionally, they are often constructed of bulk materials which limits 
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their sensitivity as events as the surface of the sensors do not necessarily change the resistance in 

the bulk of the device. 

 

Figure 1.9 Illustration of a typical metal oxide gas sensor. Reprinted with permission from reference.73 

Copyright 2017 Elsevier 

1.5.2  Field-effect transistors (FET) as a characterization methodology 

More complex electrochemical sensing methodologies can also be employed by 

monitoring how the devices change in response to chemical environment while also changing the 

chemical potential of the semiconducting material with an electrical field. This device architecture 

is typically called as a ChemFET. Field-effect transistors monitor current across a semiconducting 

junction while an electrical field is varied across the junction. The electrical field alters the 

electrochemical potential of the carriers inside of the semiconductor allowing for more or less 

current to flow based on the band structure of the semiconducting material. FET techniques can 

be executed both with solid state and liquid capacitive structures as shown in Figure 1.10. 
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Figure 1.10 a, b) Diagrams of back-gating and liquid gating schemes for SWCNT and graphene transistor. c, 

d) Representative FET curves for SWCNT and graphene transistors. Reprinted with permission from 

reference.74 Copyright © 2009 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim 

SWCNT make exceptional FET devices due to their unique band structure which can 

enable differences in current to reach multiple orders of magnitude difference with relatively small 

applications of electrical field.75 While FETs can be operated in solid state via capacitive charging, 

most of the discussion here is limited to liquid-based FET operation where ions in the solution act 

as the capacitive charges under application of an electrical field. This large change in current in 

response to electrical field can also be leveraged for chemical sensitivity. As chemical analytes 

approach the surface of the SWCNT, the chemical potential of the SWCNT is changed. 

Application of an electrical field has an additive effect to this change. By examining how the FET 

curve changes before and after chemical environmental changes, sensors can be constructed. 

Beyond sensing transient changes in chemical environment, FET curves also can be used as 

valuable diagnostics of the band structure of the underlying material before and after chemical 

modification to fabrication chemical sensors. This type of sensing operation can be extended with 

a wide range of chemistry including metal nanoparticles76, biomolecules77, polymers,78 and small 

molecules.79 
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1.6 Nanomaterial Composites 

While nanomaterials are beginning to be manufactured commercially,80 many future 

applications of those materials would benefit from a rational integration of several different 

nanomaterials. Combinations of differing dimensionalities of nanomaterials can help control 

chemical processes occurring at their surfaces, enable long range interactions, and develop entirely 

new material characteristics which cannot be reduced into simple decompositions of individual 

materials. For instance, metal nanoparticle (zero dimensional) decoration of carbon nanotubes81 

(one dimensional) or graphene82 (two dimensional) enables long range transport of localized 

changes to the chemistry at the nanoparticles surface. Another example would be the layering of 

2-D organic frameworks on top of carbon nanomaterials83 to restrict diffusion to the surface acting 

as a size selective membrane with potential for further control of the pore through post synthetic 

chemistry. 

Many nanomaterial composites are formed via simple combinations of the individual 

constituents after respective synthesis. While this leads to well defined materials, it often limits 

the extent of chemical and electronic coupling between the materials. Another strategy is to use 

one material as a substrate for another to grow on in a structure directing manner.84 This is often 

the most exciting application of composite materials as it enables strong interaction between the 

respective components. Syntheses which generate both materials at the same time are rare due to 

the large thermal and chemical differences in different synthetic methods.  
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1.7 Electrocatalytic Reactions for Energy  

Current methods for producing energy for the planet heavily rely upon the combustion of 

hydrocarbon fuels. This combustion leads to a variety of products including carbon dioxide, water, 

and numerous carbonaceous products. Carbon by-products are hazardous for human health and 

have been implicated in several disease states and carcinogenic potential. Beyond immediate 

health implications, the build-up of carbon dioxide in the atmosphere has a range of negative 

consequences including but not limited to climate change, ocean acidification, sea level rise, and 

more extreme weather events.85 It is crucial that future developments for energy production avoid 

combustion as the primary energy generation modality. Electrochemical reactions are efficient and 

pollution-free methods to store and release energy on demand. Most electrochemical reactions 

have large activation energy (kinetic) barriers to perform the work needed to oxidize or reduce 

chemical reactants. One of the most desirable set of reactions to develop is the electrochemical 

reactions involving water shown below in Figure 1.11 

 

Figure 1.11 Scheme of heteroatom doped graphene and electrochemical half reactions of in differing pH 

environments including oxygen reduction (ORR), hydrogen evolution reaction (HER), and oxygen evolution 

reaction (OER). Reprinted with permission from reference.86 Copyright 2015 American Chemical Society 
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None of the above reactions involve carbon and only require or produce water, hydrogen 

gas, oxygen gas, hydroxide ions, and protons. These reactions are useful both as potential energy 

storage in using them as hydrogen and oxygen gas production methods87 (water splitting) as well 

as in fuel cell applications88 where combining hydrogen and oxygen can be used to generate a 

potential difference to drive an electrochemical circuit. The particular reactions required for fuel 

cells would be the hydrogen oxidation reaction and oxygen reduction reaction. This work will 

focus on the energy storage reactions of hydrogen evolution reaction and primarily oxygen 

evolution reaction (OER). In addition to being useful for storing the energy of water splitting, OER 

can be coupled to carbon dioxide reduction to generate valuable hydrocarbon fuels from what is a 

currently a waste product. 

The best existing commercial catalysts for OER have been iridium89 and ruthenium90 based 

materials, which are unfavorable due to scarcity and cost. Much effort has been placed into 

improving the ability of more common transition metals, cobalt,91 nickel,92 iron,93 and 

manganese,94 to catalyze the energetically challenging multiple proton transfer steps. Often 

explanations of electrocatalytic efficiency are considered in terms of the placement of d-band 

center95 and the favorable binding energy of the reaction intermediates.96 The principal reason that 

the more noble catalysts mentioned above work so well is an intermediate binding strength of 

different reactants. This ability allows for reactants to diffuse to the surface and have 

electrochemical transfer to take place followed by the products being capable of leaving. The 

multistep nature of OER makes this consideration especially important. One way to tune the 

binding strengths of the reactants is to change the size of the catalyst, which in turn alters the 

exposed facets and alters the surface energy. Another way to alter this binding energy is to change 

the supporting material which delivers the electrons to the catalyst. In this work, we consider 
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utilizing the coupling of holey graphene materials which can both act as a facile electron transfer 

support as well as dictating the size of the catalyst by the size of the holes.  
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2.0 Holey Graphene Metal Nanoparticle Composites via Crystalline Polymer Templated 

Etching 

2.1 Preface 

Parts of the text as well as figures were published in “Holey Graphene Metal Nanoparticle 

Composites via Crystalline Polymer Templated Etching” and have been reprinted with permission 

from Nano Lett. 2019, 19, 2824–2831. Copyright 2019 American Chemical Society 

List of Authors: David L. White, Seth C. Burkert, Sean I. Hwang, and Alexander Star 

Author Contributions: DLW and AS designed the experiments and wrote the manuscript. 

DLW performed the bulk of the experimental work. SCB captured electron micrographs and XPS 

spectra. SIH captured the gas sensing data. 

2.2 Introduction 

Holey graphene structures have been pursued for use in electronic devices to modulate 

graphene’s semi-metallic band structure through quantum confinement.97 The three primary routes 

towards producing these structures are further oxidation of graphene oxide98 type structures,99-104 

traditional lithographic processes,68, 105-107 or bottom-up organic synthesis.108 Further chemical or 

biological oxidation of graphene oxide structures lacks control over size and placement of holes 
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generated. Traditional lithography allows for control over size and placement of holes but often 

lacks the necessary resolution to access significant band modulation that occurs at sub-5 nm neck 

widths. While bottom-up syntheses generate well defined structures with appropriate dimensions 

to access properties induced by dimensional reduction, the syntheses are generally not scalable to 

large areas. Our approach presents an advancement of utilizing a combination of the bottom-up 

synthesis of 2-D covalent organic frameworks onto graphene and the top down process of reactive 

ion etching (RIE) to affect the underlying graphene structure.  

Covalent organic frameworks (COF) have been developed for many applications including 

gas storage,109 organic electronics,110 capacitors,111 and catalytic applications.112 Their application 

towards physical templating has been left unexplored. The crystalline structure of the polymers 

can be predicted in advance and provides an interesting avenue towards bridging traditional 

photolithography with rational chemical synthesis. COF-5, which as previously shown47 orients 

with respect to graphene, has pore dimensions of 2.7 nm and is used here to provide high density 

patterning of graphene enabling unique composites which retain the outstanding electrical 

properties of graphene. 

Graphene composite materials are useful for many applications ranging from chemical 

sensing113-115 to catalysis.116, 117 While pristine graphene has been demonstrated to be an excellent 

material for the aforementioned applications, there are limitations imposed by the nature of the 

material. The lack of functional groups, while enabling extraordinary conductivity, makes 

composite material manufacture more difficult. The primary difficulty in introducing functional 

groups is the destruction of the sp2 network. For applications where, composite materials would 

benefit from graphene’s extraordinary conductivity, the oxidative processes to introduce chemical 

handles are problematic. The ability to introduce a high density of oxidative moieties while 
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retaining the underlying graphene conductivity represents a useful advance in graphene composite 

materials. Additionally, it has been shown that these oxidative moieties can act as reduction sites 

for metal ions to form metal nanoparticles.118, 119 Thus, patterning allows for high density size-

controlled nanoparticles that are electronically coupled through graphene which exhibits Raman 

enhancement and chemiresistive gas sensing applications presented here. 

2.3 Results and Discussion 

The changes in physical characteristics of graphene were tracked through a combination of 

SEM and high resolution TEM shown in Figure 2.1. Graphene, grown via an atmospheric chemical 

vapor deposition (APCVD) process,120 was transferred from the copper foil substrate to a 

prefabricated silicon chip. Transfer occurred without polymer support to ensure intimate contact 

between the COF-5 and graphene as well as avoiding a subsequent step to remove polymer support 

residues.121 Graphene was observed via SEM being draped between two electrodes approximately 

6 µm apart displayed in panel a. Minimal wrinkles and no holes or defects are observed confirming 

that the transfer process preserves the integrity of the graphene.  
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Figure 2.1 Electron micrographs tracking physical differences in graphene across the COF-5 templating 

process. a) Transferred graphene on a Si chip with interdigitated gold electrodes. b) COF-5 growth on the 

graphene chip. c) O2 RIE etches COF-5 and graphene. d) Ethanol removes most of the COF-5 revealing 

patterned graphene. Inset: High resolution TEM micrograph demonstrating adjacent hole formation from 

COF patterning. e) Soaking in a 1 mM HAuCl4 solution generates nanoparticles at oxidized hole sites. f) High 

resolution TEM micrograph illustrating nanoparticle formation corresponding to patterned holes. Inset: 

distance between highlighted lines is consistent with a lattice spacing of 0.204 nm indicating a gold (200) lattice 

plane. All SEM scale bars are 200 nm. The HRTEM scale bar in panel f is 20 nm. Reprinted with permission 

from reference.122 Copyright 2019 American Chemical Society 

COF-5 is synthesized via a modified solvothermal process47 and orients its pores normal 

to the graphene. COF-5 is approximately as thick as the electrodes, which are 65 nm. Previous 

reports of the synthesis indicate that platelet formation for COF-5 are 7 nm thick.47 We observed 

multiple layers of COF-5 on top of the graphene. COF-5 thickness measured via AFM demonstrate 

that our modified procedure on the prefabricated chip produces a minimum of 25 nm of COF-5 

growth after 30 minutes of reaction time as compared to the observed ~65 nm of growth from 40 

minutes of reaction time. While it has been previously reported that the ideal c-stacking 
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arrangement of COF-5 is not perfectly eclipsed but slightly staggered,123 this does not affect the 

described process because the layers of COF-5 closest to the graphene determine the patterning 

profile. Further high-resolution TEM micrographs, PXRD, and FTIR match47 early timepoint 

formation of crystalline COF-5 as seen in Figure 2.2. 

 

Figure 2.2 HRTEM micrograph of COF-5 on top of graphene with highlighted spacing of the crystalline regions 

that correspond to the hole spacing (2.7 nm) from the COF-5. Reprinted with permission from reference.122 

Copyright 2019 American Chemical Society 

RIE utilizes oxygen plasma and a voltage bias to anisotropically etch through both the 

polymer and graphene. RIE promotes formation of dense holes in the polymer and changes in the 

electrical properties of graphene. RIE processing without the polymer destroys the graphene 

completely. Conditions to achieve regular patterning and changes in electrical characteristics were 
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empirically optimized. The COF can be envisioned as both providing the initial template for the 

hole formation as well as acting as a temporary stop against overoxidation by protecting reactive 

sites formed in the initial oxidation. Larger white formations embedded within the etched polymer 

were attributed to homogeneous phase growth of COF-5 that was included in the film during the 

COF growth process47 and are randomly oriented with respect to the surface of graphene and 

therefore lack distinct holes. COF-5 remains after etching as evidenced by SEM and must be 

removed through an ethanol wash.  

The underlying graphene displays dense patterning on SEM and TEM. Residual COF-5 

persists here but is ultimately removed in the metal salt soaks due to longer exposure to aqueous 

conditions. Overall structural continuity of the graphene remains intact and the COF-5 templating 

process is conformal with respect to the wrinkles. Across the relatively large area of the spacing 

between the electrodes, some areas experience more extensive oxidation. Extra oxidation is 

attributed to the unevenness in the thickness of the COF-5 where thinner areas will experience 

more intensive etching as compared to relatively thick areas. The inset reveals several adjacent 

holes with dimensions marginally larger than COF-5. Uneven etching across areas on prefabricated 

chip devices which we partially attribute to height changes caused by the presence of gold 

electrodes affecting the quality of the COF grown. When the patterning process is conducted on 

bare silicon wafer, AFM across micron-sized areas reveal relatively consistent patterning as seen 

in Figure 2.3.  
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Figure 2.3 Stitched together AFM micrographs of patterned graphene after ethanol wash on bare silicon wafer 

demonstrating consistency over micron size areas. Upper right area depicts five separate profiles taking from 

each individual area consistent with patterned holes formed in graphene. The holes which can be contrasted 

against the relatively large height of the wrinkle feature shown in red. The repeating structure and minor height 

variations are consistent with holes in graphene. Reprinted with permission from reference.122 Copyright 2019 

American Chemical Society 

COF-5 templated holey graphene structures are soaked in 1 mM noble metal solutions for 

two hours in a dark environment to promote nanoparticle growth at the reactive hole sites. Both 
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gold and palladium solutions yield templated nanoparticle growth. Reduction of nanoparticles has 

been previously reported for gold at higher concentrations on graphene oxide composites.118 The 

primary distinction between graphene oxide and our material is that the oxidative hole formation 

is templated and provides a confining environment. This is illustrated by control experiments 

utilizing as transferred graphene without any patterning exposed to the gold metal soak. While the 

as grown graphene is intact as confirmed by Raman spectroscopy (vide infra), it is known that 

CVD graphene will have defects over larger area growth without special synthetic consideration. 

Additionally, the transfer process provides an opportunity to damage the graphene or introduce 

wrinkling. The primary sites of formation are on edges, wrinkles, and defects. COF-5 based plasma 

patterning introduces more edge sites which act as nucleation sites for nanoparticle growth. Further 

control experiments with growth and removal of COF without RIE demonstrate that COF 

impurities lack the ability to seed appreciable gold nanoparticle growth. 

Two types of nanoparticle growth occur with larger (40.1 ± 10.3 nm, n = 57) and smaller 

(3.27 ± 0.81 nm, n = 61) nanoparticles forming based on TEM observations. Additional oxidation 

contributes to the formation of larger nanoparticles by providing larger holes for nanoparticle 

formation. Overgrowth of individual small nanoparticles into larger nanoparticles is also observed 

in HRTEM images and contributes to multiple size distributions of nanoparticles. In areas where 

only the initial templated holes form, only small nanoparticles are produced. EDAX data collected 

during SEM confirms the identity of the nanoparticles as gold. Large area to area variation shows 

different distributions of nanoparticle growth. Some areas are only populated by smaller 

nanoparticle growth while others have both kinds. 

Additional AFM images were taken on the post gold metal soak condition to understand 

the extent of gold nanoparticle formation and confirm high patterning density. Extensive minor 
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height deviations are attributed to hole formation while large increases in height are assigned to 

gold nanoparticle formation. The lack of total coverage by gold nanoparticle formation on the 

small scale of the AFM image indicates that the concentrations used do not promote complete gold 

nanoparticle formation across the entire patterned graphene sheet. Higher concentrations were 

avoided to mitigate overgrowth. The high-resolution images confirm the successful patterning of 

the underlying graphene by COF-5 based plasma etching.  

Further AFM images conducted on bare silicon wafer as opposed to prefabricated chips in 

the post gold metal soak condition demonstrate consistent patterning as well as gold nanoparticle 

formation as displayed in Figure 2.4. Over micron sized areas both holes (blue areas) and gold 

nanoparticles can be observed filling the patterned graphene. Magnified images reveal only partial 

filling in of the gold nanoparticles in formed holes. Medium range patterning displayed here holds 

the promise of COF based templates as a viable patterning strategy for achieving few nanometer 

sized features across micron areas. 
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Figure 2.4 AFM micrographs of holey graphene gold nanoparticle composite on bare silicon wafer. a, b, c) 

Micrographs taken across a micron sized area showing consistent patterning. d) Magnified image for c) 

illustrating gold nanoparticles partially filling in COF-defined holes. Reprinted with permission from 

reference.122 Copyright 2019 American Chemical Society 

Patterning and nanoparticle growth were tracked both through spectroscopic and electrical 

measurements as seen in Figure 2.5. Raman spectroscopy is leveraged as a technique to track the 

changes in the structural characteristics of graphene during patterning.124 The initial Raman signal 

contains the signature D, G, and 2D peaks at 1350, 1570, and 2690 cm-1, respectively. The D peak 

in the initial spectrum is ascribed to the transfer process because the spectrum of the graphene on 
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the copper foil has no appreciable D peak. After COF-5 is grown on top of the graphene, the Raman 

signal changes showing signal dominated by characteristic COF-5 peaks with a large decrease in 

the relative 2D peak intensity. Oxygen plasma etching induces a general decrease in signal 

accompanied by an increase in the D region of the spectra. Washing with ethanol reveals a large 

increase in the 2D intensity signifying that the underlying graphene is being probed indicating the 

removal of the overlying COF. Gold soaking induces three orders of magnitude increase in the 

signal of all three peaks as well as revealing an indictive shoulder peak, D’, on G sourced from 

defect formation. The large increase in signal is attributed to a plasmonic enhancement from 

densely packed small gold nanoparticles.125 The palladium-soaked composites do not show similar 

enhancement. 
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Figure 2.5 Optical and electrical measurements throughout the COF-5 templating process. a) Raman 

spectroscopy tracking changes during patterning. Intensity is plotted in log scale to capture the large increase 

in signal following gold soaking because of Raman enhancement. b) UV-Vis tracking changes from COF-5 

growth. The solid and dashed vertical lines indicate λmax before and after gold soaking respectively. The signal 

of both post wash and gold soaking have been multiplied by ten to enable more direct comparison. c) Current-

voltage characteristics measurements throughout the process. d) Liquid gated FET (vs 1 M Ag/AgCl) 

measurements of the structure at select time points. Reprinted with permission from reference.122 Copyright 

2019 American Chemical Society 

Tracking the process through UV-Vis absorption spectroscopy on a quartz slide 

substantiates complementary physical changes in the visible absorption that are substrate 

independent. COF-5 on top of graphene dominates the initial signal with a peak around 525 nm. 
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Oxygen plasma decreases the general signal via removal of COF-5. Residual COF-5 remains after 

washing with ethanol, but the signal is still relatively weak compared to the initial and post plasma 

conditions. Soaking in a HAuCl4 solution shifts the peak absorbance to 530 nm, indicating the 

formation of small gold nanoparticles.126  

Current voltage measurements serve as a complementary method to track the progress of 

templated hole formation. Transferred graphene has linear increases in current in response to 

source drain biases sweeping from –1 V to +1 V. COF-5 growth generates a general increase in 

current in response to bias voltage across the entire range. COF-5 is electronically coupled to the 

underlying graphene.127 Plasma etching decreases current across the entire range consistent with 

oxidation of the underlying graphene. Washing with ethanol removes most of the oxidized COF-

5 and increases the current observed. Introduction of HAuCl4 solution restores the current again to 

just below the level of the initial starting condition.  

Liquid gated field-effect transistor (FET) measurements tracks the gate modulation of the 

current in response to the templating process. Initially, graphene demonstrates semi-metallic 

behavior with a p-type shift in the minimum conductance point that is attributed to atmospheric 

contamination and substrate effects.128 Liquid gating measurements cannot be performed when the 

COF-5 is introduced due to the water sensitivity of COF-5.45 COF-5 templated patterning 

decreases current and gate modulation as compared to the initial FET measurements even after 

washing with ethanol. The minimum conductance point is so far p-shifted out of the 

electrochemical window that it cannot be observed.129 Extensive doping of graphene with plasma 

processing is consistent with other reports in the literature.130 Gold nanoparticle deposition 

reestablishes much of the graphene’s initial behavior with lower overall current and a slight shift 

in minimum conductance while retaining the overall same shape of the FET curve. Reinstating 
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semi-metallic behavior of graphene is attributed to gold nanoparticles partially filling in some of 

the holes. 

X-ray photoelectron spectroscopy can be a powerful tool to assess changes in chemical 

bonding environments through ejection of core electrons as illustrated in Figure 2.6. High 

resolution XPS data of carbon enables tracking of relative ratios of functional groups throughout 

the patterning process. Initially, the signal of bare graphene is dominated by sp2
 carbon with 

minimal contributions of other carbonaceous species. Deposition of COF-5 has a concurrent 

increase in the quantity of C-OR functionalities as per the chemical structure of COF-5. RIE raises 

the quantities of C-OR functionalities relative to the sp2
 peak while concurrently introducing C=O 

functionalities. Due to the small penetration depth of XPS and the relatively large amounts of COF-

5 left on the surface at the end of RIE, as evidenced by SEM and UV-Vis; we believe the more 

oxidized carbon contributions are primarily COF-5. Washing with ethanol to remove leftover 

COF-5 reveals a shift to larger binding energies in the main sp2
 peak and significant contributions 

of C-OR and C=O functionalities. Higher binding energies are consistent with an increase in 

oxygen type defects and electronic depletion of the local chemical environment of the remaining 

sp2
 carbon network. Electron deficiency correlates well with the observed FET characteristics. 

Introduction of HAuCl4 facilitates auto-reduction into gold nanoparticles with concomitant 

decreases in C-OR and C=O type functionalities and restoration of the sp2 peak back to a similar 

level as unprocessed graphene.  



 38 

 

Figure 2.6 High resolution XPS of both carbon and boron at each step in the process on a prefabricated silicon 

chip. a) High resolution carbon 1s with deconvolutions of the signal. b) High resolution boron 1s with 

deconvolutions of signal. Reprinted with permission from reference.122 Copyright 2019 American Chemical 

Society 

High resolution XPS data of boron acts as a chemical handle to track the changes in COF-

5 and the removal of COF-5 through ethanol washing. No boron signal is present in the initial 

graphene sample. COF-5 deposition reveals one boron peak that corresponds to the chemical 

structure of COF-5. RIE alters the local chemical environment of boron via reactive oxygen species 

as evidenced by the appearance of an additional boron peak at a higher binding energy. Ethanol 

washing removes the majority of remaining COF-5 as indicated by the disappearance of the boron 

peak. Lack of boron signal for the post gold soaking conditions confirms no residual COF remains 

on the final material. 
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Our material provides an interesting intermediate between the formation of graphene oxide 

and pristine single layer graphene with the primary distinction being introduction of patterned 

oxidative functionalities. Electrical characteristics in combination with the Raman measurements 

confirm that a contiguous sp2
 carbon network remains after patterning. The restoration in the p-

type semi-metallic behavior confirms that a measure of the initial properties of graphene can be 

restored by partial filling in of the patterned holes by metal. Holes act as both reduction sites as 

well as a ligand environment for the formed nanoparticles. Interconnected metal nanoparticles 

through an electrically conductive graphene environment provides an excellent platform for 

sensing.  

As an exploration of applications outside of Raman enhancement, both gold and palladium 

salt-soaked systems were tested for room temperature gas sensing applications of H2S and H2, 

respectively demonstrated in Figure 2.7. Both systems show remarkable sensitivity for their 

respective gaseous analytes with Au/H2S having a calculated limit of detection of 3 ppb and the 

Pd/H2 having a limit of detection of 10 ppm. Both systems showed reproducibility across different 

complete synthetic cycles with averages and standard deviations for a different run shown for 

responses. 

The gold composite sensor has irreversible response due to strong gold sulfur interaction 

commonly reported.131 Gold composite response is qualitatively similar in air as compared to N2. 

The gold composite response is relatively unaffected by the different gold nanoparticle size 

distributions due to the surface-based interaction method of sulfur with gold. The effect of the gold 

electrodes on the sensing response corresponds to a small percentage of overall response at the 

highest concentration as confirmed by control experiments conducted under the same gas sensing 

conditions utilizing a graphene sample. The palladium composite sensor is believed to have an 
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initially irreversible response due to larger nanoparticles generated at more oxidized sites that have 

slower recovery kinetics as compared to the smaller nanoparticles confined to the COF-templated 

holes. In N2, the palladium composite lacks recovery and eventually saturates response. Lack of 

recovery is attributed to the need for O2 to remove the hydrogen from the palladium 

nanoparticles.132 

 

Figure 2.7 Room temperature gas sensing data for holey graphene composites a) Gold nanoparticle composite 

showing decrease in conductance in response to H2S (ppb) in synthetic air. b) Palladium composite showing 

both irreversible and reversible responses to H2 (ppm) in synthetic air. c-d) Averaged normalized conductance 

changes with standard deviation for H2S (n = 6) and H2 (n = 4) sensing, respectively. Reprinted with permission 

from reference.122 Copyright 2019 American Chemical Society 
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2.4 Conclusions 

The responses for gas sensing demonstrated here are near the top of the performance for 

limit of detection of similar graphene-based composites displayed in table 2.1.  

Table 1 H2S/H2 Sensing Data Comparison 

Material used Gas  Reversible Lowest detection Reference 

PtNPs on holey GO H2 yes 60 ppm 102 

Multilayer GNRs with PdNPs H2 yes 40 ppm 132 

rGO with PdNPs H2 yes 0.2 ppm 133 

Flowerlike Pd on graphene H2 yes 0.1 ppm 134 

GO with PdNPs H2 yes 1% 135 

rGO with Pd nanocubes H2 yes 10 ppm 136 

Holey Graphene PdNP H2 yes 10 ppm 122 

rGO with SnO2NWs H2S yes 43 ppb 137 

SWCNT with AuNPs H2S yes 20 ppb 131 

Graphene with AgNPs H2S yes 100 ppb 138 

rGO with AuNPs H2S no 68 ppb 139 

Graphene with AuNPs H2S no 2 ppm 140 

Holey Graphene AuNP H2S no 3 ppb 122 
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 There are only two reports of lower limits of detection for H2 sensing and our H2S sensing 

reports the best limit of detection to the best of our knowledge. The quality of the gas sensing 

behavior here is attributed to a combination of the ~3 nm metal nanoparticles with high 

conductivity that the holey graphene layer provides for transduction. The methodology presented 

here provides a route to pattern ~2.7 nm holes in graphene via COF-5 at high resolution and density 

side-stepping expensive processes like e-beam lithography and other traditional patterning 

methods. The composites formed through soaking with noble metal salts retain many of the 

properties of graphene including its semi-metallic nature while also enabling ~3 nm nanoparticle 

growth electronically coupled with graphene. The applications exhibited are of great interest for 

both Raman enhancement and gas sensing applications due to the relative ease of fabrication as 

compared to more expensive and complicated techniques. The H2 (10 ppm) and H2S (3 ppb) 

sensing limits of detection demonstrated here is comparable to the best results from similar 

graphene-based composites. 

2.5 Experimental 

2.5.1 APCVD growth of graphene 

Cu foil was cut into 1 cm × 1 cm squares. The foil was cleaned by submerging into either 

1 M HCl or 5.4% w/w HNO3 for 30-40 seconds.141 After removal from the cleaning solution the 

Cu foil was washed thoroughly with deionized water (18.2 MΩ cm-1) and then blown dry with N2 

to remove all residual moisture.  
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The Cu foil was loaded onto a quartz crossplate and sealed into a 1-inch inner diameter 

quartz tube. The tube was loaded into the CVD oven and began a purge with argon (900 sccm) and 

hydrogen (50 sccm). After purging for 30 minutes the oven was ramped up to 980oC over a period 

of 20 minutes. Cu foil was annealed at 980oC for 10 mins at which point methane (10 sccm) was 

introduced to the oven for 30 mins. At this point, both the CH4 flow and oven were shut off and 

the tube began cooling in air. 

2.5.2 COF-5 growth 

Heavy walled glass container was cleaned with a series of ethanol and deionized water 

washes before drying in an oven at 90oC for 1 hour. 6.25 mg of phenylbisboronic acid and 4.00 

mg of 2,3,6,7,10,11-hexahydroxytriphenylene were placed within the vessel. 0.5 mL of 1,4-

dioxane and 0.5 mL of mesitylene were added to the reaction vessel and left sealed for 30 minutes 

of bath sonication. After sonication, graphene containing substrates were introduced to the vessel 

and left in an oven at 90oC for 40 minutes. The reaction vessel was allowed to cool to room 

temperature before removing the substrates and placing them in toluene overnight. The powder 

was washed with toluene and recovered via vacuum filtration. Substrates were sonicated the next 

day in toluene for 10 seconds and then placed in vacuum to thoroughly dry. 

2.5.3 Reactive ion etching 

Trion Phantom III LT RIE was used to etch substrates. The following conditions were used 

for etching: 300 mTorr pressure with 50 W of power and 50 sccm of O2 flow. The process 
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conditions were run for 27 seconds (empirically optimized). After etching, the substrates were 

washed with ethanol, nanopure water and ethanol again to remove residual polymer. 

2.5.4 Metal nanoparticle formation 

Substrates with holey graphene were soaked in 150 µL of either 1mM HAuCl4 or 1mM 

Pd(acac)2 for two hours at room temperature in the dark. After two hours the substrates were 

washed copiously with nanopure water and blow-dried with N2. 
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3.0 Synthesis of Holey Graphene Nanoparticle Compounds 

3.1 Preface 

Parts of the text as well as figures were published in “Synthesis of Holey Graphene 

Nanoparticle Compounds” and have been reprinted with permission from ACS Appl. Mater. 

Interfaces 2020, 12, 36513−36522. Copyright 2020 American Chemical Society 

List of Authors: David L. White, Levi Lystrom, Xiaoyun He, Seth C. Burkert, Dmitri 

Kilin, Svetlana Kilina, and Alexander Star 

Author Contributions: DLW and AS designed the physical experiments. LL, DK, 

and SK designed the computational investigations. DLW, AS, and SK wrote the manuscript. 

DLW performed the bulk of the experimental work. SCB captured some of the electron 

micrographs. LL conducted the computational experiments. XH acquired the DLS and zeta 

potential data. 

3.2 Introduction 

Graphene’s intensive research effort has been justified in the numerous results generated 

for a variety of potential applications.142-150 Many prominent results have been in the 

unique electronic properties of the layers of sp2 carbon and their potential as electrocatalytic 

supports and materials.151-159 While the incorporation of graphene oxide and reduced 

graphene oxide into 
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composites with a variety of heteroatom doping has received substantial attention,160-162 less 

consideration has been directed at the possibilities of materials which retain sp2 conjugation. So-

called holey graphene materials have been synthesized in a variety of routes but most commonly 

through the further oxidation of graphene oxide materials.99, 100, 103, 104, 163-165 These materials have 

already lost sp2 conjugation through the initial oxidation process and therefore lack some of the 

crucial electronic properties needed for use in functional materials. To generate the milligram scale 

of material needed for electrocatalytic applications while also retaining sp2 conjugation, we have 

developed a synthetic procedure for the generation of high-density holes in highly ordered 

pyrolytic graphite (HOPG) and exfoliation of these materials into aqueous environments.  

Here we present a scalable technique for the generation of holey graphene (HG) (average 

of 38% mass exfoliated from a given flake n = 27) derived from HOPG as demonstrated in Figure 

3.1. HG is synthesized by solvothermal growth of a covalent organic framework (COF) template 

onto HOPG flakes followed by reactive ion etching (RIE). Production of HG by this method has 

several distinct advantages over current synthetic techniques. Relatively large sheets measuring 

micrometers in diameter are densely decorated with few nanometer sized holes imprinted from the 

patterned COF. Both metal nanoparticles and metal containing nanoparticles can be grown into 

the holes at room temperature without the use of additional reducing agents. The hypothesized 

mechanism for this growth is the intact conjugated sp2 network donating electrons to facilitate 

reduction of the metal ions forming nanoparticles in addition to further oxidation of the holey 

graphene edge moieties. The patterned holes of the HG act as confining sites restricting the overall 

size of the nanoparticles preventing nanoparticle aggregation. The nanoparticles are held in place 

by the underlying HG even under the presence of high-energy electron beams (200 KeV). 
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Spherical size-limited nanoparticle growth is dictated by the relative ratio of metal salt precursor 

to HG. 

 

Figure 3.1 Synthesic scheme of holey graphene (HG) from HOPG and deposition of metal nanoparticles inside 

holes to yield graphene nanoparticle compounds (GNCs). Reprinted with permission from reference.166 

Copyright 2020 American Chemical Society 

3.3 Results and Discussion 

For the process of RIE-COF-5 patterning tight control over both the COF growth and RIE 

conditions must be considered.167 If the ratio of hexahydroxytriphenylene to phenylbisboronic acid 

(HHTP:PBBA) falls outside of the precise ratio (1:3 molar ratio), the patterning is inconsistent 

leading to under patterning or over patterning if the HHTP is too high or too low respectively. 

Additionally, a wide range of RIE conditions were explored. Previously in the case of single layer 

graphene, we optimized hole formation based on the electronic properties (current on/off ratio) of 

field-effect transistor (FET) devices.168 Here we optimize RIE conditions based on both perceived 

discrete hole formation in SEM as well as Raman characteristics like formation of D’ peak (1610 

cm-1) and relatively small D (1350 cm-1) to G (1500 cm-1) ratios.124 Another consideration here is 
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the formation of relatively deep holes inside HOPG to maximize material generated. RIE 

conditions can be challenging to optimize due to the relatively thin layer of COF-5 present (<100 

nm), as observed in our previous investigation into single layer graphene,168 which can be entirely 

removed in over-etching conditions. Optimization was initially performed with respect to RIE 

pressure and power while holding time constant. After identifying desired morphological 

characteristics from the pressure and power conditions, time was optimized to yield deepest 

patterning to maximize the production of material. The goal of the optimization was to optimize 

contiguous flake size while achieving dense and deep patterning of holey features. While two 

primary conditions emerged as viable, only 200 mTorr with 100 W for 30 seconds was selected 

for further study to limit redundancy.  

The patterning of HOPG to the final composite material’s physical morphology can be 

tracked through SEM, TEM, and AFM as shown in Figure 3.2. Dense features are present across 

large areas of HOPG flake and contiguous flakes that are larger than one micrometer in diameter 

can be identified. Exfoliation into pure water can yield substantial amount of material that are 

synthesis dependent. After three hours of sonication, as little at 0.1 mg/mL can go into solution 

and as much as 1 mg/mL can be present for the same RIE conditions. TEM observations of ten 

times diluted solutions can be used to evaluate the retention of patterning after exfoliation. Large 

flakes can still be identified in the TEM images with dense patterning of nanometer sized features 

(4.30 nm ± 1.52 nm, n = 83). After stirring with an optimized concentration of metal salt solution 

for one-hour, numerous nanoparticles can be identified. The formed nanoparticles have a relatively 

small size distribution (2.86 nm ± 0.66 nm, n = 43) with particle size that matches the COF hole 

pattern (2.7 nm) well. We expect a range of different hole pattern sizes due to the nature of the 

RIE patterning. Patterning in general does not yield a completely anisotropic etch profile leading 
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to conical type etching into the HOPG flake. Therefore, HG in solution should retain material that 

is ranging in hole distributions which can explain the discrepancy between the material before and 

after nanoparticle reduction. 

 

Figure 3.2 Electron microscopy and atomic force microscopy (AFM) characterization of the synthesis of GNCs. 

a) SEM of HOPG flake after RIE-COF-5 templated etching under optimized conditions (scale bar 200 nm). b) 

TEM of exfoliated HG sheet (scale bar 50 nm). c) HRTEM micrograph of HG copper nanoparticle composite 

utilizing optimized growth conditions (2 mg/mL of copper(II) chloride dihydrate). d) AFM of RIE-COF-5 

templated etching. e) AFM of exfoliated HG sheet on mica. F) AFM of HG copper nanoparticle composite on 

silicon wafer. (Height profiles for each AFM micrograph displayed below the respective micrograph). 

Reprinted with permission from reference.166 Copyright 2020 American Chemical Society 

AFM imaging of the patterned flakes after washing the residual COF from RIE reveal 

correspondence between SEM and AFM imaging. While the holes show minor height differences 

as compared to the top of the flake the trenches formed show more than 30 nm of height difference. 

This indicates patterning is potentially reaching as deep as 100 layers into the HOPG, assuming 
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0.33 nm interlayer spacing. The primary reason that AFM imaging does not reveal more depth for 

the top features is the relatively small horizonal features which inhibit the tip from probing the 

deep features. Trenches could be viewed as non-ideal patterning, but the density of the trenches 

still leaves micrometer-sized flakes that are retained after exfoliation. AFM images of exfoliated 

sheets reveal large sheets with a wider distribution of holes then the as-patterned HOPG but still 

demonstrating single layer thickness. Single sheets are observed here, but most of the material 

formed is multilayer flakes as expected without special consideration devoted towards yielding 

single layer material.169, 170 AFM images of the copper composite reveal correspondence between 

TEM imaging of the size distribution of the nanoparticles and the height distribution of the features 

observed by AFM. 

Control experiments with no RIE failed to yield any exfoliation into water due to dissimilar 

surface energies of HOPG and water. RIE processing without COF templating yields material into 

water which is colloidally stable at lower concentrations but lacks the holey structure of COF-

templated procedure. There are two primary differences between our synthesized material and this 

control experiment. For HOPG without COF-5 after RIE processing, the observed zeta potential 

was much larger, and the size of sheets was much smaller based on DLS and TEM. The contrast 

between the holey material and the RIE control is the difference between indiscriminate 

introduction of oxygen functionalities as compared to purposeful control of defects. While more 

oxygen functionalities will convey more colloidal stability, there is a lack of control in the resulting 

material and absence of larger sheets that are potentially useful in applications that require longer 

distance patterning.  

Metal loading can be induced into the structures during a simple metal salt stirring 

procedure performed at room temperature in the dark. Precluding light is used to rule out the 
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possibility of photoreduction reactions.171 Introduction of nanoparticles into HG shows both 

concentration and time dependence. Holey graphene concentration before reactions is inferred 

from mass. Nanoparticle composites concentrations after reactions are determined by UV-vis 

absorption calibration curve. For this study we fixed the concentration of HG and varied the 

concentration of the metal salt. Briefly, a colloidally stable solution of HG was mixed with a range 

of metal salt (0.1 – 10 mg/mL) while stirring for a range of times (1 hour to 6 hours). Composites 

were recovered via centrifugation and washed several times with pure water to ensure removal of 

residual metal salt. Removal of metal salt was in general observed by UV-vis absorption 

spectroscopy as illustrated in Figure 3.3. We envision widespread applications in catalysis due to 

the strong electronic coupling present between the introduced metal species and the underlying 

HG.  
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Figure 3.3 UV-vis absorption spectra of holey graphene (HG) and respective GNCs after centrifugation wash 

procedure. No metal salt absorption can be observed in the final products. Concentrations of the respective 

compounds are HG = 0.038 mg/mL, Ag-GNC = 0.119 mg/mL, Au-GNC = 0.076 mg/mL, Cu-GNC = 0.213 

mg/mL, and Ni-GNC = 0.086 mg/mL. Concentrations are determined via a calibration curve for absorption at 

800 nm. Reprinted with permission from reference.166 Copyright 2020 American Chemical Society 

To elucidate the strong metal coupling between the HG and the metal nanoparticles, we 

performed a series of high resolution XPS experiments as shown in Figure 3.4. High resolution 

carbon XPS reveals substantial differences of chemical moieties present in the as-exfoliated HG 

and each of the nanoparticle composites tested. The as-exfoliated HG shows a substantial tail at 

higher binding energies as compared to the based sp2 peak at 284 eV. We attributed these to a 

combination of oxygen moieties including hydroxyl, carbonyl, and ether functionalities. These 

observations are supported by FTIR of the HG which reveals similar features. Although each 
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nanoparticle composite shows different sp2 shifts, the consistent decrease of the intensity of higher 

binding energy tail features of the main peak indicates that these functionalities are either being 

coordinated by or consumed in the reduction of the nanoparticles. We attribute the mechanism of 

nanoparticle formation to oxidation of hydroxyl type functionalities located at the edges, which is 

confirmed by elimination of O-H related features in the IR spectra of GNCs exhibited in Figure 

3.5. This is consistent with increased reactivity of edge-based moieties of graphene172 and other 

previously reported nanoparticle reductions.173 

 

Figure 3.4 XPS of as-exfoliated HG and metal nanoparticle decorated GNCs. High resolution a) C1s, b) 

respective metal, and c) valence XPS scans of the HG and the different metal HG composites. Different colors 

in panels a) and b) represent deconvolutions of the overall signal into oxidation dependent peaks. Reprinted 

with permission from reference.166 Copyright 2020 American Chemical Society 
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Figure 3.5 FTIR of HG and other M-GNCs on nitrocellulose filters. HG initially contains hydroxyl groups 

which are absent in all but the Ni-GNCs which is confirmed to be Ni(OH)2 by XPS, HRTEM, and 

electrochemical characterization. Reprinted with permission from reference.166 Copyright 2020 American 

Chemical Society 

High resolution XPS of each of the relevant metal regions was taken to confirm the 

oxidation state and presence of the metals following the metal salt soaking procedure. Both silver 

and gold GNCs demonstrate the presence of metal states (with 0 charge) in the expected regions. 

Silver additionally shows extensive nanoparticle formation. This promising decoration indicates 

the potential for easily fabricated and consistent surface enhanced Raman scattering (SERS) 

substrates that are unfortunately beyond the scope of the current work. Copper and nickel samples 

have relatively more complicated spectra that cannot be fitted with single oxidation states. 

Although identification of copper oxidation state by XPS is somewhat ambiguous, the presence of 
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satellite peaks at 945 and 963 eV indicate copper(II) oxide being present.174 The shoulder in the 

main peak at 935 eV would indicate the presence of a secondary oxidation state that could be 

copper(0) or copper(I). Additional HRTEM imaging reveals the presence of copper metal as well 

as copper(I) oxide by lattice fringe. No copper(II) oxide lattice fringes could be observed under 

HRTEM. Additionally, the presence of the oxide formation in the XPS experiment could be 

attributed to the deposition process used to prepare the samples. The evidence indicates that the 

copper present is a mixed valency species that is susceptible to oxidation under mild heating (<100 

°C). The presence of nickel hydroxide is confirmed by the relatively higher binding energy of the 

main peak at 857 eV. HRTEM of nickel GNC confirms the presence of nickel(0) lattice fringes as 

well but the same considerations for the copper hold here as well.  

Valence XPS can be used as a tool to evaluate changes in the overall electronic structure 

of materials. All metal composites show different valence structure than the as-exfoliated material. 

Prominently silver and copper HG composites show large d electron peaks and substantial shifts 

in the valence band edge as compared to HG. Both gold and nickel show some shift in valence 

band edge although the shifts are minor by comparison. Valence band shifts as compared to initial 

exfoliated material indicate that there are substantial electronic changes to the overall material 

occurring; suggestive of strong electronic coupling between the formed nanoparticles and the 

underlying HG. Resultant Fermi levels of the GNCs are consistent with an averaging of 

workfunctions between the HG and the metal as displayed in Figure 3.6.  
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Figure 3.6 Normalized valence XPS comparison of metal references after etching samples, HG, and resultant 

GNCs for silver (a), gold (b), copper (c), and nickel (d). Each sample is normalized to itself to enable comparison 

on a similar scale. For each sample, there is a composition of peak features as well as a mixing of the fermi level 

as indicated by the shift of the x-intercept near zero binding energy in comparing the reference, HG, and GNCs. 

Reprinted with permission from reference.166 Copyright 2020 American Chemical Society 

Resulting nanoparticle size shows a sensitive metal precursor concentration dependence 

which is best illustrated through TEM, as displayed in Figure 3.7, but also supported through UV-

vis absorption spectroscopy. Initially at higher concentrations of the metal precursor, formation of 

reduced structures completely overwhelms the size confining ability of the patterned holes. 

Overwhelming the patterned holes of all composites holds albeit with different concentrations for 

different metal precursors. As the concentration is decreased, nanoparticle overgrowth can still be 
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observed but some of the size defining effect of the patterned holes can be observed as discrete 

structures can be resolved. Further decrease in metal precursor concentration can yield well 

defined nanoparticles that show little to no overgrowth. Additional decrease in metal precursor 

concentration shows no additional benefits and less overall nanoparticle formation at a given time 

point. Although these observations are for concentrations at a relatively short time point (1 hour), 

The overall size limiting behavior is observed for the optimized concentration persists into long 

time points with more complete decoration. 

 

Figure 3.7 TEM micrographs of different copper HG composite syntheses at progressively lower ratios of 

copper(II) chloride to HG (0.146 mg/mL). a) 5 mg/mL of CuCl2 HG (scale bar 100 nm). b) 2.5 mg/mL of CuCl2 

HG (scale bar 200 nm). c) 2 mg/mL of CuCl2 HG (scale bar 50 nm). Reprinted with permission from 

reference.166 Copyright 2020 American Chemical Society 

HRTEM micrographs can be used to clarify the identity and oxidation state of the 

nanoparticles present in the composites as presented in Figure 3.8. Both more positive reduction 

potential metals, silver and gold, the composites show small nanoparticles with lattice spacing that 

can be indexed to the metal(0) oxidation state. Both single orientation of lattice spacing and 

multiple different lattice spacing growing together can be observed in the micrographs. Variability 

in lattice orientation indicates that the holes can support the growth of a single nanoparticle with a 

single nucleation site or multiple nucleation sites form around the hole and grow into a single 

nanoparticle. Although many nanoparticles are spaced relatively far apart as compared to the 
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dimensions of the COF, there are several instances where nanoparticles are within a few 

nanometers of each other. Small inter-nanoparticle distances are relevant for a variety of technical 

applications which are currently underexplored due to the difficulty of placing nanoparticles in 

proximity. HG could serve as a route to these underexplored regimes. Further examination of the 

lattice spacing of the relatively negative reduction potential metals, copper and nickel, reveal more 

complex lattice spacing that cannot be attributed to single oxidation states. This behavior is 

somewhat expected as even if the nanoparticles were prepared in a metal (0) state, both metals are 

much more prone to oxidation than silver or gold species. 
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Figure 3.8 HRTEM micrographs of a) silver, b) gold, c) copper, and d) nickel decorated GNCs using optimized 

conditions for growth. Reprinted with permission from reference.166 Copyright 2020 American Chemical 

Society 

Zeta potential and dynamic light scattering (DLS) were also measured to evaluate both the 

stability and size distributions of both the initial exfoliated material as well as the material after 

metal decoration. HG is colloidally stable at lower concentrations (0.059 mg/mL concentration has 

a  zeta potential of –30.1 ± 10.2 mV) due to the abundance of oxygen containing functional groups 

introduced during the RIE process. DLS reveals two distinct size distributions centered around 150 

nm and 950 nm indicating a range of material in solution. Each of the other composite materials 

zeta potential and size distributions show somewhat different behavior as compared to the HG. 
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The primary distinction is the reduction of smaller size flakes and retention of a negative zeta 

potential albeit at varying magnitudes. The limiting of the small size distributions can be attributed 

to the effect of centrifugation as part of the composite synthesis. As only the pellet is resuspended, 

we can expect a shifting towards material that is more easily precipitated. The negative zeta 

potential can be ascribed to the retention of anionic salts to act as weakly bound ligands to 

composites nanoparticles. The relatively weakly bound nature of these ligands should ensure that 

they can be removed for catalytical applications as needed.  

Computational investigations based on density functional theory (DFT) are used to 

understand the effects of inclusion of the nanoparticles in the HG and on the electronic structure 

of the composite. Gold clusters are chosen as the main model system, since Au-GNC samples 

demonstrate higher heterogeneity in their oxidation state and zeta-potential. The size of the 

synthesized systems is computationally prohibitive, therefore a smaller magic-size gold cluster of 

13 atoms in size,175-178 Au13, is used as a simplified model of a metal nanoparticle. Au13 is inserted 

into the 1.5 nm hole at the HG, as illustrated in Figure 3.9. The lattice structure of Au13 perfectly 

fits to the geometry of the hole at the HG model. The edges of the hole at the HG model are capped 

by hydrogens and six carboxyl groups. It is expected that substitution of OH groups by H capping 

groups have a negligible effect on the electronic structure of the HG. This trend was observed for 

covalently functionalized carbon nanotubes (CNT), where substitution of OH groups with H at the 

sp3-defect side negligibly altered the electronic structure179,180,181 of the CNT. Calculations reveal 

that the HG capped with OH and 6 COOH has similar electronic features as the DOS of the HG 

with 6 COOH and the hydrogenated capping. Therefore, for simplicity, only the models with 

hydrogenated edges are used in calculations. This choice of the capping model is also rationalized 

by the fact that OH features in IR spectra are not resolved for Au-GNCs (see above). Therefore, it 
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is reasonable to assume that hydroxyl groups do not contribute to the coordination of Au 

nanoparticle and are not expected to critically affect their electronic structure.  

Due to flexibility of carboxyl groups, the Au13 cluster can be embedded inside the hole or 

slightly above the hole (at the surface), while strongly coordinated by carboxyl groups in both 

cases. Since carboxyl groups can be easily deprotonated in water solutions, we consider the 

“embedded” and “surface” structures for two cases: (i) HG with fully protonated carboxyl groups 

and zero charge on the metal cluster, (Au13)
0/6COOH, and (ii) HG with deprotonated groups 

turning to carboxylates, while the metal cluster remaining neutral, (Au13)
0/6(COO–). The number 

of deprotonated groups dictates the overall charge of the system. As such, the negative charge of 

deprotonated models is consistent with slightly negative zeta potential obtained experimentally for 

Au-GNCs.   
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Figure 3.9 Schematic representation (a) and optimized structures of the HG model (b) and HG with the gold 

cluster, Au13, embedded inside the hole of HG (c). The density of states (DOS) projected to the orbitals 

associated with carbon (black lines), oxygen (blue lines), hydrogen (grey lines), and gold (red lines) atoms of 

the HG with embedded (Au13)0 coordinated with 6(COOH) (d) and 6(COO–) (e) and with the (Au13)0 at the 

surface of the hole coordinated with 6(COOH) (f) and 6(COO–) (g). The negative charge of the whole system 

corresponds to the number of deprotonated carboxyl groups. Inserts show the optimized structures of the 

embedded and surface conformations. Reprinted with permission from reference.168 Copyright 2020 American 

Chemical Society 

Lower panels in Figure 3.9 show the density of states (DOS) projected on the orbitals 

originated from carbon, oxygen, and, metal atoms for embedded and surface structures of the 

neutral gold cluster coordinated with six carboxyl groups and six carboxyl groups being 
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deprotonated. In all cases, the gold cluster introduces the metal-associated states at the Fermi 

energy. While these states are significantly hybridized with the carbon-originated states, the 

pristine HG does not exhibit states directly at the Fermi energy. The embedded protonated and 

deprotonated structures contribute additional Au-originated states at the edge of the VB from –0.5 

eV to 0 eV. In contrast, the surface (Au13)
0/6COOH has a well-pronounced sub-gap at this energy 

range. Interestingly, deprotonated carboxyl groups in the surface structure facilitate penetration of 

the gold cluster inside the HG, making it look more like the embedded conformation. As a result, 

the peaks at the VB of the surface (Au13)
0/6(COO–) are similar to those of the embedded 

(Au13)
0/6(COO–) system. Overall, deprotonation of carboxyl groups leads to their stronger 

coordination with the embedded metal cluster, which broadens and shifts the metal-associated 

peaks toward the edge of the VB.  

Comparing these calculated results to the experimental valence XPS scans of the HG and 

the Au-HG composites, we can conclude that only the embedded (Au13)
0 cluster provides distinct 

peaks in the VB edge compared to HG, which agrees with experimental data. As such, we suggest 

that the nanoparticle is formed completely embedded in the hole of the HG, rather than at the 

surface of the hole. Second, the nanoparticle is expected to have no charge, while coordinated by 

fully protonated carboxyl groups. Additional calculations demonstrate that the structure with the 

positively charged cluster coordinated to six deprotonated carboxyl groups, (Au13)
6+/6(COO–), 

exhibits a sub-gap at the edge of the VB from –1 eV to 0 eV, with the metal-associated peak at the 

Fermi energy, which does not agree with the electronic features observed experimentally.  

The calculations of the DOS of embedded (Ag13)
0 and (Cu13)

0 clusters, that were 

constructed in a similar manner as embedded (Au13)
0, also demonstrate a well-pronounced metal-

associated peak at the edge of the VB that is distinct from the VB edge of HG. All embedded 
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clusters show very similar VB near the Fermi-energy, while the difference in their bands become 

more noticeable for states deeper inside the VB, especially for d-states associated with metals. 

Deprotonation of all carboxylic groups coordinated with metal clusters results in a slight redshift 

(~0.5 eV) of the highly intensive peaks associated with metal d-d orbitals, broadening their shapes 

near to the VB edge. This broadening is the most pronounced for (Ag13)
0/6(COO–) system. Taking 

into account that the zeta potential of Ag-HG composites shows a wider distribution toward more 

negative values compared to those of Au-HG and Cu-HG, it is reasonable to assume that structures 

with deprotonated carboxyl groups are more frequently present in Ag-HG samples. These 

deprotonated structures are likely result in much more pronounced VB shoulder at the lowest 

energies observed for Ag-HG, compared to other composites. 

To evaluate these GNCs as electrocatalytic platforms, we investigated the activity of the 

Ni-GNC for oxygen evolution reaction (OER) activity as shown in Figure 3.10. GNCs can serve 

as a platform to reduce overall metal usage, provide additional conductivity to boost catalytical 

activity, and reduce sintering.  

 

Figure 3.10 Electrochemical catalytic data for Ni-GNC toward oxygen evolution reaction (OER). a) Linear 

sweep voltammogram (LSV) in 1 M KOH on a rotating disk electrode @ 1600 rpm. b) Galvanostatic electrolysis 

of Ni-GNCs for 2 hours of continuous operation under the same conditions as LSV. c) Tafel plot of a) where 

the central region has been fitted. Reprinted with permission from reference.166 Copyright 2020 American 

Chemical Society 
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Current of 5 mA can be seen at 1.7 V potential vs RHE for 80 µg of Ni-GNC deposited 

onto a glassy carbon electrode. Onset potential for catalysis is at 1.53 V vs RHE, on par with other 

Ni(OH)2 based OER catalysts.182, 183 Catalytic activity shows stability over 2 hours of continuous 

operation at 1.6 V vs RHE. This performance serves as indirect evidence of the stability of the 

nanoparticles to remain inside of the holes and avoid sintering. Tafel slope of the Ni-GNC 

composite is 67.5 mV/dec, the value is also consistent with other Ni(OH)2 based catalysts. 

Electrochemical impedance spectroscopy was used to evaluate both surface area and the 

favorability of charge transfer after the onset potential. Equivalent circuit modeling at open circuit 

potential (1.28 V vs RHE) reveals large resistance to charge transfer (22570 Ohms) and 20 µF 

capacitance. Similar capacitances were observed under working potentials of 1.6 V and 1.7 V vs 

RHE but with dramatically reduced charge transfer resistance (193 and 133 Ohms, respectively). 

Additional confirmation of capacitance values was obtained by differential scanning of cyclic 

voltammetry in a 0.05 V non-faradaic window around 1.28 V vs RHE. Assuming a specific 

capacitance of 40 µF/cm2 in 1 M KOH, the overall electrochemically active surface area is 

approximately 0.61 cm2.184 We attribute the relatively small area to preference for restacking 

during deposition on electrode as well as the presence of Nafion in the catalyst ink blocking active 

sites. Future studies will focus on improving the active area but are beyond the scope of this current 

work. Further improvements in onset potential could be induced through pre- and post-synthetic 

doping strategies to generate Ni-Fe hybrids.185, 186  
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3.4 Conclusions 

Here we have demonstrated a facile process for production of holey graphene from HOPG 

via a COF-5 RIE process. The resulting material can be exfoliated into water and can have flake 

sizes ranging from 1 to 2 micrometers densely patterned with nanometer sized features. The 

material is active for a broad reduction potential range of size limited nanoparticles dictated by the 

relative ratio of metal salt to HG. Both metal(0) and metal oxide/hydroxide states were observed 

to form in an element dependent fashion without additional reducing agents. Edge hydroxyl-based 

oxidation is posited as the reduction mechanism as per FTIR and XPS evidence. Formed 

composites demonstrated strong electronic coupling between carbon and metal resulting in large 

changes to carbon and valence XPS of the material. Nanoparticle growth can overwhelm the hole 

sites at higher concentrations forming larger agglomerations. At lower concentrations metal 

nanoparticles can remain contained in their respective sites and cover large areas of the HG. All 

composite materials form metastable suspensions in water with negative zeta potentials, which we 

associate to the retention of anionic ligands, including deprotonated carboxyl groups at the HG 

edges, weakly coordinated to the nanoparticles in the composites. Computational investigations 

on model systems reveal a preference for embedding of nanoparticles inside the hole of the HG 

over their surface-based incorporation. Metal d-states are shown to contribute to the valence band 

of the electronic structure only for neutral nanoparticles consistent with XPS evidence. Ni-GNCs 

were evaluated as OER catalysts and demonstrated low overpotential of 300 mV, no degradation 

of current over two hours of operation, and 67.5 mV/dec Tafel slope.  
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3.5 Experimental 

3.5.1 COF-5 growth on HOPG 

COF-5 was synthesized in a procedure previously published.168 Briefly, a thick walled 

glass container was cleaned and dried in an oven . A mixture of phenylbisboronic acid (PBBA) 

(6.25 mg, 37.7 mmol) and 2,3,6,7,10,11-hexahydroxytriphenylene (HHTP) (4.00 mg, 12.33 mmol) 

in 1:1 mixture of (1 total mL) of 1,4-dioxane and mesitylene was added to the container and 

sonicated for 30 minutes. After sonication, 1×1 cm flakes of freshly cleaved highly ordered 

pyrolytic graphite (HOPG, #439HP-AB from SPI Supplies, West Chester, PA) were introduced to 

the vessel and left in an oven at 90oC for 40 minutes. The reaction vessel was allowed to cool to 

room temperature before removing the HOPG flakes and placing them in toluene overnight. The 

powder was washed with toluene and recovered via vacuum filtration. Substrates were sonicated 

the next day in toluene for 10 seconds and then placed in vacuum to thoroughly dry for several 

hours. 

3.5.2 Reactive ion etching 

Trion Phantom III LT RIE was used to etch HOPG flakes. The following conditions were 

used for etching: 200 mTorr pressure with 100 W of power for 30 seconds and 50 sccm of O2 flow 

were chosen as the final conditions. After etching, the substrates were washed with ethanol, 

nanopure water, and ethanol again to remove residual polymer. HOPG flakes were dried in vacuum 

after the wash to retrieve an initial starting mass used to estimate concentration in solution. 
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3.5.3 Exfoliation into solution 

Dried patterned HOPG flakes were massed and then placed into (2 mL) of nanopure water 

in a 1-dram vial. Sonication proceeded for 3 hours to attempt maximal retrieval of patterned 

material. After sonicating, the solution was retrieved and placed into a separate 1-dram vial for 

storage. The flake (if remaining) would be retrieved and dried under vacuum for several hours 

before massing. The mass difference between before and after sonication was used to estimate 

concentration in solution. 

3.5.4 Nanoparticle formation 

Solutions of HG were diluted to (0.292 mg/mL) and mixed with a variety of metal salt 

solutions at different concentrations. The following metal salts were used: (AgNO3, 

HAuCl4·3H2O, CuCl2·2H2O, and NiCl2·6H2O.) Concentrations ranged from (10 mg/mL to 0.1 

mg/mL). The typical copper process was to introduce (1 mL of 0.292 mg/mL) HG to (1 mL of 4 

mg/mL) metal salt solution in a 1-dram vial with a freshly cleaned stir bar. The magnetic stirrer 

was set at 800 rpm and the reaction was carried out in the dark at room temperature. All screening 

for nanoparticle decoration was conducted with 1-hour reaction while more complete coverage of 

nanoparticles was achieved with 6-hour reactions. After the reaction was completed, the solutions 

were centrifuged down for 30 minutes. The supernatant was recovered and (2 mL) of nanopure 

water were added for an additional two centrifugations. The later supernatants were discarded, and 

the final solutions were brought up in (1 mL) of nanopore nanopure water in a 1-dram vial. 

Optimized conditions for all metal salts were as follows: (Au) (2.5 mg/mL), (Ag) (5 mg/mL), (Cu) 

(4 mg/mL), and (Ni) (10 mg/mL). 
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3.5.5 Computational methodology 

All DFT calculations were performed in the Vienna Ab-initio Simulation Package187-189 

(VASP 5.4.4) using the Perdew, Burke, and Ernzerhof (PBE)190 exchange-correlation generalized 

gradient approximation (GGA) functional with projector-augmented wave (PAW) 

pseudopotentials191, 192 and plane-wave basis sets at the Gamma k-point.  

The supercell of HG with metal clusters is 20 Å × 21.5 Å along the x-y plane, where the z 

dimension varies, while providing at least 8 Å separation to minimize spurious interactions 

between replicas. The charge of the whole system is determined by the number of deprotonated 

carboxyl groups, while the charge on the metal cluster is zero. The optimization of the metal-HG 

systems was performed till the forces between ions were smaller than 0.01 eV/Å. All projected 

density of states (PDOS) calculations were performed at the Gamma-point. The (Ag13)0 and 

(Cu13)0 clusters were embedded in the HG with hydrogenated edges and coordinated to protonated 

or deprotonated carboxyl groups, similar to the created structures of the emended (Au13)0 cluster. 

Then the metal-HG structures are optimized at the same size supercell using the same methodology 

as Au-HG. 
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4.0 FET Size Discrimination of Carbohydrates via Conductive MOF@CNT Composites 

4.1 Preface 

This chapter contains work from yet unpublished manuscript. 

List of Contributors: David L. White, Brian A. Day, Zachary M. Schulte, Noah Borland, 

Nathaniel L. Rosi, Christopher E. Wilmer, and Alexander Star 

Author Contributions: DLW and AS designed the physical experiments. BD and CW 

designed the computational investigations. DLW wrote the manuscript. DLW and NB performed 

the bulk of the experimental work. ZS collected BET surface area data. BD conducted MD 

simulations. 

4.2 Introduction 

Sensing methodologies utilizing electrical conductivity as a transducing element are well 

developed technologies with extensive examples in gas phase,193-197 liquid phase,198-202 and 

biological sensing.203-205 Changes are typically recorded through direct alteration of charge carrier 

number,206, 207 modification of local chemical potential,208 or alteration in local capacitance.209, 210 

Broad improvement in each of these sensing methodologies has been achieved through integration 

with single-walled carbon nanotubes (SWCNTs). SWCNTs are particularly well-suited to these 

techniques due to large surface to volume ratios,25 superior electrical conductivity,211 and potential 

semiconducting band structure.206, 212 The advantages of SWCNTs also typically include other 
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sensitizing chemistry to improve their selectivity.26 However, most of these techniques degrade 

the performance of the nanotubes through covalent modification,213, 214 which limits electrical 

properties through the generation of trap states. Non-covalent functionalization with polymers215, 

216 can also induce selectivity but limit access the surface of the nanotube, the most sensitive part 

of the device. Covalent and non-covalent modifications of nanotubes are limited in identifying a 

particular functional group or chemical feature (i.e., electron donating, electron withdrawing, or 

polar). 

A relatively less explored area has been the rational integration of metal organic 

frameworks (MOF) as selective chemical layers for SWCNT-based sensors.217 The large  structural 

diversity of MOFs allows limitless possibilities to dictate interactions at the surface of sensors.59 

A particular advantage of MOFs combined with existing covalent chemistry on nanotubes is the 

wide variety of ways to control morphology of the composite through functional groups present 

on the nanotube and synthetic conditions. The principal advantage of MOFs when combined with 

non-covalent functionalization is the retention of access to the surface of nanotubes through the 

inherently porous structure of the MOF. Beyond improvement of sensing performance, SWCNTs 

provide natural structure to transmit information regarding local chemical events in the pores of 

the MOFs across long distances through conductivity. While electrically conductive MOFs are a 

rapidly growing field,218-223 incorporating SWCNTs into MOFs provides an alternative framework 

to improve conductivity with minimal pore disruption, or to make nonconductive frameworks 

inherit additional properties. 

Here we develop a methodology to discriminate chemically similar molecules (i.e., a 

homologous series of carbohydrates) based only by size as illustrated in Figure 4.1. By rationally 

integrating an existing conductive water stable MOF (Cu3HHTP2)
219 with SWCNTs, we 
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demonstrate changes in field-effect transistor (FET) composites that correlate with a filling of the 

pores of the Cu3HHTP2. Differential growth of Cu3HHTP2 on unoxidized SWCNTs versus 

oxidized nanotubes (ox-SWCNTs) is observed, as well as a dependence on electrical conductivity 

correlated with mass loading of nanotubes. As the size of the carbohydrate molecule is reduced 

larger and larger decreases in current can be observed because of decreased gate capacitance. For 

the smallest sugar, glucose, we observed concentration dependent decreases in conductance at the 

most negative applied gate voltage with limits of detection in the single digit micromolar region. 

 

Figure 4.1 Illustration of the synthetic strategy utilized to achieve size selective sensing through synergy 

between Cu3HHTP2
 and SWCNTs. 

4.3 Results and Discussion 

We synthesized Cu3HHTP2 in a solvothermal mixture of water and dimethylformamide 

(DMF) by slightly modifying the previously reported procedure.224 DMF was used as the solvent 
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to suspend the nanotubes due to the favorable matching of surface energies.225 Both SWCNTs and 

ox-SWCNTs were used to pursue functional composites. Our previous work217 had centered 

primarily around ox-SWCNTs due to the presence of carboxylic groups to act as nucleation sites 

for the formation of MOF. Herein we find that SWCNTs work better for the construction of FET 

sensors and are more amenable for dielelectrophoresis (DEP).  

A variety of nanotube to Cu3HHTP2 ratios were initially explored but final devices were 

focused on larger quantities of nanotubes (5% theoretical loading by mass) due to more favorable 

electronic behavior. Devices below 4% loading would commonly fail to generate devices. ox-

SWCNTs failed to yield consistent devices until 10% loading was utilized. Physical morphology 

characterization of the formed composite materials was conducted utilizing electron microscopy 

demonstrated in Figure 4.2. SWCNT composites show relatively complete covering of nanotubes 

indicating the interaction is governed by pi-pi interactions most clearly seen in Figures 4.2 a-c. In 

contrast, ox-SWCNTs based composites with same initial mass loading, show more clustered 

Cu3HHTP2 formation with numerous instances of bare nanotubes displayed in Figure 4.2.d-f. In 

both cases, no free Cu3HHTP2 was observed unassociated to nanotubes. 
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Figure 4.2 Electron microscopy of SWCNTs@Cu3HHTP2 composites. a) SWCNTs@Cu3HHTP2 with 5% mass 

loading of CNT on carbon backed TEM. b) SWCNTs@Cu3HHTP2 in powder form with clear nanotube 

dispersal throughout the structure. c) SWCNTs@Cu3HHTP2 deposited onto prefabricated devices with 

interdigitated gold electrodes. d,e,f) Similar micrographs as a,b,c but with ox-SWCNTs@Cu3HHTP2 instead of 

SWCNTs@Cu3HHTP2 

Observed SEM powders reveal homogeneous structure with intermixing of nanotubes and 

Cu3HHTP2. Tuning the mass loading alters the observed density of nanotubes. Nanorod 

morphology is attenuated as compared to previous reports218 but this is attributed to large amounts 

of co-solvent. Nanorod morphology is more pronounced in lower nanotube concentrations due to 

reduction of co-solvent volume. Cu3HHTP2 synthesized without nanotubes still lack clear nanorod 

morphology. This indicates that absolute presence of co-solvent is more critical for perturbing the 

nanorod morphology formation rather than the relative amount.   

Suspending powders in DMF by sonication with subsequent deposition onto interdigitated 

electrodes via dielectrophoresis (DEP)226 yields structures that more closely resemble observed 

TEM than bulk powders. Sonication has been shown not to affect the overall microcrystalline 

structure even after 72 hours. Cu3HHTP2 coverage on top of nanotubes is dense but not complete 

by simple observation. Retention of composite attachment through DEP processing and sonication 
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indicates both pi-pi interactions and carboxylic groups have strong interactions to support 

composite materials through processing. DEP was chosen over previously used dropcasting to 

ensure thin layers of composite which are more amenable to liquid based FET measurements and 

are more easily subjected to liquid electrolyte gating. 

Raman Microscopy was utilized to understand the interface of Cu3HHTP2 on nanotubes 

both in terms of the relative presence or absence of peaks as well as shifting of known peaks 

displayed in Figure 4.3.a. Raman spectroscopy of carbon nanomaterials is a well-developed 

field,227 allowing for facile comparison of the Cu3HHTP2 growth. Analysis of Cu3HHTP2 powders 

with and without nanotubes reveal a complicated spectrum with the bulk of the features occurring 

between 1200 and 1600 cm-1. The prominent features present in both nanotube composites are the 

radial breathing mode at ~150 cm-1 and the 2D peak present at 2670 cm-1. Minor redshifting of the 

RBM is observed in the composite, indicative of additional mass present on the nanotubes.228 

Typical analysis of relative D (1350 cm-1): G (1600 cm-1) ratios are precluded by the presence of 

Cu3HHTP2 vibration modes. Difficultly in achieving DEP deposition of ox-SWCNTs composite 

at similar mass loadings frustrates a comparative analysis of SWCNTs and ox-SWCNTs Raman 

peaks on silicon devices 
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Figure 4.3 Raman spectroscopy, XRD, and FTIR spectroscopy of Cu3HHTP2, SWCNTs@Cu3HHTP2, and ox-

SWCNTs@Cu3HHTP2. a) Raman spectra for bare SWCNTs and SWCNTs@Cu3HHTP2 deposited on 

prefabricated silicon devices. b) Stacked PXRD spectra for each of the different nanotube composite as well as 

Cu3HHTP2 without nanotubes. c) FTIR spectra for each of the different nanotube composite as well as 

Cu3HHTP2 without nanotubes. 

Comparisons of microcrystalline structure through powder X-ray diffraction (PXRD) show 

minor variations depending on the presence of nanotubes via Figure 4.3.b. In particular, the 

presence of SWCNTs shows larger relative growth of the 100 plane over other observed peaks. 

The 100 plane is primarily associated with the main pore presence in the structure and is suggestive 

of favorable growth of Cu3HHTP2 on pi surfaces as compared to carboxylic groups. Both 

Cu3HHTP2 as well as the ox-SWCNTs composite show expected peaks with minimal deviation 
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from the known crystal pattern. The presence of carboxylic groups therefore does not impede the 

growth or substantially alter the microcrystalline structure.  

FTIR was used as a complementary technique to evaluate changes in MOF structure upon 

addition of nanotubes as shown in Figure 4.3.c. No differences in observed peaks were observed 

between the three cases of Cu3HHTP2, SWCNTs@Cu3HHTP2, and ox-SWCNTs@Cu3HHTP2. 

Observed spectra match previous reports219 and indicated minimal effects of incorporation of 

nanotubes on the overall MOF structure. 

UV-vis absorption spectroscopy recapitulates the trend observed in XRD. As the 

proportion of nanotubes as well as co-solvent is increased, smaller and smaller amounts of 

Cu3HHTP2 growth can be observed as considered by a UV peak attributed to 

hexahydroxytriphenylene and a visible peak attributed to the coordinated Cu species.229 As UV-

vis samples are prepared through post-synthetic suspension of known masses, the spectra represent 

insight into the relative proportion of Cu3HHTP2:CNT. Both Cu3HHTP2 as well as ox-

SWCNTs@Cu3HHTP2 show relatively similar proportions as evaluated by peak height. This holds 

both as function of co-solvent volume as well as time. SWCNTs@Cu3HHTP2 shows 

comparatively higher growth as measured by peak height for the same measures as seen in Figure 

4.4.  
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Figure 4.4 UV-vis absorption spectra of suspended SWCNTs@Cu3HHTP2 composites and Cu3HHTP2  

prepared at 0.1 mg/mL in water. 

BET surface area measurements were also conducted for each of the different nanotube 

composite as well as Cu3HHTP2 without nanotubes as demonstrated in Figure 4.5. All the N2 

isotherms demonstrated type-I adsorption behavior with no hysteresis.230 BET surface area was 

somewhat lower than previous reports (~520 m2/g)224 with Cu3HHTP2 having a surface area of 

(279.49 ± 0.26 m²/g). SWCNTs@Cu3HHTP2 with the largest surface area (419.01 ± 1.04 m²/g), 

and ox-SWCNTs@Cu3HHTP2 having a similar surface area to just the MOF alone (262.52 ± 0.68 

m²/g). We attribute this reduced surface area to relative short synthetic time (2 hours) as compared 

to previous synthesis (18 hours). The larger surface area of SWCNTs@Cu3HHTP2 composite is 
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attributed to increased peak intensity observed in both UV-vis as well as PXRD. This also indicate 

a potentially interesting structure directing effect or lower energy growth mechanism that could be 

leveraged for future applications. This is beyond the scope of the current work.   

 

Figure 4.5 Nitrogen isotherms collected at 77K for a) Cu3HHTP2 b) SWCNTs@Cu3HHTP2 with 5% loading by 

mass and c) ox-SWCNTs@Cu3HHTP2 with 5% loading by mass. 

Composites of Cu3HHTP2 with carbon surfaces224 have been made before but to the best 

of our knowledge this has not been applied to SWCNTs. SWCNTs are particularly attractive from 

a FET sensing perspective due to the presence of semiconducting nanotubes. As-synthesized 

SWCNTs have a proportion of metallic nanotubes (1/3) which limits the usefulness in FET 

applications as metallic tubes are not easily modulated by an external charge environment. We 

note here in similarity to other efforts by our group,217 that MOF growth on top of the nanotubes 

suppresses the metallic aspects of the present nanotubes. This gives strong evidence for either 

complete wrapping of nanotubes to prevent traditional electrical contact or at a minimum a 

percolation theory threshold231 that is not exceeded. It has previously been noted that vary dilute 

networks of unsorted SWCNTs can have more semiconducting nature even with the presence of 

metallic nanotubes. This can be rationalized as a decreasing quantity of metallic nanotube 

junctions which increase the overall resistance of the nanotube network. By including an additional 

material, Cu3HHTP2, again the quantity of these nanotube junctions is lowered, and a more 

semiconducting network is established. Additional considerations for making devices here include 
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a preference for DEP as compared to drop casting to achieve much thinner films which is more 

reliably gated in liquid electrolyte. Device fabrication was also considerably improved by utilizing 

DMF as the solvent for the suspension instead of H2O. We hypothesize that this due to relative 

lowering of the dielectric constant which means less effect screening of the AC field and 

consequently more force to pull the composites to the surface.  

At higher relative concentrations of Cu3HHTP2 to nanotube, devices cannot achieve 

sufficient electrical contact between the metal electrodes to make viable FET devices. This 

indicates a percolation mechanism governing the overall electric properties of the composite 

material. At the two highest concentrations (5 and 10% respectively) explored, good devices with 

tens to hundreds of microamps in on current can be manufactured utilizing unoxidized nanotubes. 

Oxidized nanotubes generate consistent devices only at 10% mass loading demonstrated in Figure 

4.6.  
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Figure 4.6 FET curve of ox-SWCNTs@Cu3HHTP2 composite with 10% by mass loading. Substantial increases 

in current are observed. 

This difference in the electrical properties of the devices points to key differences in how 

nanotube functionalization affects the orientation and overall properties of the resulting devices. 

We chose to focus on unoxidized nanotubes for electrical device testing to have multiple loadings 

to compare initial sensing results against. Without salts present in the gating solution, devices show 

relatively poor gate modulation of the current. Introduction of 100 mM KCl dramatically improves 

the gating performance with on/off current ratios typically exceeds 20. Current on/off ratios for 

SWCNTs are typically beneath one unless devices are sparsely generated. Off current is dictated 

by the CNT junction resistance and the presence of metallic nanotubes. 
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We explored the sensing of a homologous series of glucose monomers including glucose, 

maltose, maltotriose, 𝛼-, 𝛽-, and 𝛾-cyclodextrin as a test case for size selective sensing as indicated 

in Figure 4.7. FET sensing is typically modulated by the presence of small molecule chemical 

moieties which affect the overall chemical potential of the device.232 Distinguishing analytes is 

typically conducted by choosing materials which have radically different chemical character 

(either electron donating, electron withdrawing, polar, or preferential interaction with the surface). 

Here we demonstrate differentiate solely based on size of analyte molecules instead of chemical 

functionalities present. The proposed mechanism for this sensing is the clogging of pores by 

smaller carbohydrates of the series which inhibit the transport of ions to the surface of the 

nanotubes altering the gate capacitance of the composite.233 

 

Figure 4.7 Liquid Gated FET demonstrating size selective changes in current. a)Illustration of Liquid FET 

sensing using Cu3HHTP2@ SWCNTs. b) FET curves with different size carbohydrates measured serially in 

constant ionic strength. c) Mean±SD current for (n=3) devices displayed in panel b. Devices are normalized to 

current with no sugar present @ –0.2V vs Ag/AgCl 

Measuring different carbohydrates at equivalent concentrations (500 µM) in the same ionic 

strength KCl solution reveals a decreasing current on the p-branch of the nanotubes as the size of 

the sugar molecule is decreased. Larger sugars, which should not necessarily enter the pores, also 

affect the capacitance indicating that gaps in Cu3HHTP2 coverage on the SWCNTs. Sugars 

interacting with bare SWCNTs also block the transit of ions to the surface. This trend holds across 
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different synthetic runs and even after several months in solution before deposition onto devices. 

Bending of the curve in this manner is equivalent to a reduction in gate capacitance. Additional 

titration measurements reveal a concentration dependent reduction of current in the p-branch for 

glucose. Limits of detection are in the single digit micromolar range made by evaluating the 

conductance at –0.4 V vs Ag/AgCl as shown in Figure 4.8. Making evaluations at the most 

negative gate voltage results can lead to spurious results due to effect of changing ionic strength 

in a titration experiment. The observed decrease in p-branch current is on a time scale similar to 

the length of the measurement as no change is observed at the highest concentrations for repeated 

measurements after five and ten minutes. 

 

Figure 4.8 Glucose titration and calibration curve. a) FET of Glucose titration on SWCNTs@Cu3HHTP2 

device. Concentration dependent bending of the curve can be observed at higher glucose concentrations. b) 

Glucose calibration curve based on changes in conductance at –400 mV vs Ag/AgCl. Linear fitting is only 

attempted on five rightmost data points.   

Further confirmation of size selective sensing can be ascertained from running titrations 

without washing off devices in between measurements. Initial introduction of glucose followed by 

other sugars in ascending sequence of size yields the largest current decrease with glucose. The 

addition of other sugar solutions decreases the overall concentration of glucose in the solution 
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increasing the observed current but is still differentiable from the measurements made in the 

absence of sugar in each case. Titration experiments running from the largest sugar unit, 𝛾-CD, to 

the smallest, glucose, reveal similar trends in current. The lowest current for the p-branch is always 

with the glucose testing revealing a size selective behavior for the response in the FET curve. 

Consistence in observe minimal current is strong evidence for the filling of the pores of Cu3HHTP2 

as a dominant mechanism in modulating gate capacitance. 

No trend in gate modulation is observed in SWCNTs deposited on a device indicating the 

crucial presence of the MOF as displayed in Figure 4.9. If the relative concentration of the 

nanotubes is increased to 10%, the observed effect is decreased, indicating that the thickness of 

the Cu3HHTP2 also crucially modulates the effect. Higher ratios of Cu3HHTP2 to SWCNTs induce 

less favorable electronic characteristics. We therefore have optimized around an intermediate 

loading of 5% to achieve maximal sensing response without sacrificing conductivity. Minimal 

change is observed upon simple dilution of the solution indicating the presence of the sugar units 

as crucial to achieve observed gate modulation.  
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Figure 4.9 FET titration experiment without Cu3HHTP2 as a selective sensing layer for SWCNTs. No clear 

trend is size can be made. 

Sweeping gate voltage in the opposite direction yields similar differentiation between the 

presence and absence of glucose. Repeated scans in the reverse direction also show minimal 

differences in current indicating that the initial pore filling process is rapid and observed behavior 

is not a transient effect. Additional FET measurements with a slower gate voltage sweep show 

decreased current indicating that the capacitance is indeed reduced and the observed reduced 

capacitance is minimally affected by the rate at which the gate voltage is swept.  

In the interest of understanding the effect of ionic strength on the measurements, we 

performed additional experiments with and without glucose presence in solutions with increasing 

ionic strength as illustrated in Figure 4.10. As ionic strength is increased, both threshold voltage 

shifts to more negative potentials and well as higher current at the most negative gate voltages are 
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observed. To demonstrate the relative effect of glucose in different ionic strength environments 

we plot the current observed at –200 mV vs Ag/AgCl reference for a range of ionic strengths from 

1 mM to 1 M in order of magnitude steps. The observed effect in the presence of glucose is a 

decreasing change in slope indicative of lower ionic strength due to pore blocking.  

 

Figure 4.10 FET curves of SWCNTs@Cu3HHTP2 composite at 5% loading by mass in increasing ionic strength 

environments. Each measurement was made in triplicate to yield mean curves displayed here. a) Without 
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glucose and b) with glucose. c) Comparison of current at –200 mV vs Ag/AgCl in increasing ionic strength 

environments.   

4.4 Conclusions 

Here we present a methodology for size selective sensing of sugars utilizing 

SWCNTs@Cu3HHTP2 hybrids. We have demonstrated changes in resulting morphology, 

microcrystalline structure, and surface area conditional upon the presence of carboxylic groups on 

the surface of nanotubes as well as absolute quantity of co-solvent present in the synthesis. Only 

larger relative loadings of nanotubes (>5% by mass) yield well-behaved electrical devices which 

can be deposited on interdigitated electrodes via DEP. Lack of carboxylic groups enables 

deposition at lower mass loadings for the resulting composites. As-deposited composite materials 

show enhanced semiconducting characteristics as compared to unfunctionalized nanotubes 

evidenced by improved current on/off ratios.  

FET devices show size dependent changes in current dependent on the size of the sugar 

unit for a homologous series of carbohydrates ranging from eight glucose units to one unit. Glucose 

shows the largest decrease in current due to pore filling which alters the gate capacitance. Current 

is modified for in the presence of glucose in a linear fashion dependent on the concentration. 

Titration of FET devices from either largest to smallest or vice versa yields the lowest current for 

glucose. Measuring in a series of increasing ionic strengths, the presence of glucose shows smaller 

changes in current at –200 mV indicating the effect of glucose as alteration of the capacitive 

strength of the environment.  
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We believe the sensing methodology presents a new way to evaluate molecules in complex 

environments and provides a way to reliably discriminate on the basis of size. MOF composites 

with SWCNTs remain a nascent field and the potential structural diversity of MOFs would enable 

large ranges of sizes to be explored. This work represents several important advances in 

demonstrating size selective FET sensing, development of synthetic methodology to combine 

MOFs with carbon nanotubes, and improved SWCNTs@MOF composite device manufacture.  

4.5 Experimental 

4.5.1 Suspension of carbon nanotubes 

For composites, either unoxidized single-walled carbon nanotubes (SWCNT, P2 Carbon 

Solutions) or oxidized single-walled carbon nanotubes (ox-SWCNT, P3 Carbon Solutions) were 

prepared into 0.1 mg/mL solutions of DMF. DMF solutions were sonicated for one hour to suspend 

nanotubes yielding a dark black solution. Suspended nanotubes were centrifuged for 30 mins at 

3000 rpm to remove large aggregates and bundles. 90% of the supernatant was recovered and used 

for the Cu3HHTP2 synthesis. A small aliquot of both the SWCNTs and ox-SWCNTs were taken to 

measure UV-vis characteristics. Concentrations of nanotubes used for the synthesis were 

normalized according to the observed intensity at 550 nm.  



 89 

4.5.2 Cu3HHTP2 growth with and without carbon nanotubes 

Cu3HHTP2 was synthesized from a previously published adapted procedure. For small 

scale syntheses to investigate the effects of mass loading of nanotubes, the following conditions 

were used. 8 mg of copper(II) acetate monohydrate and 6.5 mg of 2,3,6,7,10,11-

hexahydroxytriphenylene (HHTP) were massed and placed into either a 1 dram vial or 20 mL 

scintillation vial. Mass loading of nanotubes was controlled by changing the volume of the 

reaction. For instance, in the case of 0.5% loading, 0.5 mL of the previously generated suspended 

nanotube DMF solution was added to 0.5 mL of deionized water along with the copper and HHTP 

precursors. This mixture was sonicated for 20 minutes and then placed into an oven at 85 oC for 

two hours. The reaction mixture was removed and allowed to cool to room temperature. The result 

mixture was washed three times with both H2O and acetone and the final product was left to dry 

in a vacuum oven at 65 oC for 18 hours under reduced pressure to achieve a black powder. Large 

scale syntheses for the 5% mass loading were also conducted in very similar conditions with the 

primary difference of using 80 mg of the copper precursor, 65 mg of HHTP, 50 mL of the 

CNT/DMF solution and 50 mL of water. Cu3HHTP2 without nanotubes present were synthesized 

by using laboratory DMF.  

4.5.3 DEP deposition on prefabricated silicon devices 

Cu3HHTP2@SWCNTs powders at various mass loadings were sonicated into DMF at a 

concentration of 0.1 mg/mL for a total of one hour. Suspended solutions took on a deep blue color. 

These solutions were used for dielectrophoresis on prefabricate silicon devices with interdigitated 

electrodes with the following conditions: 60 µL of Cu3HHTP2@SWCNTs in DMF solution, 100 
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kHz frequency, 10 V of peak to peak voltage for two minutes. Devices were immediately washed 

with water and blown dry with N2. Devices were left on a hotplate at 120 oC for 30 minutes before 

any FET measurements to remove residual solvent.  

4.5.4 FET sensing of carbohydrates 

Glucose, maltose, maltotriose, 𝛼-, 𝛽-, and 𝛾-cyclodextrin were prepared in 1 mM 

concentrations utilizing deionized water as the solvent. Measurements for constant ionic strength 

were conducted by initially placing 100 mM KCl with deionized water in a 1:1 proportion on 

devices. The solution was in contact with an Ag/AgCl reference electrode. A 50 mV source drain 

bias was apply while gate voltages were swept from +600 mV to –600 mV in 200 total steps taking 

a total of 24 seconds. After this initial test, devices were washed with deionized water and blown 

dry with N2 before the next test was conducted. This cycle was repeated for each sugar solution 

replacing the deionized water with the appropriate 1mM sugar solution.  

For titration measurements, an initial set of measurements with the 1:1 100 mM 

KCl:deionized water was conducted. An addition equal volume aliquot of deionized water was 

then introduced without washing off the device. Electrical measurements followed the same 

parameters as above. This was repeated as many times as the titration required. Comparatively 

little changes caused by dilution of the electrolyte were observed as compared to presence of 

sugars. 
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5.0 Summary and Future Outlook 

The research described in this dissertation develops several lines of inquiry which have 

rich possibilities for future discoveries. In Chapter 2, a novel strategy to pattern graphene into 

holey graphene was performed and characterized. The use of covalent organic frameworks to 

facilitate physical pattern masking is potentially very useful due to the synthetic diversity exhibited 

in linker chemistry, post functionalization, structure directing agents, and pore size. The as 

developed chemistry could also be used to pattern one-dimensional objects such as carbon 

nanotubes. The electronic consequences of such patterning on both graphene and carbon nanotubes 

also deserve fuller attention. Examining how changing pore size and pitch between holes with 

different reticular covalent organic frameworks affects resulting electronic band structure is a 

worthwhile endeavor to develop a family of electronic materials from graphene. Beyond patterning 

considerations, ability to control nanoparticle growth on the surface of holey graphene structures 

through metal salt concentration could use additional attention. A fuller study of different ligands 

and the resulting FET curves would be useful to demonstrate the ability of localized electronic 

structure changes at the nanoparticle surface to be transmitted across longer distances. 

Additionally, single layered holey graphene metal nanoparticle composites serve as an ideal 

platform for conductive atomic force microscopy measurements for a range of molecular 

conductors.  

In Chapter 3, covalent organic framework patterning of single layer graphene was 

expanded to include highly ordered pyrolytic graphite with a range of different nanoparticle 

decoration. The developed composites showed size-controlled nanoparticle growth and synthetic 

control of fermi level through nanoparticle choice. Electrocatalytic behavior of this material 
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towards OER was additionally promising and could be further improved through iron doping. This 

material serves as a rich synthetic landscape for a variety of chemistry which was not explored 

here. Composites with polymers, other two-dimensional materials, poly-elemental metallic 

nanoparticles, and semiconducting nanocrystals all serve as additional directions this project could 

take on. Polymer composites would be useful in both improving the mechanical strength of 

materials at potential low mass loadings as well as serving a conductive filler. Other two-

dimensional materials (transition metal dichalcogenides or layered double hydroxides) could be 

interfaced with the exfoliated holey graphene material to achieve changes in electronic structure 

and to develop strongly bound solution phase materials sandwiches. Either placement of several 

different kinds of synthesized nanoparticles or alloying through galvanic displacement of holey 

graphene compound could be used to achieve even richer electronic control. The partial ligand 

environment of the holey graphene can also be used to access otherwise metastable states due to 

the size confining nature of the material. Semiconductor nanocrystals are potentially installable 

into holey graphene allowing for rapid conduction and photocatalytic schemes.  

For both single layer and graphite derived holey graphene, a potential workflow could be 

established to aid in the development of sensors and catalysts in both liquid and gaseous states. 

Synthetic control over the edge moieties present in holey graphene could be used to modulate the 

strength of binding to the nanoparticles. The different binding strengths would modulate the 

interaction with analytes in the gas phase, including carbon dioxide, water, hydrogen, and oxygen. 

Tunability of the sensing response in the gas phase can be correlated to response in the liquid phase 

FET measurements including pH which can be used to understand how electronic communication 

in the composites is modulated by dielectric environment. The data assembled in these interactions 

can be used to identify promising combinations of edge chemistry and nanoparticle to facilitate 
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carbon dioxide reduction reaction, oxygen reduction reaction, oxygen evolution reaction, and 

hydrogen evolution reaction. All these electrochemical reactions are important for future fuel cell 

development and energy storage. The combinatorial problem of assessing promising catalysts can 

be limited through pre-identification through sensing measurements.  

In Chapter 4, synthetic techniques to integrate metal organic frameworks with two different 

kinds of nanotubes were developed. Primary considerations for achieving high electrical 

conductivity in composite materials were the presence of functional groups on the surface of the 

single-walled nanotubes as well as mass loading of the nanotube. Composite materials enabled 

size selective sensing of a homologous series of sugars through a novel ionic strength mediated 

mechanism. This class of composite materials is particularly interesting due to rich chemistry that 

can be performed on both nanotubes and metal organic frameworks. The variety of metal ions and 

linkers that can be introduced will inevitably change the interactions with analytes. Additionally, 

as nanotubes can be functionalized with a wide range of chemical moieties, the interaction between 

the two materials can be mediated greatly. There is more potential in studying how diffusion in 

confined environments can be monitored with nanotubes sensors. Another possibility is to monitor 

chemical modifications of the metal organic framework in real time. Size selective sensing could 

be adapted to a wide range of environments especially due to the large range of potential pore sizes 

which are achievable with metal organic frameworks.  

The possibilities of rational carbon nanomaterial composites for sensing and catalytic 

applications are abundant. The exceptional electrical properties and large space of chemical 

reactions will enable many applications through composite formation that would be unachievable 

with any individual material. This work has illustrated just a few of those potential applications 

and highlighted potential directions for future work to go.  
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