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Towards 3D Architectures Composed of 2D Materials 
 

By 
 

Adrian Espinoza Garcia 
 

Doctor of Philosophy in Materials Science & Engineering 
 

 University of California, Irvine, 2019 
 

Professor Regina Ragan, Chair 
 
 
 

 

Two-dimensional (2D) materials such as graphene have been a topic of intense study as these 

atomically thin materials have shown enhanced characteristics ideal for applications such as 

renewable energy storage and electrochemical sensing, which has led researchers into a frenzy 

akin to that of prospectors during the gold rush. While there still is gold to be found, there is also 

fool’s gold when systematic studies are not performed. In order to develop new processes for 

fabricating 3D high surface area architectures, we investigated mechanisms at a fundamental 

level throughout this work. It is known that the surfaces of freestanding 2D graphene sheets 

exhibits record-breaking electrical and thermal conductivity, remarkable chemical stability, 

mechanical strength, and naturally high specific surface area, however, current 2D techniques lay 

the graphene sheets onto substrates, typically decreasing electron transport and always reducing 

accessible surface area. In order to use sides of a graphene sheet for applications that require 

high surface area, we took inspiration from origami. A single paper cannot support itself, but 

when it becomes part of a 3-dimensional (3D) structure, support becomes natural. The first phase 

of my work involved the use of minimal surface inspired 3D nickel templates to create free-
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standing graphene structures with inherited morphology, resulting in porous well-defined 

sponge-like structures of free-standing graphene. The concept of graphene shaped into minimal 

surfaces architectures is of great interest; theories predict unique mechanical properties, such as a 

young’s modulus of 1 TPa for single crystal graphene and an exceptionally high stiffness for 

minimal surface architectures. Few studies have been performed of fabricating graphene 

architectures with well defined pore sizes, co-continuous pores, and controlled layer thickness 

needed for enhancing mass transport and electronic conductivity. Studies were also performed 

involving atomistic control of impurities of these 3D graphene-based structures to effect 

electronic structure and chemical properties of graphene, creating a tunable range of 

characteristics for this multifunctional material. 3D graphene in minimal surface architectures 

shows potential for enhancing the capabilities of standard carbon-based applications and creating 

niche applications, but only when key challenges of controlling architecture and graphene quality 

are addressed.  
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Chapter 1: Introduction 

Nanomaterials may exhibit interesting properties that are not found in the bulk scale.1–4 In 

general, quantum confinement and increased surface area are important attributes of 2D 

materials for energy5–15 and sensing applications.16–18 Of the 2D materials, hexagonal boron-

nitride (2D insulator), molybdenum disulfide (2D semiconductor), and graphene (semiconductor/ 

conductor) have shown promise to be the smallest practical building blocks for the future of 

nanotechnology. In particular, graphene shows promise as multifunctional material due to its 

remarkably high electrical and thermal conductivities,19–23 mechanical strength,16–20 large 

specific surface area,21 chemical stability,22 and electronic and chemical tunability. However, its 

2D nature makes graphene difficult to implement into large area devices. Small scale devices can 

be painstakingly created and show enhanced capabilities towards molecular filtering, spintronics, 

photon detection and 2D field-effect transistors.23,24 However, scaling processes for 

manufacturing is still a significant challenge.25 High-quality 2D graphene requires growth on a 

conductive template and transfer processes to an insulating surface, which can degrade its 

electronic properties due to both the transfer process itself and the underlying substrate 

interaction.26 In order to circumvent this challenge and eliminate the waste of metal substrates,27 

we focus on the transfer-free synthesis of graphene using novel 3D architectures composed of 

thin metal films.  

Porous 3D architectures composed of graphene films can improve the performance of 

carbon-based scaffolds in applications such as electrochemical energy storage and catalysis, yet 

most graphene growth techniques has focused on 2D substrates. Within the field of 3D growth 

techniques, graphene oxide assemblies are dominant due to low-cost and ease of preparation.28–30 

https://www.zotero.org/google-docs/?JdERLy
https://www.zotero.org/google-docs/?AHvZ5b
https://www.zotero.org/google-docs/?B78Qtv
https://www.zotero.org/google-docs/?fCHlNI
https://www.zotero.org/google-docs/?2Co4xp
https://www.zotero.org/google-docs/?khfieZ
https://www.zotero.org/google-docs/?4OLv0x
https://www.zotero.org/google-docs/?AAFDYT
https://www.zotero.org/google-docs/?TiIkMb
https://www.zotero.org/google-docs/?M7ge4H
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While these are useful, the 3D morphology is random and the material is highly defective.31,32 

On the other hand, chemical vapor deposition (CVD) on 3D templates is a well-documented 

scalable technique for high-quality, defect free graphene;33–35 Yet, commercial metal foams with 

limited control over pore (100 µm) and ligament size distribution dominates this field.36–39 Such 

limitations do not allow for exploring the effect of the template’s pore and ligament sizes on 

graphene quality and electrochemical performance. Another example of templates used for 

graphene growth are derived from dealloyed metals is capable of controlled morphologies within 

a range of nm to a few µm.40,41 Dealloyed metals lose controlled tunability beyond 100 µm 

thicknesses,42,43 and its limited ligament size limits the lateral size of graphene domains, often 

degrading the achievable electrical properties.44 Thus it is important to examine the fabrication of 

new template structures that enable tunable features – such as pore and ligament size – for 

macroscopic growth of 3D graphene architectures as investigated in this thesis. Here, unique 3D 

templates self-assemble into bicontinuous low-curvature morphologies, which approximate 

geometric shape of near uniform pore and lattice sizes, similar to minimal surfaces. These low-

curvature open-cell templates are also tunable between the ranges of 8 to 30 µm, which fills the 

gap between the two templates earlier discussed. These are perfect templates for investigating the 

effect of physical 3D dimensions on the growth of graphene at its surfaces. 

Additionally, the architecture of minimal surface inspired structures creates enhanced 

mass transport properties for its constituent graphene building blocks. This is advantageous for 

applications involving flow, such as gas sensing and fuel cells. High-strength, open-cell, 

conductive foams with high-surface area serve a role in niche applications such as tissue 

engineering.45,46 Thus, graphene fabrication into a 3D architecture should not compromise 

graphene’s inherent properties as a 2D electron gas, which is the reason for its high electron 

https://www.zotero.org/google-docs/?BUv84F
https://www.zotero.org/google-docs/?Anpy2g
https://www.zotero.org/google-docs/?cPbSjx
https://www.zotero.org/google-docs/?9XKPfk
https://www.zotero.org/google-docs/?PMFIJq
https://www.zotero.org/google-docs/?wqwAmX
https://www.zotero.org/google-docs/?r29Rv7
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mobility. This work serves as a scalable blend of advanced materials in a unique high-surface 

architecture towards enabling technologies yet to be designed. 

1.1 Graphene 

Carbon is a particularly unique element due to the various numbers of allotropes it can form, 

each with interesting electrical properties. From C-60 “Buckyballs”47 to carbon nanotubes48 to 

graphene,49 Carbon has long presented itself as a tunable multifunctional nanomaterial which has 

given the scientific community decades worth of investigation into multifunctional applications; 

i.e., from the grandiose space elevators with carbon nanotubes50,51 to the slick lubricants with 

crumpled graphene balls,52–55 even reaching into the shadowy realms of quantum 

cryptography.56–61 Of all of these allotropes, graphene is the material of interest here, because it 

represents an allotrope of the thinnest physical dimensions possible for sp2 carbon, which can 

form over large areas. Graphene is a transparent lightweight, intrinsically strong, yet flexible, 

material that can be used as the base building block for the goal of creating porous sponges with 

tunable electrical and chemical properties. Here, in terms of multifunctionality, the structure and 

material becomes greater than the sum of its parts. The focus of the research presented here is 

manipulate the growth and modification of graphene and its properties in order to make the 

resultant nanomaterial suitable for next-generation applications such as 3D fuel cells,62,63 high-

sensitivity sensors,64–68 and tissue engineering scaffolds.45,46 However, we must first understand 

what drives the fundamental behaviors of graphene during its synthesis, modifications, and 

processing with respect to 3D templates.  

https://www.zotero.org/google-docs/?nF4ONj
https://www.zotero.org/google-docs/?LgqFlH
https://www.zotero.org/google-docs/?tH9RBJ
https://www.zotero.org/google-docs/?rSCtCW
https://www.zotero.org/google-docs/?uBHdPD
https://www.zotero.org/google-docs/?rrKx7z
https://www.zotero.org/google-docs/?PauKBs
https://www.zotero.org/google-docs/?f6sVzj
https://www.zotero.org/google-docs/?Pf0Xjb
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1.1.1 Challenges and objectives 

The primary challenges in the synthesis of 3D graphene monoliths lies in the ability to reliably 

control its structural characteristics and atomic scale environment, and thereby electrochemical 

properties, with scalable growth techniques. The reason the microelectronics industry succeeded 

is partially due to a scalable silicon growth process, the Czochralski method, where silicon 

crystals (boules) with 2 meter length and 300 mm thickness (weighing nearly 1,000 pounds!) 

could be made in bulk.69 More importantly, these boules could be tuned with exact percentages 

of other elements (e.g. nitrogen and boron), thus tuning the behavior of the bulk material. The 

biggest challenge in working with nanomaterials is investigating scalable nanomanufacturing 

methods to produce materials with controlled atomic scale properties. The atomic scale thinness 

of a graphene layer makes it challenging to create in bulk. Whereas silicon wafers are cut from 

the large silicon boule, into thicknesses of 300 to 500 µm thick, a graphene layer is 0.3 nm thick, 

(e.g. 1 million times thinner than a 300 µm Si wafer).  

Due to the physical nature of graphene, the most effective scalable ways to synthesize it 

is with “bottom-up” techniques where graphene is assembled atom by atom. Top-down methods 

tend to create random distributions of defects such as impurities, vacancies, etc., which affects 

the intrinsic properties and can degrade conductivity. Exfoliation (peeling flakes off graphite 

with tape) is a high-quality top-down method, which yields pure graphene flakes, but this is not 

scalable, nor can the sizes of the flakes cannot be easily controlled.70 It is only from controlled 

defect engineering that we will understand how to tailor the chemical and electronic properties of 

functionalized graphene. This necessitates the ability to create replicable high-quality graphene 

in bulk, in order to then introduce defects. An efficient way to create bulk pure graphene is with 

chemical vapor deposition (CVD)53–64 and thus, CVD is used to fabricate graphene in this thesis. 

https://www.zotero.org/google-docs/?rizR2v
https://www.zotero.org/google-docs/?UDwEgo
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More specifically, CVD on 3D porous metal scaffolds is used to address challenges of scalability 

associated with typical 2D growth techniques,71 and enhance the range of applications 

available.72–78  

When designing new 3D architectures, one must first seek the ability to create grow high-

quality graphene, utilizing the advances made in growth of 2D films, then study how to control 

electronic structure and chemical activity via defects in a controllable manner. Systematic and 

careful characterization techniques as a function of processing parameters are necessary . This 

systematic approach is needed to understand how to tailor characteristics for variable 

applications. In particular, defects, such as nitrogen dopants, were carefully examined, in order to 

understand how to modulate the nitrogen-to-carbon ratios, nitrogen configurations, and the 

resultant electrochemical effects towards tailoring chemical activity for next-generation fuel cell 

electrodes.  

1.1.2 Three dimensional graphene structures 

One reason why a graphene sheet is so extraordinary is its behavior as a 2D electron gas with 

zero effective mass due to the Dirac cone in its bandstructure.79 When the record breaking 

electron mobility of a graphene sheet was first measured, the experiments were performed on 

freestanding graphene.80 The electrons in a free-standing graphene sheet are free from extrinsic 

scattering (assuming no defects or impurities) because there are no interface charges as scattering 

sites. When a single layer of graphene is laid onto a surface, conductivity decreases as electron 

mobility is affected by electron scattering with interface charges81,82 and in the process, loses half 

of its physically accessible surface. In terms of physical interaction, a single layer of free-

standing graphene uses both sides of the atomic carbon layer to interact with their physical 

environment. Thus, in order to take advantage of high surface area structures with graphene’s 

https://www.zotero.org/google-docs/?1lZTOt
https://www.zotero.org/google-docs/?YI7wnj
https://www.zotero.org/google-docs/?De0GMi
https://www.zotero.org/google-docs/?Nizusb
https://www.zotero.org/google-docs/?UKN8eZ
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extraordinary properties in real world applications such as electrodes for energy systems, 3D 

porous graphene free-standing structures must be utilized. A 3D metal template for producing 

high quality graphene should have the following characteristics: 1: tunable features, 2: well-

ordered hierarchical morphology, 3: easily accessible interiors (e.g., open-cell, bicontinuous, co-

continuous), 4: low-curvature channels, and 5: potential for scalable manufacturing.  

The bicontinuous interfacially jammed emulsion gels (bijel) templates discussed in this 

thesis fit all of these characteristics and were used to form 3D metal scaffolds for graphene 

growth. Several challenges were addressed in this thesis to pursue this approach. Electroless 

nickel deposition on the bijel template was challenging due to the hydrophobic nature of the 

polymer template. CVD growth parameters of graphene surfaces on the polycrystalline metal 

scaffold required optimization to produce graphene with large domains. 2D SiO2/electroless-

nickel analogues were created and extensively used to empirically reveal the CVD parameters 

that would result in high-quality graphene on 2D surfaces. It was important to create 2D 

electroless nickel analogues because the impurities in electroless nickel can change the kinetics 

of graphene growth compared to pure nickel film. These 2D analogues directly contributed to the 

successful growths on 3D templates, and will further assist in future exploration of CVD 

parameters for modified 3D templates towards electrochemistry, gas sensing, and hybrid 2D 

materials. Nitrogen doped graphene is a hybrid 2D material of great interest, since there are two 

tunable variables, 1: atomic weight ratio of nitrogen atoms to carbon atoms and 2: nitrogen 

configuration in the graphene lattice, that are known to cause a range of electronic and chemical 

properties,12,67,83–88 but have not been well-explored in 3D graphene-based structures. 

https://www.zotero.org/google-docs/?S6JNEP
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1.2 Overview 

In Chapter 2, the experimental methods of this work are outlined, including the synthesis and 

characterization of 3D graphene systems. First, the principles of chemical vapor 

deposition(CVD) is described. The advantages of this scalable technique lies in the ability to 

controllably modulate the chemical nature of graphene films by introducing gaseous nitrogen 

dopants. The use of thin, inexpensive 2D metal films provided a high-throughput testbed for 

empirical exploration in search of optimal CVD parameters for 3D surfaces. . 

In order to understand the structure of graphene layers on 3D electroless nickel surfaces, 

a 2D electroless nickel film is created as a representative analogue. Since porous 3D surfaces 

cannot be characterized with scanning probe microscopy, the 2D surfaces were used for scanning 

tunneling microscopy, revealing the presence of multiple layers of rotationally misaligned 

graphene layers known as turbostratic graphene. The signs of turbostratic graphene were 

confirmed with Raman spectroscopy, a powerful non-destructive chemical characterization 

technique., This led to a few unanswered questions regarding CVD synthesis and the nature of 

graphene layer stacking in porous 3D thin metal foams enabled by statistical collection of Raman 

spectroscopy data on graphene surfaces. The role of scanning electron microscopy (SEM) as a 

method to inspect the physical morphology of the 3D templates is briefly discussed. Lastly, X-

ray photoelectron microscopy (XPS) was used to quantify the chemical and electronic structure 

of the 2D and 3D graphene-based surfaces in this work.  

Chapter 3 focuses on the importance of creating tunable 3D scaffolds in order to explore 

how curvature and open-cell porosity influences the kinetics of graphene growth on 3D surfaces. 

These physical characteristics influence the quality of graphene possible, which in turn, 

influences applications such as electrochemical systems. The challenges of electroless nickel 
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deposition on millimeter sized, mesoporous, hydrophobic polymeric bijel templates are described 

as well as the methods used to produce high quality nickel scaffolds for graphene growth. 

Chapter 4 outlines the fabrication and characterization of minimal surface inspired 

graphene architectures using polymeric bijel templates made by the Mohraz laboratory. The 

polymeric bijel templates are made by polymerizing 1 phase of a 3-phase mixture under spinodal 

decomposition. Poly(ethylene glycol) diacrylate is used as the polymer, and the polymeric bijel 

templates are henceforth referred to (bi-PEGDA). I used bi-PEGDA to make the metal scaffolds 

for graphene growth. Systematic studies on synthesis of both metal scaffolds and graphene 

growth are described in this chapter. The measured compressive mechanical properties revealed 

one of the highest strengths ever found for porous graphene foams.  

Chapter 5 investigated nitrogen doping in as well as different geometrical architectures 

for graphene growth.. Controllably patterned polymeric nanowires, and nickel inverse opals were 

used to understand the influence of process and architecture on controlling nitrogen dopants. The 

polymeric nanowires are made with a customized electrospinning process made by Madou 

laboratory. Nickel inverse opals are made by the Won laboratory, and used here to explore the 

effects of ligament sizes on nitrogen doped graphene growth, First, an overview of nitrogen 

doped graphene growth is discussed, as well as a method to standardize these techniques. 

Understanding how to control nitrogen configurations in the graphene lattice is of key 

importance to controlling the chemical activity. Cyclic voltammetry is demonstrated on pristine 

graphene bijel scaffolds. Finally, chapter 6 discusses future work the path forward for porous 3D 

graphene architectures.  



9 
 

 

1.3 References 

1. E. Roduner, Size matters: why nanomaterials are different, Chem. Soc. Rev., 2006, 35, 583–

592. 

2. S. Brown, J. L. Musfeldt, I. Mihut, J. B. Betts, A. Migliori, A. Zak and R. Tenne, Bulk vs 

nanoscale WS2: finite size effects and solid-state lubrication, Nano Lett., 2007, 7, 2365–

2369. 

3. S. Eustis and M. A. El-Sayed, Why gold nanoparticles are more precious than pretty gold: 

noble metal surface plasmon resonance and its enhancement of the radiative and nonradiative 

properties of nanocrystals of different shapes, Chem. Soc. Rev., 2006, 35, 209–217. 

4. S. Niyogi, E. Bekyarova, M. E. Itkis, J. L. McWilliams, M. A. Hamon and R. C. Haddon, 

Solution properties of graphite and graphene, J. Am. Chem. Soc., 2006, 128, 7720–7721. 

5. A. S. Arico, P. Bruce, B. Scrosati, J.-M. Tarascon and W. Van Schalkwijk, in Materials for 

sustainable energy: a collection of peer-reviewed research and review articles from Nature 

Publishing Group, World Scientific, 2011, pp. 148–159. 

6. M. T. Pettes, H. Ji, R. S. Ruoff and L. Shi, Thermal transport in three-dimensional foam 

architectures of few-layer graphene and ultrathin graphite, Nano Lett., 2012, 12, 2959–2964. 

7. P. Guo, H. Song and X. Chen, Electrochemical performance of graphene nanosheets as 

anode material for lithium-ion batteries, Electrochem. Commun., 2009, 11, 1320–1324. 

8. P. Lian, X. Zhu, S. Liang, Z. Li, W. Yang and H. Wang, Large reversible capacity of high 

quality graphene sheets as an anode material for lithium-ion batteries, Electrochimica Acta, 

2010, 55, 3909–3914. 

9. X. Xiao, P. Liu, J. S. Wang, M. W. Verbrugge and M. P. Balogh, Vertically aligned 

https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF


10 
 

graphene electrode for lithium ion battery with high rate capability, Electrochem. Commun., 

2011, 13, 209–212. 

10. E. Pollak, B. Geng, K.-J. Jeon, I. T. Lucas, T. J. Richardson, F. Wang and R. Kostecki, The 

interaction of Li+ with single-layer and few-layer graphene, Nano Lett., 2010, 10, 3386–

3388. 

11. A. Kumar, A. L. M. Reddy, A. Mukherjee, M. Dubey, X. Zhan, N. Singh, L. Ci, W. E. 

Billups, J. Nagurny and G. Mital, Direct synthesis of lithium-intercalated graphene for 

electrochemical energy storage application, ACS Nano, 2011, 5, 4345–4349. 

12. A. L. M. Reddy, A. Srivastava, S. R. Gowda, H. Gullapalli, M. Dubey and P. M. Ajayan, 

Synthesis of nitrogen-doped graphene films for lithium battery application, ACS Nano, 2010, 

4, 6337–6342. 

13. X. Li, D. Geng, Y. Zhang, X. Meng, R. Li and X. Sun, Superior cycle stability of nitrogen-

doped graphene nanosheets as anodes for lithium ion batteries, Electrochem. Commun., 

2011, 13, 822–825. 

14. J. B. In, B. Hsia, J.-H. Yoo, S. Hyun, C. Carraro, R. Maboudian and C. P. Grigoropoulos, 

Facile fabrication of flexible all solid-state micro-supercapacitor by direct laser writing of 

porous carbon in polyimide, Carbon, 2015, 83, 144–151. 

15. A. L. M. Reddy, S. R. Gowda, M. M. Shaijumon and P. M. Ajayan, Hybrid nanostructures 

for energy storage applications, Adv. Mater., 2012, 24, 5045–5064. 

16. D. Cohen-Tanugi and J. C. Grossman, Mechanical strength of nanoporous graphene as a 

desalination membrane, Nano Lett., 2014, 14, 6171–6178. 

17. X.-B. Hu, Y.-L. Liu, W.-J. Wang, H.-W. Zhang, Y. Qin, S. Guo, X.-W. Zhang, L. Fu and 

W.-H. Huang, Biomimetic Graphene-Based 3D Scaffold for Long-Term Cell Culture and 

https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF


11 
 

Real-Time Electrochemical Monitoring, Anal. Chem., 2018, 90, 1136–1141. 

18. G.-H. Lee, R. C. Cooper, S. J. An, S. Lee, A. Van Der Zande, N. Petrone, A. G. 

Hammerberg, C. Lee, B. Crawford and W. Oliver, High-strength chemical-vapor–deposited 

graphene and grain boundaries, Science, 2013, 340, 1073–1076. 

19. C. Lee, X. Wei, J. W. Kysar and J. Hone, Measurement of the elastic properties and intrinsic 

strength of monolayer graphene, science, 2008, 321, 385–388. 

20. H. I. Rasool, C. Ophus, W. S. Klug, A. Zettl and J. K. Gimzewski, Measurement of the 

intrinsic strength of crystalline and polycrystalline graphene, Nat. Commun., 2013, 4, 2811. 

21. M. D. Stoller, S. Park, Y. Zhu, J. An and R. S. Ruoff, Graphene-based ultracapacitors, Nano 

Lett., 2008, 8, 3498–3502. 

22. H. Wang, Y. Yang, Y. Liang, J. T. Robinson, Y. Li, A. Jackson, Y. Cui and H. Dai, 

Graphene-wrapped sulfur particles as a rechargeable lithium–sulfur battery cathode material 

with high capacity and cycling stability, Nano Lett., 2011, 11, 2644–2647. 

23. W. Cao, J. Kang, W. Liu, Y. Khatami, D. Sarkar and K. Banerjee, in 2013 Proceedings of 

the European Solid-State Device Research Conference (ESSDERC), IEEE, 2013, pp. 37–44. 

24. P. Ajayan, P. Kim and K. Banerjee, van der Waals materials, Phys. Today, 2016, 69, 9–38. 

25. M. Gobbi, E. Orgiu and P. Samorì, When 2D materials meet molecules: opportunities and 

challenges of hybrid organic/inorganic van der Waals heterostructures, Adv. Mater., 2018, 

30, 1706103. 

26. P. Sutter, J. T. Sadowski and E. Sutter, Graphene on Pt (111): Growth and substrate 

interaction, Phys. Rev. B, 2009, 80, 245411. 

27. A. V. Zaretski, H. Moetazedi, C. Kong, E. J. Sawyer, S. Savagatrup, E. Valle, T. F. 

O’Connor, A. D. Printz and D. J. Lipomi, Metal-assisted exfoliation (MAE): green, roll-to-

https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF


12 
 

roll compatible method for transferring graphene to flexible substrates, Nanotechnology, 

2015, 26, 045301. 

28. Z. Chen, C. Xu, C. Ma, W. Ren and H.-M. Cheng, Lightweight and flexible graphene foam 

composites for high‐performance electromagnetic interference shielding, Adv. Mater., 2013, 

25, 1296–1300. 

29. H. Hu, Z. Zhao, W. Wan, Y. Gogotsi and J. Qiu, Ultralight and highly compressible 

graphene aerogels, Adv. Mater., 2013, 25, 2219–2223. 

30. G. K. Dimitrakakis, E. Tylianakis and G. E. Froudakis, Pillared Graphene: A New 3-D 

Network Nanostructure for Enhanced Hydrogen Storage, Nano Lett., 2008, 8, 3166–3170. 

31. S. Ye, J. Feng and P. Wu, Deposition of three-dimensional graphene aerogel on nickel foam 

as a binder-free supercapacitor electrode, ACS Appl. Mater. Interfaces, 2013, 5, 7122–7129. 

32. L. Imperiali, C. Clasen, J. Fransaer, C. W. Macosko and J. Vermant, A simple route towards 

graphene oxide frameworks, Mater. Horiz., 2014, 1, 139–145. 

33. W. Jiang, H. Xin and W. Li, Microcellular 3D graphene foam via chemical vapor deposition 

of electroless plated nickel foam templates, Mater. Lett., 2016, 162, 105–109. 

34. X. Cao, Y. Shi, W. Shi, G. Lu, X. Huang, Q. Yan, Q. Zhang and H. Zhang, Preparation of 

Novel 3D Graphene Networks for Supercapacitor Applications, Small, 2011, 7, 3163–3168. 

35. G. Hu, C. Xu, Z. Sun, S. Wang, H.-M. Cheng, F. Li and W. Ren, 3D Graphene-Foam–

Reduced-Graphene-Oxide Hybrid Nested Hierarchical Networks for High-Performance Li–S 

Batteries, Adv. Mater., 2016, 28, 1603–1609. 

36. Z. Chen, W. Ren, L. Gao, B. Liu, S. Pei and H.-M. Cheng, Three-dimensional flexible and 

conductive interconnected graphene networks grown by chemical vapour deposition, Nat. 

Mater., 2011, 10, 424. 

https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF


13 
 

37. X. Dong, Y. Ma, G. Zhu, Y. Huang, J. Wang, M. B. Chan-Park, L. Wang, W. Huang and P. 

Chen, Synthesis of graphene–carbon nanotube hybrid foam and its use as a novel three-

dimensional electrode for electrochemical sensing, J. Mater. Chem., 2012, 22, 17044. 

38. J. Ning, X. Xu, C. Liu and D. L. Fan, Three-dimensional multilevel porous thin graphite 

nanosuperstructures for Ni(OH) 2 -based energy storage devices, J Mater Chem A, 2014, 2, 

15768–15773. 

39. E. Singh, Z. Chen, F. Houshmand, W. Ren, Y. Peles, H.-M. Cheng and N. Koratkar, 

Superhydrophobic Graphene Foams, Small, 2013, 9, 75–80. 

40. H. Hui, R. Xia, J. Li, Q. Mei, Y. Ma, F. Chen and Y. Lei, Effects of Cold Rolling and 

Annealing Prior to Dealloying on the Microstructure of Nanoporous Gold, Nanomaterials, 

2018, 8, 540. 

41. Y. Ito, Y. Tanabe, H.-J. Qiu, K. Sugawara, S. Heguri, N. H. Tu, K. K. Huynh, T. Fujita, T. 

Takahashi, K. Tanigaki and M. Chen, High-Quality Three-Dimensional Nanoporous 

Graphene, Angew. Chem., 2014, 126, 4922–4926. 

42. H.-J. Qiu, J. Q. Wang, P. Liu, Y. Wang and M. W. Chen, Hierarchical nanoporous 

metal/metal-oxide composite by dealloying metallic glass for high-performance energy 

storage, Corros. Sci., 2015, 96, 196–202. 

43. M. Mokhtari, C. Le Bourlot, J. Adrien, S. Dancette, T. Wada, J. Duchet-Rumeau, H. Kato 

and E. Maire, Cold-rolling influence on microstructure and mechanical properties of NiCr-

Ag composites and porous NiCr obtained by liquid metal dealloying, J. Alloys Compd., 

2017, 707, 251–256. 

44. F. Liu, C. Wang and Q. Tang, Conductivity Maximum in 3D Graphene Foams, Small, 2018, 

14, 1801458. 

https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF


14 
 

45. N. Li, Q. Zhang, S. Gao, Q. Song, R. Huang, L. Wang, L. Liu, J. Dai, M. Tang and G. 

Cheng, Three-dimensional graphene foam as a biocompatible and conductive scaffold for 

neural stem cells, Sci. Rep., 2013, 3, 1604. 

46. H. Amani, E. Mostafavi, H. Arzaghi, S. Davaran, A. Akbarzadeh, O. Akhavan, H. Pazoki-

Toroudi and T. J. Webster, Three-dimensional graphene foams: synthesis, properties, 

biocompatibility, biodegradability, and applications in tissue engineering, ACS Biomater. 

Sci. Eng., 2018, 5, 193–214. 

47. B. W. Smith, M. Monthioux and D. E. Luzzi, Encapsulated C 60 in carbon nanotubes, 

Nature, 1998, 396, 323. 

48. L. A. Girifalco, M. Hodak and R. S. Lee, Carbon nanotubes, buckyballs, ropes, and a 

universal graphitic potential, Phys. Rev. B, 2000, 62, 13104. 

49. A. K. Geim and K. S. Novoselov, in Nanoscience and Technology: A Collection of Reviews 

from Nature Journals, World Scientific, 2010, pp. 11–19. 

50. N. M. Pugno, On the strength of the carbon nanotube-based space elevator cable: from 

nanomechanics to megamechanics, J. Phys. Condens. Matter, 2006, 18, S1971. 

51. N. M. Pugno, The role of defects in the design of space elevator cable: From nanotube to 

megatube, Acta Mater., 2007, 55, 5269–5279. 

52. X. Dou, A. R. Koltonow, X. He, H. D. Jang, Q. Wang, Y.-W. Chung and J. Huang, Self-

dispersed crumpled graphene balls in oil for friction and wear reduction, Proc. Natl. Acad. 

Sci., 2016, 113, 1528–1533. 

53. S. Samanta, S. Singh and R. R. Sahoo, Effect of thermal annealing on the physico-chemical 

and tribological performance of hydrophobic alkylated graphene sheets, New J. Chem., 2019, 

43, 2624–2639. 

https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF


15 
 

54. D. Berman, A. Erdemir and A. V. Sumant, Few layer graphene to reduce wear and friction 

on sliding steel surfaces, Carbon, 2013, 54, 454–459. 

55. A. K. Rasheed, M. Khalid, A. Javeed, W. Rashmi, T. Gupta and A. Chan, Heat transfer and 

tribological performance of graphene nanolubricant in an internal combustion engine, Tribol. 

Int., 2016, 103, 504–515. 

56 Gisin: Quantum cryptography - Google Scholar, 

https://scholar.google.com/scholar_lookup?title=Quantum%20cryptography&author=Gisin%

2CN.&author=Ribordy%2CG.&author=Tittel%2CW.&author=Zbinden%2CH.&journal=Re

v.%20Mod.%20Phys.&volume=71&pages=145-195&publication_year=2002, (accessed 26 

July 2019). 

57. C. Strunk, Quantum devices: Towards entangled electrons, Nat. Nanotechnol., 2010, 5, 11. 

58. G. Y. Wu and N.-Y. Lue, Graphene-based qubits in quantum communications, Phys. Rev. B, 

2012, 86, 045456. 

59. I. Foulger, S. Gnutzmann and G. Tanner, Quantum walks and quantum search on graphene 

lattices, Phys. Rev. A, 2015, 91, 062323. 

60. K. Kristinsson, O. V. Kibis, S. Morina and I. A. Shelykh, Control of electronic transport in 

graphene by electromagnetic dressing, Sci. Rep., 2016, 6, 20082. 

61. S. I. Bozhevolnyi and N. A. Mortensen, Plasmonics for emerging quantum technologies, 

Nanophotonics, 2017, 6, 1185–1188. 

62. Y.-C. Yong, X.-C. Dong, M. B. Chan-Park, H. Song and P. Chen, Macroporous and 

Monolithic Anode Based on Polyaniline Hybridized Three-Dimensional Graphene for High-

Performance Microbial Fuel Cells, ACS Nano, 2012, 6, 2394–2400. 

63. H.-J. Qiu, Y. Guan, P. Luo and Y. Wang, Recent advance in fabricating monolithic 3D 

https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF


16 
 

porous graphene and their applications in biosensing and biofuel cells, Biosens. Bioelectron., 

2017, 89, 85–95. 

64. Y. Huang, X. Dong, Y. Shi, C. M. Li, L.-J. Li and P. Chen, Nanoelectronic biosensors based 

on CVD grown graphene, Nanoscale, 2010, 2, 1485–1488. 

65. X. Dong, Y. Cao, J. Wang, M. B. Chan-Park, L. Wang, W. Huang and P. Chen, Hybrid 

structure of zinc oxide nanorods and three dimensional graphene foam for supercapacitor and 

electrochemical sensor applications, RSC Adv., 2012, 2, 4364–4369. 

66. H. S. Song, O. S. Kwon, J.-H. Kim, J. Conde and N. Artzi, 3D hydrogel scaffold doped with 

2D graphene materials for biosensors and bioelectronics, Biosens. Bioelectron., 2017, 89, 

187–200. 

67. S. Srivastava, P. K. Kashyap, V. Singh, T. D. Senguttuvan and B. K. Gupta, Nitrogen doped 

high quality CVD grown graphene as a fast responding NO 2 gas sensor, New J. Chem., 

2018, 42, 9550–9556. 

68. S. K. Krishnan, E. Singh, P. Singh, M. Meyyappan and H. S. Nalwa, A review on graphene-

based nanocomposites for electrochemical and fluorescent biosensors, RSC Adv., 2019, 9, 

8778–8881. 

69. P. E. Tomaszewski, Jan Czochralski—father of the Czochralski method, J. Cryst. Growth, 

2002, 236, 1–4. 

70. J. W. Suk, A. Kitt, C. W. Magnuson, Y. Hao, S. Ahmed, J. An, A. K. Swan, B. B. Goldberg 

and R. S. Ruoff, Transfer of CVD-grown monolayer graphene onto arbitrary substrates, ACS 

Nano, 2011, 5, 6916–6924. 

71. Y. Chen, X.-L. Gong and J.-G. Gai, Progress and Challenges in Transfer of Large-Area 

Graphene Films, Adv. Sci., 2016, 3, 1500343. 

https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF


17 
 

72. H. Weng, Y. Liang, Q. Xu, R. Yu, Z. Fang, X. Dai and Y. Kawazoe, Topological node-line 

semimetal in three-dimensional graphene networks, Phys. Rev. B, 2015, 92, 045108. 

73. J. R. Owens, C. Daniels, A. Nicolaï, H. Terrones and V. Meunier, Structural, energetic, and 

electronic properties of gyroidal graphene nanostructures, Carbon, 2016, 96, 998–1007. 

74. D. C. Miller, M. Terrones and H. Terrones, Mechanical properties of hypothetical graphene 

foams: Giant Schwarzites, Carbon, 2016, 96, 1191–1199. 

75. G. S. Jung, J. Yeo, Z. Tian, Z. Qin and M. J. Buehler, Unusually low and density-insensitive 

thermal conductivity of three-dimensional gyroid graphene, Nanoscale, 2017, 9, 13477–

13484. 

76. Z. Qin, G. S. Jung, M. J. Kang and M. J. Buehler, The mechanics and design of a lightweight 

three-dimensional graphene assembly, Sci. Adv., 2017, 3, e1601536. 

77. G. S. Jung and M. J. Buehler, Multiscale Mechanics of Triply Periodic Minimal Surfaces of 

Three-Dimensional Graphene Foams, Nano Lett., 2018, 18, 4845–4853. 

78. J. Lei and Z. Liu, The structural and mechanical properties of graphene aerogels based on 

Schwarz-surface-like graphene models, Carbon, 2018, 130, 741–748. 

79. K. S. Novoselov, A. K. Geim, Sv. Morozov, D. Jiang, M. I. Katsnelson, Iv. Grigorieva, Sv. 

Dubonos, Firsov and AA, Two-dimensional gas of massless Dirac fermions in graphene, 

nature, 2005, 438, 197. 

80. X. Du, I. Skachko, A. Barker and E. Y. Andrei, Approaching ballistic transport in suspended 

graphene, Nat. Nanotechnol., 2008, 3, 491–495. 

81. V. V. Cheianov and V. I. Fal’ko, Friedel oscillations, impurity scattering, and temperature 

dependence of resistivity in graphene, Phys. Rev. Lett., 2006, 97, 226801. 

82. J. H. Seol, I. Jo, A. L. Moore, L. Lindsay, Z. H. Aitken, M. T. Pettes, X. Li, Z. Yao, R. 

https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF


18 
 

Huang and D. Broido, Two-dimensional phonon transport in supported graphene, Science, 

2010, 328, 213–216. 

83. L. Qu, Y. Liu, J.-B. Baek and L. Dai, Nitrogen-doped graphene as efficient metal-free 

electrocatalyst for oxygen reduction in fuel cells, ACS Nano, 2010, 4, 1321–1326. 

84. A. Capasso, T. Dikonimos, F. Sarto, A. Tamburrano, G. De Bellis, M. S. Sarto, G. Faggio, 

A. Malara, G. Messina and N. Lisi, Nitrogen-doped graphene films from chemical vapor 

deposition of pyridine: influence of process parameters on the electrical and optical 

properties, Beilstein J. Nanotechnol., 2015, 6, 2028–2038. 

85. T. Lin, I.-W. Chen, F. Liu, C. Yang, H. Bi, F. Xu and F. Huang, Nitrogen-doped mesoporous 

carbon of extraordinary capacitance for electrochemical energy storage, Science, 2015, 350, 

1508–1513. 

86. J. Wu, L. Ma, R. M. Yadav, Y. Yang, X. Zhang, R. Vajtai, J. Lou and P. M. Ajayan, 

Nitrogen-doped graphene with pyridinic dominance as a highly active and stable 

electrocatalyst for oxygen reduction, ACS Appl. Mater. Interfaces, 2015, 7, 14763–14769. 

87. L. Van Nang, N. Van Duy, N. D. Hoa and N. Van Hieu, Nitrogen-Doped Graphene 

Synthesized from a Single Liquid Precursor for a Field Effect Transistor, J. Electron. Mater., 

2016, 45, 839–845. 

88. T. Granzier-Nakajima, K. Fujisawa, V. Anil, M. Terrones and Y.-T. Yeh, Controlling 

Nitrogen Doping in Graphene with Atomic Precision: Synthesis and Characterization, 

Nanomaterials, 2019, 9, 425. 

 

 
 
 
 

https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF
https://www.zotero.org/google-docs/?HwKpGF


19 
 

Chapter 2: Experimental 

2.1 Chemical vapor deposition 

Chemical vapor deposition (CVD) is the primary growth technique used because it is a scalable 

technique for creating high quality graphene with primary variables, such as time, temperature, 

gas flow rates, and secondary variables that can be used to influence the characteristics of the 

thin films.  

A typical CVD setup for graphene is composed of a high temperature furnace, a quartz 

tube and boat, quartz tube stands, metal substrate, process gases, gas regulators, mass flow 

controllers driven by a power supply, stainless steel tubing with Swagelok fittings, and a proper 

gas ventilation system. This thesis features a vacuum system to exhaust gases and bring the tube 

furnace to low pressure. This technique is also referred to as low-pressure chemical vapor 

deposition (LP-CVD).1 Fig. 2.1.1a shows a schematic of the setup with Fig. 2.1.1b showing an 

image of the setup with the boat/substrate in the middle of the quartz tube, which is encased 

inside of a furnace. 700 °C - 1100 °C are typical growth temperatures with higher temperatures 

tending to yield higher quality graphene films.2 There are typically 3 gases used, an inert gas, 

hydrogen gas, and a hydrocarbon gas.3 For all the work completed in this dissertation, an 

argon/hydrogen mixture of 95 at% / 5 at% was used, this mixture is referred to as “forming gas” 

throughout this dissertation. Methane gas (CH4) is used as the hydrocarbon precursor and later 

ammonia gas (NH3) is used to dope the graphene lattice with nitrogen atoms. On a brief 

digression, atmospheric CVD (e.g. without a vacuum)is the more common technique,4 however 

vacuum furnaces change the deposition kinetics, allowing for a higher probability of high-quality 

graphene crystals due to the reduced pressure environment.5  
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Figure 2.1.1: (a) Schematic of CVD and (b) actual setup. 

2.1.1 Principles of chemical vapor deposition 
 

It should be noted that CVD is a multi-factored process in which several different 

variables can be tuned to adjust the quality of the resultant films.6 In the case of graphene growth 

kinetics and nucleation, the primary variables are time, temperature, and gas concentration 

(hydrocarbon-to-hydrogen gas ratio7 is particularly important). The secondary variables include, 

but are not limited to, temperature ramp rate,8 metal film thickness/roughness,9,10 cool-down 

rate,11 volume of metal film-to-hydrocarbon ratio,7 average grain size of metal crystals,12 metal 

crystal direction,13 and carbon solubility of the metal.14  

 In order to deposit graphene onto a substrate (copper or nickel thin films are typical 

substrates), substrates should be loaded onto a boat (quartz boats are typical) which are used to 

carry the substrate into the center of the tube situated in the “hot zone” of the furnace. The ends 

of the quartz tubes are tightly sealed against vacuum flanges fitted with a silicone O-ring. While 

this dissertation utilizes a vacuum on the gas exhaust side of the quartz tube to create low-

pressure, the setup of a LP-CVD is otherwise the same as atmospheric CVD.  
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After some time of evacuating the atmospheric gas and flowing inert gas (i.e., purging), 

the furnace begins to ramp from room temperature to the process temperatures. This dissertation 

tested a wide range of temperatures and found 1050 °C to be an ideal process temperature for 

high-quality graphene deposition.15 Yet, nitrogen-doped graphene deposition become quite 

challenging at 1050 °C due to ammonia’s corrosive effects which intensify with temperature.16 

Instead, lower temperatures between 900-100 °C ought to be used for such depositions,16 refer to 

chapter 5 for details. CVD of graphene typically requires an inert gas to continuously flowing 

from start to finish. At the process temperature, the hydrocarbon (e.g. methane, CH4) is 

introduced into the quartz tube along with a hydrogen gas. Here, the metal films act as a catalyst 

for dehydrogenation of CH4 gas molecules into their components, C + 2H2.3 The hydrogen 

molecules are removed via vacuum whilst the carbon atoms are left behind on the metal surface 

and begin to self-assemble into a graphene lattice. The use of a hydrogen gas assists with this 

process as well.3 In essence, what is happening here is that the conductive metal films absorb an 

excess of thermal energy, some of which is passed into an adsorbed methane molecule. The 

methane molecule ejects its hydrogen atoms, one by one, in response to the excess energy.17 

Methane does this until it becomes a single carbon atom, deposited onto the hot metal surface. 

Copper films form graphene via a “surface-mediated” process.18 whereas nickel films grow 

graphene through diffusion, segregation, and precipitation.19 This is due to the carbon solubility 

of these metals where the carbon solubility of nickel is much higher than that of copper.20 

An important challenge is controlling is the crystallinity of the resultant graphene lattice. 

This is briefly discussed here and the topic is brought up again later in chapter 3.1 and 5.4 when 

discussing whether the size of 3D ligaments in a porous structure can limit the achievable 

graphene crystal size. In the literature, graphene is used as a “catch-all” term which has extended 
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its definition far beyond that which it was originally meant to define. Originally, graphene was 

defined as a perfect crystal of single layer sp2 carbon with no defects or grain boundaries;21,22 

This is the source of the originally reported extraordinary properties. However, it should be noted 

that turbostratic graphene possesses its own unique properties such as retaining single layer 

characteristics through every layers of a multilayer graphene stack.23 Turbostratic graphene 

serves as an interesting outlier to the following descriptions. The lack of grain boundaries and 

defects means that mass transfer (e.g. electrons or heat) through an isolated graphene surface 

encounters no resistance.24 Fig. 2.1.2 shows examples from Pham. et al.25 demonstrating single 

crystal and polycrystalline graphene from left to right. The addition of any grain boundaries 

 

 

Figure 2.1.2. Optical images of graphene crystals on copper film. (a) Isolated single crystals 
are visible. (b-d) The graphene single crystals begin to merge into each other and become 
polycrystalline. Pham, Phi HQ, et al. "Controlling nucleation density while simultaneously 
promoting edge growth using oxygen-assisted fast synthesis of isolated large-domain 
graphene." Chemistry of Materials 28.18 (2016): 6511-6519.  

 

changes the nature of the material from graphene (i.e., a single atomic layer of carbon as a single 

crystal) to polycrystalline graphene (i.e., a single layer of carbon with 1 or more grain 

boundaries).25 Though polycrystalline graphene has lower conductivity than a single crystal 

material, it is still useful and much easier to manufacture.26 It is simpoy important that the 
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graphene scientist or end-user understand what they are working with when they create or 

purchase “graphene”.22  

While it is notoriously difficult to create large single crystals of graphene, there is a 

subset of graphene work dedicated towards perfecting the methods behind such growths on 

copper films.24 A seldom disclosed details in the synthesis of CVD graphene through copper foil 

is that unless the team took special care to electrochemically polish and pre-oxidize the copper 

foil, then load the film into the furnace as a “copper pocket”,1 it is likely that they have produced 

polycrystalline graphene, rather than single crystals of graphene. Controllably creating large 

graphene crystals (few layers to multi layers) on polycrystalline nickel films is a challenge that 

has not yet met an answer, but can borrow methods from the wealth of research performed on 

copper films. Thus, in order to properly quantify CVD results, a statistical Raman study should 

be performed across the surface of the film.27  

2.1.2 Dopants via chemical vapor deposition 

CVD allows for a high level of chemical and electrical tunability with graphene 

surfaces.26,27 During CVD of graphene, other dopant gases can be added in order to add small 

percentages of other elements into the carbon film. For example, adding ammonia gas (NH3) into 

a typical CVD procedure with methane (CH4), under the right parameters, would allow nitrogen 

atoms to substitute in the graphene lattice.28 Dopants have a powerful of an effect on the physical 

properties of graphene films.28 In order to tune the graphene film, one needs to be able to 

controllably introduce dopants into the graphene film. For example, in nitrogen-doped graphene, 

a small percentage of nitrogen atoms are embedded directly into the carbon lattice.  

The ability to control the percentage of dopants in a graphene film and test the doped 

film’s characteristics is a prime example of the role of materials science in determining structure-
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function relationships. Such observations allows us to understand how to tailor the properties of 

the film to fit a variety of applications such efficient metal free electrocatalyst in fuel cells,29 

electrochemical biosensing,30 and microbial fuel cells.31 In electrochemistry, a nitrogen defected 

graphene film is far superior to its pristine graphene cousin.32 For example while each nitrogen 

atom is be considered a defect, nitrogen doped graphene has shown enhanced catalytic activity 

outperforming the typical platinum based catalysts found in fuel cells.29 In general, there are 3 

CVD strategies that focus on the flow of a hydrocarbon gas (e.g. methane) and nitrogen 

containing gas (e.g. ammonia) during the growth phase of a CVD. These are further discussed in 

chapter 5. 

2.1.3 Chemical vapor deposition, 2D vs 3D 

While there are many challenges involved with making graphene structures from bi-

PEGDA, the process of making the bijel templates themselves is quite challenging as well! bi-

PEGDAwere produced by the Mohraz Laboratory.33–35 In order to not sacrifice these precious 

samples, we used 2D films such as nickel films, copper films, and electron-beam evaporated 

nickel-copper alloys to optimize CVD parameters for synthesis of 3D samples.36 As such, 3D 

templates were only used after suitable CVD parameters were found from extensive depositions 

with the expendable 2D films. Comparative images of this are shown in chapter 4. In this early 

stage of research, strategies like this are a necessity when learning to scale a nano-manufacturing 

process. In terms of growth on bijels templates vs films, it was often the case that using the same 

CVD parameters produced higher quality graphene films on 3D nickel bijel scaffolds(bi-Ni), 

compared to 2D nickel films. This effect is likely to be due to the thickness of the 2D nickel 

films (25,000 nm) vs the average deposited thickness of nickel films on the 3D templates 

(approximately 300 nm). 
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2.2 Scanning tunneling microscopy 

Scanning tunneling microscopy (STM) is a scanning probe method which uses quantum 

tunneling between a super sharp tungsten tip and a surface in order to visualize individual atoms 

via their electron density of the material being probed.37 Due to STM tip’s extreme sensitivity to 

roughness, surfaces should not be too rough. For example, a silicon wafer appears flat, but the 

STM tip can reveal silicon step edges on the atomic level as seen in Fig. 2.2.1a-b When imaging, 

a voltage bias is made between the tip and surface. The tip is controlled using a lock-in amplifier 

to come to a stop just ångströms away from the surface, at which point, quantum tunneling of 

electrons begins to occur between the tip and surface. As the tip then rasters across the surface, 

the difference in the electron density is reflected with the intensity of tunneling electrons 

between the surface and tip. This difference in intensity is converted to a map, which is often 

interpreted as a “height map”of the surface, where the assumption is made that electron density is 

correlated exactly with atomic position.38 In order to accomplish this atomic scale imaging, STM 

must be performed under ultra high vacuum. Typical vacuum achieved in the ultra high vacuum 

system with STM in the Ragan Laboratory are approximately 5x10-11 torr.  

 STM studies of many-layered turbostratic graphene on planar nickel surfaces was 

performed by Chen Santillan Wang and Robert N. Sanderson in the Ragan Laboratory. These 

studies revealed Moiré pattern which indicated stacked graphene layers which were rotationally 

faulted from the others. This was the first confirmation of behavior related to turbostratic 

graphene. Since this was discovered on a 2D surface which was analogous to the 3D structures, it 

was hypothesized that the 3D surfaces would also be made primarily of turbostratic graphene. 

This prompted statistical Raman spectroscopy analysis as a standard process in order to 

appropriately characterize these complex surfaces as discussed in the next section.  
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Figure 2.2.1. STM images of a silicon wafer with (100) surface orientation. (a) 300 nm x 300 
nm map shows step edges of the silicon wafer. (b) 150 nm x 150 nm map where silicon atoms 
are visible as small dots. Unpublished, Garcia A.E. & Ragan, R. 2012. 

 

2.3 Raman spectroscopy 

Raman spectroscopy is a vibrational spectroscopy technique which measures the inelastic 

scattering of light with phonons in a material after monochromatic laser irradiation. This 

response is translated into an “Intensity” vs “Raman shift” plot. Raman is incredibly important as 

a graphene characterization tool as it is a non-destructive way of estimating the number of 

graphene layers present underneath the laser.27 It should be stated that Raman spectroscopy is a 

local technique which measures regions on the sample surface in the 0.001 mm laser spot size. 

While a perfectly uniform, pristine material will have the same characteristic behavior across the 

entirety of its surface, a non-uniform material is not guaranteed to have the same characteristic 

behavior outside of the laser’s area. For this reason, it is important that Raman studies of 

graphene use statistical models derived from many different Raman points across the material’s 
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surface in order to get a realistic idea of the entire film’s characteristics. This dissertation uses 30 

points, each separated by 50 µm, as the minimum quantity to statistically evaluate the entire film.  

2.3.1 Principles of Raman spectroscopy 

Raman spectroscopy measures inelastic scattering between photons and phonons (lattice 

vibrations).39 As a light from a monochromatic laser impinges on a material, the chemical bonds 

between atoms of a “Raman active” material will transition between vibrational energy states in 

response to the addition or subtraction of energy. Solid materials respond to to this 

monochromatic light with vibrational energy known as phonons. Fig. 2.3.1 shows a schematic of 

the different ways phonons can make energy transitions. 

In most cases, laser irradiation on a material mostly scatters elastically, otherwise known 

as Rayleigh scattering (blue arrow in Fig. 2.3.1). However, a small fraction of this irradiation 

interacts with matter inelastically, as shown in the red arrow of Fig 2.3.1. These vibrational 

modes (phonons) relax to an energy state just a bit higher than that which the phonons occupied 

before laser irradiation.40 The law of conservation of energy dictates the difference between the 

initial and final state of the phonon must be 0. Thus, if the scattered photon has a different 

wavelength, a phonon must absorb or emit energy to conserve energy. This energy difference is 

correlated with the vibrational energy levels of the material, which fingerprints molecules.41  
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Figure 2.3.1. Jablonski Energy Diagram: Blue arrow: After laser irradiation, excited phonons 
may jump to virtual energy states. Red arrow: Rayleigh (elastic) scattering is the most common 
response. The Stokes and Anti-Stokes effect occur with a 2-photon process. When an incoming 
photon excites a phonon to virtual energy states, the phonon will relax and either (Green 
arrow) eject a 2nd photon of less energy or (Purple arrow) eject a 2nd photon of higher energy 
than the incoming photon. The phonon ends up in a higher or lower energy state, respectively.  

 

2.3.2 Raman spectrum of graphene 

Raman spectroscopy is powerful due to its non-destructive nature (provided the laser 

intensity is kept below a power that can damage the graphene film) and its ability to identify 

single layer graphene. Raman spectroscopy is used in nearly every paper that focuses on 

graphene systems. Though it is challenging to standardize the appropriate characterization 
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methods of graphene since the actual nanomaterial itself has yet to be properly standardized, 

examples of methods proposed for standardization will be discussed throughout this thesis. 

Generally, the three most common signs of graphene or otherwise graphitic materials are the D, 

G, and 2D bands,42 which can typically be found near 1350 cm-1, 1580 cm-1, and 2680 cm-1 

respectively. Other lesser-studied bands are known to exist,46 but the 3 common peaks are more 

reliable to characterize the material. At a high level, these three peaks correspond to the number 

of defects, the graphitic nature of the material, and the number of graphene layers, respectively. 

Fig. 2.3.2a shows examples of these 3 characteristic peaks found in graphene. A small “D” band 

(typically referred to as “defect” peak in literature) can be seen at position 1387 cm-1 with a G 

band at 1583 cm-1. The 2D band can be seen at 2699 cm-1. The typical way of quantifying defects 

through Raman data, is by taking the ratio of the intensity found at D and dividing that by the 

intensity found at G (typically abbreviated as ID/IG). In the case of Fig. 2.3.2a, this would be 

0.09, a relatively small defect ratio. One of the most important metrics in graphene Raman 

spectroscopy is the ratio of intensity of the 2D band over the G band (I2D/IG). In the case of Fig. 

2.3.2a, this is a ratio of 1.3. Typically, single layer graphene is identified by a I2D/IG ratio of 2 or 

more. Fig. 2.3.2b shows 3 different examples of peaks that would all be considered single layer 

graphene, with I2D/IG ranging from 1.8 to 5.4. The 2D band can be described as the “out-of-

plane” vibrational 
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Figure 2.3.2. (a) Raman spectrum of graphene with all 3 characteristic peaks visible. (b) 
Raman spectra of 3 different points all showing signs of single layer graphene with no visible 
defect peak. Unpublished data - Garcia A.E. & Ragan R. (2019) 

 

mode of the graphene layer. An absurdly simple case can be related to a flick of a taut rubber 

band. For example, take a rubber band and pull it tightly, what happens when you flick the band? 

You see vibrations, waves of up and down, until the band comes to a rest.43 By flicking the 

rubber band, you effectively act like the laser of a Raman microscope, because you’ve injected 

energy into the system. This is similar to a single graphene layer, which will freely vibrate out of 

plane; the peak and trough of the vibrations produce a large I2D Raman intensity. Now, get two 

rubber bands and keep them atomically close to each other, flick the top one and microseconds 

later, flick the bottom one. Your rubber bands are out of phase, that is, the vibrational waves do 

not align. So the height and trough of your waves do not match. The result is that your two 

rubber bands come to rest much more quickly than in the single rubber band case, and the 

intensity of vibrations is not as high as the single band case. Two or more graphene layers cause 

similar behavior, which reduces the I2D Raman intensity. Of course, the actual physics is much 

more complex than this,42,44–46 with caseslike turbostratic graphene, (i.e. misaligned layers of 
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stacked graphene) that can lead to different observations than would typically be expected for the 

number of layers present.  

In the case of a nanomaterial like graphene, there are several factors to take into 

consideration when performing Raman experiments on graphene. One of the most important 

questions to ask is, what substrate is the “graphene” material resting on? In the case of a thick 

material, this question would not be important, but in the world of nanomaterials, it makes a 

difference since the material being probed is a single atom thick and is affected by the substrate 

which it rests on. As alluded to earlier, most graphene growth experiments are two-dimensional 

and rely on substrate supports (such as SiO2) to keep the graphene from aggregating. One 

standard that has emerged from the study of graphene revolves around the usage of SiO2 with an 

O2 thickness of 300 nm. This is partially because other oxide thicknesses have been shown to 

directly affect the intensity of the signal produced47 and partially due to the fact that the thickness 

of graphene films can be more easily judged by eye using SiO2 with 300 nm O2 thickness.48  

 

2.3.3 Turbostratic graphene 

One of the intricacies of graphene is the case of turbostratic graphene. Turbostratic 

graphene, (otherwise known as rotationally-faulted graphene or twisted graphene21), is when two 

or more overlaid graphene layers are oriented in plane with an angle differing from AB stacking 

found in graphite. This stacking is shown in Fig. 2.3.3.1 as a schematic. When this happens, the 

Pi electrons of each sheet may become electronically decoupled from the other.49 When the 

rotation angle is large enough, each sheet electronically acts as a single layer of graphene despite 

the fact that it is physically part of a stacked system of graphene sheets.23 The resulting effect can 

have interesting effects, such as allowing all of the sheets to simultaneously participate in charge 
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transport with constant resistivity.23 In terms of Raman, if the angle mismatch between layers is 

large enough, the Raman spectrum will produce signal reminiscent of single layer graphene even 

for a multilayer sample, rather than the graphite peak shapes which would normally be produced 

with AB stacked graphite. Fig. 2.3.3.2 shows an example from Mogera et al. whom show a 

Raman spectrum of turbostratic graphene (black) and one of graphite (red curve), note the 

appearance of the “shoulder” on I2D of the red curve.50 This shoulder is typically seen in Raman 

spectra of graphite. Here, Mogera et al. show that turbostratic graphene can be “relaxed” back 

into its AB-stacked orientation by applying high temperature (approximately 1500 °C) to the 

stack. 

Previous research indicates that turbostratic graphene most often results from CVD on 

nickel substrates.51 As such, research performed had a focus on understanding CVD growth that 

resulted in turbostratic graphene. The offset angle between overlaid graphene sheets leaves much 

to be understood and explored; A recent paper discovered signs of superconductivity with a 1.1 ° 

offset between graphene sheets.52 It is clear that turbostratic graphene research, 2D and 3D, is 

still in the early stages of exploration. 
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Figure 2.3.3.1. (a) Example of AB vs (b) turbostratic layer stacking of graphene.53  
 

 

Figure 2.3.3.2. Example of Raman spectrum on turbostratic graphene (black) with the same 
spot revisited after a high temperature anneal (red). Image from: Figure 5a. U. Mogera, R. 
Dhanya, R. Pujar, C. Narayana and G. U. Kulkarni, Highly decoupled graphene 
multilayers: turbostraticity at its Best, J. Phys. Chem. Lett., 2015, 6, 4437–4443. 
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2.4 Scanning electron microscopy and X-ray photoelectron 

spectroscopy 

Scanning electron microscopy (SEM) is a characterization method which relies on focusing a 

beam of electrons onto a surface and using the known scattering behavior of electrons to create 

visualized images. The typical methods used during this dissertation were secondary electron 

imaging. Additionally, low-voltage SEM was used to gauge the local difference between the 

number of graphene layers on a nickel surface. While SEM cannot tell the exact number of 

graphene layers, it can identify whether a nickel surface has more or less graphene layers than 

the nickel surface next to it.54 Nickel surfaces with fewer layers of graphene have lighter contrast 

than surfaces with more layers of graphene (dark contrast). Examples of this are shown in 

Chapter 4. When inspecting freestanding pure carbon foams, the differences between graphene 

layer is much obvious. If the carbon is composed of many layers of graphene, it becomes 

opaque, appearing solid. However, carbon with sufficiently little number of graphene layers 

becomes transparent and the underlying features beneath the film are clearly visible. SEM 

images has consistently produced stunning images in this work. Fig 2.4.1 shows the same pillar 

after the nickel bijel scaffold was CVD processed and after the nickel backbone was etched. The 

majority of the SEM results from this dissertation utilize an FEI Quanta 3D FEG Dual Beam 

(SEM/FIM) located in UCI’s IMRI facility. Additional SEMs utilized were an FEI XL-30 

FEGSEM and a Tescan GAIA3 SEM-FIB.  
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Figure 2.4.1. SEM images of (a,c,e) turbostratic graphene on nickel bijel scaffolds and (b,d,f) 
freestanding turbostratic graphene after etching the underlying nickel support. CVD performed 



36 
 

at 1050 °C with 2 minutes of 0.8 SCCM CH4, 300 SCCM of forming gas, a 1 hour pre-growth 
anneal at 1050 °C and 30 °C/min ramp with a quick cooldown. 1M FeCl3 was used to etch 
nickel over 12 hours. Scale bars are (a-b) 500 µm, (c-d) 100 µm, and (e-f) 10 µm. 
Unpublished, Garcia A.E. & Ragan, R. 2019. 

 

X-ray photoelectron spectroscopy (XPS) is one of the most useful tools for probing the 

purity of graphene films as well as detailing the bonding configurations of (doped) graphene 

films. It is particularly important in the study of nitrogen doped graphene films (N-graphene). 

High resolution XPS is also useful in assisting with the determination of the chemical 

composition of the graphene surfaces. Although, there is still uncertainty in proper analysis of 

the signal returned from high resolution XPS, mainly due to the high sensitivity of XPS and the 

overwhelming lack of properly documented preparation methods of carbon materials from 

reports in the literature. In addition, this XPS sensitivity differs from instrument to instrument. 

These intricacies are further discussed in the supplemental information of Chapter 4. An AXIS 

Supra XPS by Kratos Analytical is used as the instrument throughout this dissertation. 

2.4.1 X-ray photoelectron spectroscopy of nitrogen doped graphene 

XPS can accurately determine the nitrogen atom’s position in an N-graphene lattice (Fig. 

2.4.1.1). This is an important characterization tool as a hot topic in N-graphene is figuring out 

how to grow N-graphene whilst tuning the nitrogen atom’s bonding configurations. There are 3 

types of nitrogen configurations.55 Pyridinic nitrogen is defined as a nitrogen atom attached to a 

graphene lattice with a single vacancy. Pyrrolic nitrogen is defined as a nitrogen atom attached to 

a graphene lattice with two vacancies. Graphitic nitrogen is defined as a nitrogen atom that 
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directly substitute another carbon atom, no vacancies needed. These are shown as green, yellow, 

and red in the image from Zafar et al.56  

 

 

Figure 2.4.1.1. The 3 possible nitrogen configuration in a nitrogen doped graphene lattice. 
Image from Z. Zafar, Z. H. Ni, X. Wu, Z. X. Shi, H. Y. Nan, J. Bai and L. T. Sun, Evolution of 
Raman spectra in nitrogen doped graphene, Carbon, 2013, 61, 57–62. 
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Chapter 3: Architecture and the effects of structure 

Architecture is the design of structures. One can architecture a structure, but one cannot 

structure an architecture. 

 

The primary motivation of this dissertation is to explore 3D structures with finely tailored 

architecture composed of the 2D material, graphene. The primary questions of the dissertation 

include: How thin can the walls of a porous 3D structure become before the structure is unable to 

support itself without collapsing? How does the mechanical behavior of 3D porous structures 

change as the number of graphene layers in the walls changes from many layers to few layers to 

single layers? 

With the combination of a 3D open-cell template - with low-curvature surfaces and 

tunable ligament sizes - and thousands of papers of CVD graphene research at our fingertips, is it 

possible to grow a single layer graphene crystal throughout millimeter sized 3D structures? 

Possibly, but it has taken decades to develop growth processes to produce single crystal graphene 

over large areas in a planar dimension; the ability to do so in 3D also would presumably require 

equal effort. Rather, this research focuses on answering the question, can multilayer graphene 

have electrical properties approaching that of single layer graphene and how can these structures 

be made into 3D architectures? What parameters can we glean from prior studies on 2D metal 

surfaces and what other parameters are important for growth on architectures in 3D? The role of 

architecture, the strategies used to fabricate ideal architecture designs, optimizing scalable 

processes to create metal scaffolds, and how the architecture and processing parameters affect 

the structure of graphene following CVD is discussed in this chapter. 
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3.1 Theory of architecture in 3D nanosystems 
 
The millimeter sized 3D porous nanosystems investigated here involve multiple length scales, 

structures with micron sized pores composed of nanometer thin films. In order to promote 

efficient graphene synthesis on 3D architectures and retain its material properties, 3D 

architectures that closely resemble minimal surfaces1,2 are used as they benefit mass transport of 

gas during CVD growth and have locally minimized curvature.1 Minimal surfaces are made up 

of low curvature pathways, that can be periodic in three dimensions (i.e., triply periodic minimal 

surfaces) and have zero-mean curvature along every point of its surfaces;3 With respect to the 

local environment of a graphene film, these low-curvature surfaces appear topologically flat,4 

reducing the probability of uncontrolled defect formation in the graphene lattice due to high 

curvature surfaces.5  

In addition to providing an ideal surface for graphene formation, minimal surfaces 

possess high specific mechanical properties due to their unique architectural topology.6 For 

example, lattices with a stretching-dominated deformation response to compression are 

mechanically efficient compared to the bending-dominated topologies of typical strut-based 

lattices, with a Young’s modulus of E ~ ( )1 and E ~ ( )2, respectively, where  = ⍴foam / ⍴bulk 

material.7 Since most porous architectures are bending-dominated, their Young’s moduli are 

typically an order of magnitude less than that of stretching-dominated architectures. Thus, if 2 

materials were equally dense, the material with a bending-dominated response (E~ (⍴foam / ⍴bulk 

material)2) would be an order of magnitude weaker than the material with a stretching-dominated 

response E~ (⍴foam / ⍴bulk material). As such, it is preferable to use stretching-dominated 

architectures, like minimal surfaces, to create mechanically robust 3D graphene. The uniform 

topologies found in minimal surfaces are stretching-dominated and distribute load equally 
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throughout the structure, reducing stress concentration at any particular point.8–10 

While theories of minimal surfaces composed of carbon films (giant schwarzites)4 have 

been discussed for decades,1 only recently has this been experimentally achievable, due to the 

progress in template-derived CVD.5,11,12 In fact, there have been just a handful of publications 

reporting experimental results of minimal surface-inspired 3D graphene structures13–19 and even 

fewer5,11,12 that have been able to apply the elevated temperatures used in this work with bijel 

templates.20 If the morphology of a template cannot withstand high temperatures without 

sintering, the benefits of a high-temperature deposition (high quality graphene synthesis) are 

foregone. An example of the morphology loss caused by elevated temperatures on small pore 

sizes (such as those found in dealloyed metals) is demonstrated in chapter 5.4. Most literature 

published on synthesis of 3D graphene structures involves reduced graphene oxide, which may 

no longer have carboxyl and carbonyl terminated edges, but often results in sp3 carbon, rather 

than the sp2 carbon expected for graphene.21 Studies agree that in order to create such giant 

schwarzites, the graphene films must be sp2 and must not be edge-terminated with hydrogen or 

functional groups.22 Therefore CVD is a viable option to create minimal surfaces composed of 

graphene films. These architectures are highly desired due to their ability to retain the 2D 

properties of high quality graphene in a 3D architecture,23 bringing forth the opportunity to 

create 3D multifunctional graphene scaffolds with capability to enhance the wide number of 

applications that utilize carbon foams.24  
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3.2 The role of bicontinuous interfacially jammed emulsion gels 

(Bijels) templates 

Bicontinuous interfacially jammed emulsion gels (bijels) are the “porous polymeric sponges” 

used as templates throughout this work. Bijels are highly unique materials as they tend to self-

assemble into structures resembling triply periodic minimal surfaces,33,34 serving as a scalable 

means of achieving low-curvature bi-continuous architectures.12,25–27 Bijel templates are used as 

approximate minimal surfaces in high-temperature template-derived chemical vapor deposition 

to experimentally test theories surrounding the synergistic effects of minimal surfaces composed 

of turbostratic graphene.5,31,13,14,43 Bijels are a novel soft material made from self-assembly of 

two immiscible fluids with interpenetrating domains, separated by a thin layer of neutrally-

wetting jammed colloidal particles that undergo spinodal decomposition.18 In to preserve this 

unique spinodal morphology, one phase is polymerized with poly(ethylene glycol) diacrylate; 

this forms bi-PEGDA35–38 suitable for metal deposition. This mechanism is further discussed in 

chapter 4. The co-continuous (open-cell) minimal surface morphology of bijel templates with 

tunable length scales makes them a prime candidate to be used as a multifunctional composite 

material with enhanced physical properties.39,40 bi-PEGDA can be used as-is for applications 

such as cell delivery41 or be functionalized to serve as high power density electrodes.42 Next, 

bijel templates are compared to typical 3D templates along with a synopsis of the ability of each 

template to achieve three requirements towards the creation of a tunable 3D template for 

graphene synthesis.  

Clearly, the first requirement is to have a porous metal structure with easily accessible 

interiors, otherwise known as “open-cell”.28 Most commercially available 3D porous structures 

are composed of internal pathways with random order, sharp turns, and dead ends.29,30 Indeed, 
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for the purpose of growing a fully interconnected graphene film in 3D CVD, structures must be 

designed in order to accommodate the kinetics for graphene growth, hence the usage of the word, 

“architecture”. Fig. 3.2.1 shows an example of a graphene scaffold derived from a bi-PEGDA vs 

a graphene oxide bijel scaffold. The graphene oxide scaffold is noticeably more disordered; This 

loss of parent morphology due to graphene oxide usage is also noted in commercial metal 

foams.31 

  

Figure 3.2.1. SEM images comparing the orderedness of graphene materials made bijel 
scaffolds with a bottom up and top down method. (a) Graphene bijel scaffolds made via CVD. 
Scale bar is 100 μm. Unpublished, Garcia A.E. & Ragan, R, et al. 2019. (b) Graphene oxide 
bijel scaffolds made via graphene oxide freeze-drying.32 L. Imperiali, C. Clasen, J. Fransaer, 
C. W. Macosko and J. Vermant, A simple route towards graphene oxide frameworks, Mater. 
Horiz., 2014, 1, 139–145. 

 

The second requirement is to balance the curvature of the metal templates. Too high of a 

local curvature on the metal scaffold increases the chances that graphene films will form 

unwanted defects.33,34 On the other hand, curves are necessary in 3D porous nanosystems as they 

help reduce adverse effects, such as graphene sheet restacking,35 so it is important to understand 

how to tune such systems.36 Thus, a low curvature 3D template with open cell morphology 

would best serve this role. An example of an architecture with such curvature is the gyroid,3 a 



50 
 

class of triply periodic minimal surfaces discovered by Alan Schoen at NASA in the 1970s. The 

gyroid is best known for its natural appearance in nature such as the scales of butterfly wings.37 

In fact, studies have described the spinodal decomposition from bijel templates to appear similar 

to a gyroid.38,39 Fig, 3.2.2 compares image of typical graphene scaffolds made from nickel foam 

used in literature (IncoFoam®) vs the bijel templates used in this work. The nickel IncoFoam in 

Fig. 3.2.2b is marked by sharp curvature and large void-to-material ratio, in stark contrast to the 

bijel template derived structures.  

  

Figure 3.2.2. Comparison of the curvature of two different foam types. (a) Carbon foam made 
from a bijel template. Scale bar is 300 μm. Unpublished, Garcia A.E. & Ragan, R, et al. 2019 
(b) Carbon foam made from commercially available nickel foam (IncoFoam®).40 H. Ji, L. 
Zhang, M. T. Pettes, H. Li, S. Chen, L. Shi, R. Piner and R. S. Ruoff, Ultrathin graphite foam: 
a three-dimensional conductive network for battery electrodes, Nano Lett., 2012, 12, 2446–
2451. 

 

The third requirement is to understand the little-explored effects of the average ligament 

size in the metal scaffold and how that affects the lateral size of the resultant graphene crystals. 

The ligament size of the foam can limit the lateral size of the resultant graphene crystal;41 This 

means that nickel foams with small ligament sizes are more likely to produce highly 

polycrystalline graphene whereas nickel foams with large ligament sizes are capable of 
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producing less polycrystalline graphene. Fig. 3.2.3 shows an example of a graphene foam made 

from a dealloyed metal compared to a graphene foam made from bijel templates. Note the size of 

the visible grain boundaries on each ligament. Dealloyed metals are interesting and discussed in 

future work, but the max ligament sizes are limited.42 The electrical and mechanical properties of 

single layer graphene crystals can be roughly approximated on a sliding scale as “strong” (single 

crystal) to “less strong” (polycrystalline with average crystal size X) to “weak” (polycrystalline 

with average crystal size much less than X). Since, there is little exploration of this effect, this 

work aimed to perform its experiments on a 3D template with tunable ligament sizes. As chance 

would have it, we had the perfect material sitting just 8 stories above our lab. Bijel templates met 

all 3 requirements stated in this section, these are explained further in section 3.3. Note, the 

discussion in this paragraph pertains only to the lateral graphene crystal within a single atomic 

layer; When applying the case of polycrystallinity to few-layer and multi-layer graphene, the 

relative angle between transverse graphene crystals of stacked layers (Z direction) plays a 

complex role and has been shown to nearly retain the electrical43 and mechanical44 properties of 

the single layer variety if the angles are larger than that of the typical AB stacked crystals.  
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Figure 3.2.3. Example of ligament size effect on lateral size of graphene flakes in a 3D 
architecture. (a) High resolution SEM image of the ligaments from a graphene bijel scaffold. 
Scale bar is 10 μm. What appears to be grain boundaries is clearly visible on the transparent 
face, indicating grains size of 2 - 3 μm. Unpublished, Garcia A.E. & Ragan, R., et al. 2019. (b) 
High resolution SEM image of the ligaments of graphene derived from a dealloyed metal 
template.5 Grain boundaries here indicate a lateral less than 1 μm. Y. Ito, Y. Tanabe, H.-J. Qiu, 
K. Sugawara, S. Heguri, N. H. Tu, K. K. Huynh, T. Fujita, T. Takahashi, K. Tanigaki and M. 
Chen, High-Quality Three-Dimensional Nanoporous Graphene, Angew. Chem., 2014, 126, 
4922–4926. 

 

3.3 Electroless metal deposition 

In the scope of this work, electroless metal deposition was used because the crux of this work 

was based around macoporous (30 µm pore size on average) self-assembled bicontinuous 

polymeric sponges (bi-PEGDA). Traditional electroplating methods rely on conductive contacts 

and would fail on the non-conductive bi-PEGDAs. Even if one made bi-PEGDA conductive, 

electroplating poses another issue, direct current. Fig. 3.4.1a shows an image of a typical 

electroplating setup. With DC, metal ions traveling from the anode (metal source) to the cathode 

(conductive bi-PEDGA) would deposit on the closest conductive surface, which would leave an 

uncoated interior in these millimeter-scale bi-PEGDA.45 Thus, electroless plating was 



53 
 

exclusively used as the metal deposition technique to convert bi-PEGDA into metallic bijel 

scaffolds.   

Electroless plating of metals requires no external voltage in order to deposit metals onto 

both conductive and non-conductive surfaces. Figure 3.3.1b shows a schematic of a well-

designed electroless plating workstation. Electroless nickel, in particular, is renowned for its 

tendency to uniformly plate nickel onto complex geometric surfaces. This is a chemical solution 

mixed with a reducing chemical agent that reduces metallic salts into their metallic state, thus 

plating the surface where the reactions takes place. A typical EN solution is composed of a metal 

salt (metal source), a reducing agent (electron source), a stabilizer (typically sodium tartrate 

dihydrate), and an optional complexant.46  

  

Figure 3.3.1 (a) electroplating setup for deposition of copper onto a conductive substrate. (b) A 
sophisticated setup for an electroless plating deposition where fresh solution is passed into the 
hot zone along with nitrogen gas to create a foaming effect.47 T. Furuhashi, Y. Yamada, M. 
Hayashi, S. Ichihara and H. Usui, Characteristics of nickel thin films prepared by electroless 
plating in foam of electrolyte, MRS Commun., 2017, 7, 953–959. 
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3.4 Challenges of electroless metal deposition in millimeter sized 

foams with micron sized pores. 

One major challenge in electroless metal deposition is the outer exterior becomes coated and 

blocks metal ions from reaching the center. In regards to bi-PEGDA, when an electroless nickel 

(EN) plating procedure is performed at 95 °C for 75 minutes, only 150 µm penetration depth is 

achieved. If the sponge is exactly 350 µm in all directions, this will leave a void of 50 µm in the 

center, which is not coated with nickel. This means the resultant graphene structures will inherit 

this hole. This becomes a problem when working with millimeter sized sponges. 

Similar experiences are noted in the literature with Jiang et al. reporting the issue of 

uncoated interiors when performing EN deposition on 2 mm thick polymeric foams.48 

Millimeter-sized macroscopic foams with successful deposition typically have pore sizes of 

several hundred microns or more with enormous void to surface ratio.49 This presence of pores 

over a hundred microns in diameter makes uniform EN deposition quite straightforward.50,51 On 

the other hand, depositions on micro-meso-macro foams have been reported, but these foams 

were less than a few hundred microns thick.52 

In contrast, the dimensions of the original bi-PEGDA used in this work typically had a 

diameter of 4 mm with a height of 8 mm. Typical EN deposition would result in a fragile bi-3DG 

due to hollow cylinder/thin wall structure formed by the shallow penetration depth of nickel ions 

during electroless deposition (See Fig. 3.4.1). In order to create a more robust bi-3DG, a 1 mm 

biopsy punchout was used to section out cylinders (also referred to as pillars or punchouts) from 

the original bi-PEGDA of 1 mm diameter and height of 1-2 mm. The penetration depth of nickel 

ions stayed the same, but due to the smaller diameter, the hole/wall ratio was increased 
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substantially. This, along with improvements of the plating techniques led to full 3D structures 

which could be used for mechanical testing.  

 

Figure 3.4.1. SEM of a graphene bijel scaffold which was cut in half to reveal the cross 
section. The two pieces are halves of the original graphene bijel scaffold. A 150 µm thickness 
is visible along the circumference of the pillars. A large deep void is visible in the center of 
both halves. This is due to an ineffective electroless nickel deposition. Unpublished, Garcia 
A.E. & Ragan, R., et al. 2017. 
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3.5 Electroless nickel deposition on polymer bijel templates 

Fabrication of bijel template punchouts 

In order to prepare the larger bi-PEGDA for creating 1 mm cylinders, the large bi-PEGDA ( 4 

mm (D) x 8 mm (H) ) were first sectioned into 4 mm (D) x 2 mm (H) cylinders. A 1 mm biopsy 

punch-out (with plunger) was used to cut 1 mm (D) x 2 mm (H) cylinders out of a 4 mm (D) x 2 

mm (H) template. These templates were immersed in deionized water for 15 minutes to soften 

them. The templates are removed and left to dry for approximately 5 minutes so that the polymer 

can have some rigidity, but still be easily cut. A razor blade was used to cut across the short side 

of the larger piece; no sawing motion was performed, as a single controlled cleave was 

sufficient. The cut templates were supported with tweezers and the biopsy punch-out was placed 

on top, followed by rotation of the punch-out 30° clockwise and counter-clockwise. The lightest 

of downwards force was used since the biopsy punch-outs were sharp enough to cut through the 

polymer template just from the circular motion alone. Once the metal punch had pierced through 

the bottom, the plunger was used to eject the freshly cut cylinder. This process was repeated until 

the desired number of punchouts was collected. Unused portions of polymer templates were 

recycled for another time or usage. Biopsy punch-outs were not used more than 10 times as the 

interior shaft begins to roughen, which make this process result in broken cylinders.  

Palladium chloride activation 

The punchouts were activated in a solution of palladium chloride (0.0234 g mixed with 

0.5 mL ethanol and 0.5mL isopropanol) for at least 1 hour with ultrasonication. Before 

deposition, activated bi-PEGDA were soaked in 2 separate dishes filled with ethanol to remove 

excess palladium chloride. The soaking period was 4 minutes for each dish. At this point, the 
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activated bi-PEGDA were ready to be immersed into the electroless nickel (EN) solution for pre-

deposition ultrasonic soaking. 

Electroless nickel electrolyte 

A typical EN electrolyte consists of 19.0 mL of deionized water, 0.10074 g of nickel 

chloride hexahydrate, and 0.10167 g of sodium L-tartrate. This provides sufficient metal ions to 

fully coat approximately 5 bi-PEGDA punchout of dimensions 1 mm (D) x 1 mm (H) each. A 

batch of 15 solutions were made and stored for later use, with a shelf life of 3-6 months. At the 

time of use, 19.1 mL is drawn out from the batch via a disposable pipette and ejected into a small 

graduated cylinder. Test tubes should not be used as they often break during the long deposition. 

Electroless nickel deposition 

19.1 µL of EN is added to a graduated cylinder with 4 bi-PEGDA punchouts (1 mm 

diameter x 2 mm height each) and 191 µL of 1-propanol. An aluminum foil cap is placed over 

the opening of the graduated cylinder to prevent evaporation and the same is done for the 

ultrasonic bath. The graduated cylinder is moved into the ultrasonic bath and held steady with a 

stand/arm combination or a test tube rack. The bath temperature was regulated electrically as hot 

plates were prone to large temperature swings. The samples in the EN:1-propanol mixture are 

allowed to soak under ultrasonication for 30 minutes at room temperature. After 30 minutes, 969 

µL of hydrazine hydrate is added, followed by a temperature ramp to 70 °C. The temperature is 

held for 20 minutes, then ramped to 80 °C and held for 10 minutes. Finally, the temperature is 

raised to 90 °C for a 6 hour deposition period. Despite being coated with aluminum foil, the 

water in the ultrasonic bath needed to be periodically refilled. A proper distillation chemistry 
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setup should be utilized as to prevent such remedial tasks. Fig. 3.5.1 shows a typical example of 

this setup.  

 

 
 
Figure 3.5.1. (a) and (b) are optical images 
showing the typical setup of an electroless 
nickel deposition setup. The activated bi-
PEGDA are not visible, but are in the 
graduated cylinders in (a). Up to 4 cylinders 
with 4 punchouts could be made for a total of 
16 completed pieces at a time. 

 

 

 Full nickel coverage of a PEGDA foam with diameter 1 to 1.25 mm was achievable with 

6 hours deposition in an ultrasonicator at 90 °C, provided the EN was diluted with 1% of 1-

Propanol. In the case of a cylinder, the height is negligible as the diameter is the limiting factor 

for EN penetration depth.Table 3.5.1 below illustrates the steps needed for complete EN 

deposition of 4 bi-PEGDA punchouts. Several different methods were attempted and are briefly 

discussed next.  
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Typical electroless nickel deposition procedure 

 Activation Clean Presoak Presoak with 
reducing agent 

Deposition 

Mixture 0.0234 g PdCl2 
0.5 mL IPA 
0.5 mL Ethanol 

ethanol 19.1 mL EN 
191 µL 1-
propanol 

Add 969 µL 
Hydrazine 
hydrate 

Ensure mixture 
does not evaporate 

Sonication? Y Y Y Y Y Y 

Time (mins) 60 8 30 20 10 360 

Temp. (°C) r.t. r.t. r.t. 70 80 90 
Table 3.5.1. A typical electroless nickel procedure for 4 bi-PEGDA punchouts with diameter 1 
mm and height 2 mm each. “r.t.” indicates room temperature.  
 

Overcoming Challenges on coating hydrophobic bi-PEGDA templates 

Use of alcohol/ultrasonication 

Sundarram et al. shows that nickel infiltration into open-cell foamed polymer blends of 

10s of µm is made feasible with the use of ethanol and ultrasonication.44 This work took 

inspiration from the use of an alcohol based electroless plating solution. 1-Propanol (1% vol with 

respect to the EN solution) was used in this work due to its higher evaporation temperature of 

96.5 °C, which would survive the typical 90 to 95 °C deposition temperatures whereas ethanol 

evaporates at 78 °C. The use of alcohol decreased the surface tension between the plating 

solution and the bi-PEGDA, facilitating electrolyte infiltration into the porous polymer. Fig. 

3.5.2 shows how ultrasonication creates a 50% increase in the depth of the wall thickness 

compared to non-ultrasonicated depositions, which agrees with previous literature.44 This is 

because the use of ultrasonication accelerates the deposition rate and improves the electrolyte 

mass transport properties.45  
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Figure 3.5.2. Cross-section SEM images of 
nickel bijel posts created with 1% alcohol-
based electroless nickel deposition with (a) no 
sonication and (b) sonication. Unpublished, 
Garcia A.E. & Ragan, R., et al. 2017. 

 

Notes on alternative failed methods  

Before finding the working method (above), several other methods were attempted, 

including vacuum/compression deposition rotationally-assisted deposition, pump deposition, and 

the usage of surfactants. The addition of a surfactant (Tween 20) greatly improved the 

penetration depth;10 ppm, 20 ppm, and 40 ppm were tested. 10ppm was unremarkable, whereas 

20 ppm greatly improved the penetration of the nickel ions. However, this method severely 

damaged the original shape of the polymer, causing it to become warped, as shown in Fig. 

3.5.3a. Since the goal of this dissertation was to test the growth of graphene on well-ordered 3D 

architectures, this method was abandoned. However, Tween 20 is useful for electroless plating of 

nickel onto 2D surfaces such as SiO2 as shown in Fig. 3.5.3(b-c). In particular, Tween 20 helped 

reduce the formation of bubbles, which would delaminate the nickel film from the SiO2 surface 

during electroless deposition. 
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Figure 3.5.3. (a) Nickel bijel scaffold made from with a surfactant-based electroless nickel 
solution. Surfactant used was Tween 20, 20 parts per million. Electroless nickel deposition on 
SiO2 (b) without surfactant and (c) with surfactant. Scale bar is (a) 200 µm and (b-c) 10 mm. 
Unpublished, Garcia A.E. & Ragan, R., et al. 2017. 

 

Rotational deposition was briefly attempted, but quickly abandoned in favor of testing 

different electrolyte compositions. The method behind rotational deposition involved mounting 

the bi-PEGDA onto a fan which would spin in the electrolyte solution, with the aims of flushing 

out depleted electrolyte with fresh electrolyte. Ultimately, the capillary pressure from the micron 

sized pores overpowered any rotational attempts to flush fresh electrolyte through. 

Vacuum deposition was used with the intention to pull in fresh electrolyte by periodically 

creating a vacuum which would remove bubbles from the interior and draw in fresh electrolyte. 

This method was far too cumbersome as the vacuum would evaporate the liquid and destroy the 

entire process. During this procedure, a rod was used to compress the activated bi-PEGDA in 

order to squeeze any bubbles out of the interior. 

Finally, a peristaltic pump was used to pump electrolyte through the bi-PEGDA. Here, it 

is imperative that no gap is present between the bi-PEGDA and the tube walls, else the 

electrolyte would take the path of least resistance around the bi-PEGDA. Since the bi-PEGDA 
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samples were never the same shape and proper tubing (e.g. welded metal) was not available, this 

method was quickly abandoned. 

Finally, focused ion beam lithography was briefly used to attempt shaping the void 

pillars. This is discussed in the next section, followed by an example of mechanical testing 

between 2 scaffolds with different average layer thicknesses in chapter 4.  

 

3.6 Focused ion beam lithography 

Throughout the course of metallization, growth, and etch, the samples could become misshapen 

or end up as hollow structures due to incomplete nickel coverage in the interior. Before various 

electroless nickel deposition parameters were refined, FIB was used to shape structures into 

cylinders for mechanical testing. Focused ion beam (FIB) lithography is able to make precise 

cuts in with resolution of 5 nm. FIB was performed in an FEI Quanta 3D FEG Dual Beam 

(SEM/FIM). Fig. 3.6.1 shows a typical procedure where a misshapen post, mounted on an SEM 

stub with carbon tape (double sided copper tape has been shown to perform better as a mount) is 

cross-sectionally cut with FIB and followed by creating cylinders into the sidewalls for 

nanoindentation testing. Figure 3.6.2 shows a second successful FIB process producing a 100 µm 

diameter by 200 µm height cylinder in a sidewall. After electroless nickel deposition were 

refined to produce a higher percentage of filled nickel bijel scaffolds, FIB was no longer needed. 
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Fig 3.6.1. SEB images of the aftermath of typical FIB sessions of a bi-3DG cylinder. (a) The 
bi-3DG cylinder needs to be shaped into a vertically aligned cylinder for mechanical testing. 
(b) Cylinder after a straight line FIB cut across the diameter. Notice the void in the center left 
over from incomplete electroless nickel deposition procedures. (c) Examples of 3 cylindrical 
cuts in the sidewalls made via FIB. (d) Alternate view of a FIB made sidewall cylinder. 
Unpublished, Garcia A.E. & Ragan, R., et al. 2017. 
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Fig. 3.6.2. SEM images of a porous cylinder embedded in the sidewall of a bi-3DG cylinder. 
Cylinder was made via FIB. Unpublished, Garcia A.E. & Ragan, R., et al. 2017. 
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4.1 Introduction 
 

Porous 3D architectures composed of graphene films can improve performance of carbon-based 

scaffolds in applications such as electrochemical energy storage,1–4 catalysis,5 sensing,6 and 

tissue engineering.7,8 Graphene’s remarkably high electrical9 and thermal conductivities,10 

mechanical strength,11–13 large specific surface area,14 and chemical stability15 have led to 

numerous explorations of this multifunctional material due to its promise to impact multiple 

fields. While these specific applications typically require porous 3D architectures, graphene 

growth has been most heavily investigated on 2D substrates. Nevertheless, 3D manufacturing 

techniques utilizing graphene oxide assemblies have previously been explored to produce 

graphene in foams,16 aerogels17 and hybrid 3D networks.18,19 Chemical vapor deposition (CVD) 
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on metal templates is an alternative scalable method for higher quality graphene synthesis.5,16,20–

22 The commercially available metal foams that are commonly used as templates for CVD of 3D 

graphene have limited control over pore (100 µm) and ligament size distribution.23–26 On the 

other hand, dealloying produces thin bicontinuous metals with pores sizes in the range of nm27 to 

a few µm and have also recently been used as templates for CVD synthesis of graphene.28 

However, it is an ongoing challenge to maintain bicontinuous channels throughout dealloyed 

metals for ligament thicknesses beyond a few µm.29,30 Furthermore, small ligament sizes have 

been reported to intrinsically limit the lateral size of graphene crystals, which, in turn, limits the 

electrical properties of the resultant 3D graphene structures.31 Overall, the template 

characteristics affect not only the final morphology of the 3D structure, but also the resultant 

graphene properties. Thus it is important to examine the fabrication of new template structures 

that enable tunable features – such as pore and ligament size – for macroscopic growth of 3D 

graphene architectures.  

Here, nickel scaffolds32 derived from bicontinuous interfacially jammed emulsion gels 

(bijels) are utilized as metal templates for CVD synthesis of graphene architectures. Bijels are 

novel soft materials formed through arrested spinodal decomposition of a ternary liquid-liquid-

colloid mixture.33 The bijel approximates a triply periodic minimal surface with negative 

Gaussian curvatures,34,35 similar to a gyroid.36 They are notable for their node-free, open-cell 

morphologies with tunable and uniform pore sizes,37,38 and an internal architecture of low-

curvature kink-free pathways.32,39–41 Scalable open-cell graphene structures with smooth internal 

pathways and controlled pore sizes of 1-100 µm have yet to be demonstrated. This is particularly 

important for applications involving transport through porous media and surface [electro]-

chemical phenomena, where random porosity can result in poor hydraulic permeability, tortuous 
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transport through paths of least resistance, and underutilization of the internal surfaces, 

negatively impacting the overall performance.42,43 In addition, we use bijel templates to promote 

the growth of large domains of high-quality graphene as they are free of sharp bends, blocked 

channels, or otherwise inaccessible geometries – which are known to disrupt the formation of 

large graphene domains.44 Structures with minimal surfaces are of interest as a multifunctional 

composite material with enhanced mechanical45 and transport properties.46 To this end, CVD of 

graphene on thin film gyroids has been reported, although at reduced temperatures to avoid 

sintering of the template, which limited graphene quality.47 Vermant et al. also demonstrated 

synthesis of bijel templated graphene oxide (GO) structures;48 However, after processing of GO, 

the uniformity of pore sizes and low curvatures associated with bijels were not fully preserved. 

This change in parent morphology after GO processing is also observed in commercial metal 

foams.49  

In this work, upon removing the Ni scaffold after CVD synthesis, the morphology 

characteristic of its parent bijel is preserved. The final product is a mm-sized freestanding 

macroporous architecture with gyroid-inspired morphology composed of multilayered graphene 

(bi-3DG). The bi-3DG samples exhibit high specific surface area that is measured to be 526.6 

m2g-1 – much higher than expected for a structure with pore sizes of 30 µm. This provides a 

unique testbed for high-quality 3D graphene, one where the material and the architecture can be 

independently tuned using scalable methods based on CVD and colloidal self-assembly. Bijel 

templates are formed into mm-sized cylinders in order to probe mechanical properties using 

nanoindentation. Nanoindentation of bi-3DG cylinders composed of CVD-derived graphene 

architectures with minimal surface geometry exhibit a measured Young’s modulus of 30 MPa. 

This is one of the highest experimentally recorded for a macroscopic free standing turbostratic 



74 
 

graphene foam;50,51 it is an order of magnitude higher than that of 3DG derived from commercial 

Ni foams52 and 2-4 orders of magnitude times greater than that measured in GO/rGO derived 

structures.53–55  

4.2 Synthesis of co-continuous turbostratic graphene monoliths 

3D carbon architectures are fabricated via CVD on a Ni scaffold with a bicontinuous 

morphology. Fig. 4.2.1 is a schematic summarizing the processing steps with optical images of 

samples at the corresponding stage shown below alongside a ruler. Ni scaffolds are made from 

Ni deposition onto sacrificial poly(ethylene glycol) diacrylate (PEGDA) templates created from 

bijels.32 In order to create the PEGDA template, a bijel is first formed by rapidly quenching a 

critical mixture of water and 2,6-Lutidine (lutidine mole fraction xL = 0.064) into its miscibility 

gap to form a bicontinuous arrangement of water-rich and lutidine-rich phases separated by a 

jammed layer of neutrally-wetting colloidal silica particles.32 The characteristic feature size of 

the bijel architectures can be manipulated by controlling the interfacial area stabilized by the 

jammed particles. This area is a function of both particle size and concentration in the critical 

point suspension. Bijels were formed with silica particles having a diameter of 500 nm in a 

water-lutidine mixture of 3.00%, 66.9%, and 30.1%, by volume, respectively. After bijel 

formation, a photoactive oligomer (PEGDA-250, molecular weight: 250. Darocur 1173, 

molecular weight: 164.2) is added which preferentially partitions into the lutidine-rich phase and 

is then polymerized via UV exposure. The water phase is subsequently drained and silica spheres 

are etched with hydrofluoric acid, to form a PEGDA bijel template with inherited spinodal 

morphology. The resulting bijel PEGDA template (bi-PEGDA) has a diameter and height of 

approximately 4 mm and 8 mm, respectively. The bi-PEGDA is shown alongside a ruler in an 

optical image of the bottom row of Fig. 4.2.1a. In order to form Ni scaffolds (bi-Ni), the PEGDA 
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template is activated in a palladium chloride solution overnight, rinsed in ethanol, and then 

undergoes electroless Ni (EN) deposition in a 20 mM Ni chloride plating solution.56 We 

incorporated dilute alcohol57 and ultrasonication58 , which has been found to be necessary to 

fully disperse the Ni plating solution throughout the activated templates to avoid a hollow Ni 

scaffold.59 PEGDA is pyrolized by heating the sample at 300 °C and subsequently at 500 °C in 

air for 4 hours for each step.56 The oxidized Ni scaffold is then heated at 450 °C for 8 hours in a 

reducing environment of 5% H2 in Ar (forming gas), resulting in a bi-Ni scaffold as shown in 

Fig. 4.2.1b. This process results in an approximate 15% shrinkage of the scaffold with respect to 

the original template, which is attributed to the loss of mass due to NiO reduction and Ni 

sintering. Next, low-pressure CVD with methane in forming gas is performed at 900 °C to yield 

a bi-Ni-3DG structure, shown in Fig. 4.2.1c. After CVD, the structure exhibits an additional 20% 

shrinkage, which is partially attributed to further sintering of Ni at elevated temperatures.60 In 

Fig. 4.4.1 (appendix), cross sections of the bi-Ni and bi-Ni-3DG are imaged via scanning 

electron microscopy (SEM) to reveal preservation of the morphology throughout the bulk. 

Finally, the Ni backbone is etched in a 1 M aqueous solution of FeCl3 to produce a freestanding 

architecture, referred to as bi-3DG. The bi-3DG structure is approximately 66% of the size of the 

original bi-PEGDA as observed by comparing Fig. 4.2.1b with Fig. 4.2.1d. 
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Fig. 4.2.1. Schematic illustrating the bi-3DG synthesis process. (a) First, a bi-PEGDA template is 
made via a spinodal decomposition of a polymer-infiltrated lutidine:water:silica mixture. (b) The 
bi-PEGDA is coated with Ni via electroless deposition and put through a 2-step thermal cycle to 
decompose the PEGDA and reduce Ni to create a bi-Ni scaffold. (c) CVD using methane on the 
Ni template is performed, resulting in bi-Ni-3DG. (d) Finally, the Ni backbone is etched, leaving 
behind a 3D graphene structure, bi-3DG. Below each schematic is an optical image of the 
macroscopic structure alongside a ruler. The bi-PEGDA has a length of approximately 0.25 
inches. 

 

The pore morphology of the sample surfaces at different processing stages is examined 

via SEM. Representative SEM images are shown in Fig. 4.2.2 of (a) bi-Ni, (b) bi-Ni-3DG, and 

(c) bi-3DG samples. One may observe homogeneous pores, demonstrating that the overall 

morphology is preserved throughout the various processing steps. A dashed red box in each 

image highlights the same pore throughout. Specific surface area (SSA) is measured with the 

Brunauer-Emmett-Teller (BET) method with N2 adsorption. Analysis determined that the SSA of 

bi-Ni, bi-Ni-3DG, and bi-3DG were 6.42 m2g-1, 14.03 m2g-1, and 526.60 m2g-1, respectively. The 

initial increase in SSA after CVD growth is attributed to the decoupled multilayer graphene, 

which allows for N2 intercalation between the graphene sheets. The increase in SSA after etching 

Ni is understood by the large decrease in mass due to the removal of Ni. BET analysis indicates 

that graphene re-stacking does not significantly reduce the accessible surface area, a 

phenomenon which can be problematic in 3D synthesis processes.61,62 It should also be noted 
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that despite its large macropores, the bi-3DG SSA is comparable to the SSA of mesoporous GO-

based structures with 2-50 nm pore sizes.63–66 Due to its lower atomic mass, a graphene-based 

structure will always yield a higher SSA than a GO-based structure of the same thickness, pore 

size, and morphology. Thus, further increases in SSA of bi-3DG structure are possible by 

decreasing pore size in the template. Overall, the SEM images and high SSA in the final bi-3DG 

system demonstrate the successful synthesis of a high surface area light weight material with 

gyroid-inspired morphology.  

 

   

Fig. 4.2.2. SEM images of bijel templated samples after (a) electroless Ni deposition and thermal 
removal of PEGDA (bi-Ni), (b) CVD growth at 900 °C for 30 mins (bi-Ni-3DG), and (c) etching 
Ni with FeCl3 (bi-3DG). The scale bar is 200 µm. A red dashed box tracks the same pore 
throughout the processes.  

 

Chemical Analysis 

Chemical analysis is conducted using X-ray photoelectron spectroscopy (XPS) and 

Raman spectroscopy. First, we examine how effectively the scaffold is removed during the 

etching and processing steps. In Fig. 4.2.3a, the intensity associated with binding energy (BE) of 

the signature Ni 2p peak, 852.6 eV, is plotted for bi-Ni, bi-Ni-3DG, and bi-3DG. The intensity of 

the Ni 2p peak is observed on bi-Ni and is noticeably weaker in intensity for bi-Ni-3DG, which 
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is unsurprising given the surface sensitivity of XPS. For bi-3DG, the intensity of the Ni 2p peak 

decays to zero after etching for 12 hours in FeCl3 solution, indicating that the FeCl3 etch removes 

the Ni scaffold. Next, the XPS spectra associated with the BE of the C 1s peak is analyzed; the 

spectra is shown in Fig. 4.2.3b. For bi-Ni, a nearly imperceptible C 1s peak is observed at 285 

eV. This BE is consistent with sp3-hybridized carbon and is attributed to a small amount of 

residual carbon from the pyrolyzed PEGDA. The C 1s signal unsurprisingly increases greatly 

after CVD, and the peak location shifts closer to 284 eV, consistent with sp2-hybridized 

carbon,67 distinct from any adventitious carbon from the atmosphere or residual chemistry from 

PEGDA pyrolysis. After removal of the Ni backbone, carbon and oxygen account for the 

majority of the signal with 93.5% and 5.5%, respectively. A small amount of iron and chlorine 

impurities, from the FeCl3 etch make up the rest of the spectrum (Fig. 4.4.2a, appendix). 

Deconvolution of the bi-3DG C 1s spectrum is performed to further analyze the chemical 

environment of carbon in the sample. Shirley background subtraction is performed and then the 

peak is fit with a Doniach-Sunjic (DS) line shape to model the C=C contribution68 (Fig. 4.4.2d 

and further discussion in appendix). A Voigt line shape is used to model the C-O contribution at 

286.1 eV which are attributed to the phenol groups.69 The complex plasmon spectra of graphitic 

materials results in satellites attributed to π-π* transitions,70,71 which are fitted here with a 

Gaussian line shape at 290.4 eV. The C=C bonds account for 92% of the observed bonds in the 

deconvoluted C 1s peak for both the bi-Ni-3DG and bi-3DG samples (Fig. 4.4.2c-d, appendix). 
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Fig. 4.2.3. XPS spectra of the (a) Ni 2p peak and (b) C 1s peak of a bijel templated electroless Ni 
scaffold after thermal removal of PEGDA (blue curve), after CVD growth (red curve), and after 
etching Ni with FeCl3 (black curve).  

 

Further analysis of the chemical environment of C bonds is performed using Raman 

spectroscopy. In order to get a representative view of samples, 30 different Raman spectra with 

50 µm spacing are acquired on bi-Ni-3DG and bi-3DG samples (Fig. 4.4.3, appendix). The 

average of this dataset is used to select a representative Raman spectra (Fig. 4.2.4a) for bi-Ni-

3DG and bi-3DG. The two most intense features are observed at 1574 cm-1 + 4 cm-1 and 2698 

cm-1 + 8 cm-1 for bi-Ni-3DG, with 1571 cm-1 + 2 cm-1 and 2696 cm-1 ± 9 cm-1 observed for bi-

3DG. These peaks are associated with the aromatic ring breathing mode and layer breathing 

mode and are referred to as the G band and 2D band, respectively. Interestingly, a peak 

associated with defects is not observed in the Raman spectra indicating weak disorder in the 

samples. The ratio of the intensity of the 2D and G bands (I2D / IG) is often used to estimate the 

number of graphene layers.72 The I2D / IG ratio decreases from 1.4 ± 1.2 for bi-Ni-3DG to 0.9 ± 

0.6 for bi-3DG. This suggests that some graphene layers collapse onto each other after removal 

of the Ni scaffold support. While the average value of the I2D / IG ratio decreases after etching Ni 

there is still a 25% probability of observing ratios greater than 1 and the distribution is narrower 

indicating more uniformity across the sample.  
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Characterization of Graphene Layer Stacking 

We further examine the full-width at half-maximum (FWHM) of I2D in the Raman 

spectra, which also provides information on the relative orientation of domains between layers.73 

Layer stacking in multilayer graphene is typically AB (Bernal) but in some cases rotationally-

faulted, i.e., turbostratic, stacking is also observed. Histograms for the measured I2D FWHM are 

shown in Fig. 4.4.3 (appendix). While the average value of I2D FWHM observed before and after 

Ni etching is approximately the same, 55 cm-1, for bi-Ni-3DG and bi-3DG, the I2D FWHM 

distribution for bi-3DG (Fig. 4.4.3c, appendix) shifts to a more clearly separated bimodal 

distribution with a large peak at 60 cm-1 and a secondary peak at 35 cm-1. The FWHM value at 

the secondary peak approaches that expected for single layer graphene (SLG) and indicates the 

presence of turbostratic graphene,67–69 i.e., stacked graphene layers with relative misorientation 

with respect to Bernal stacking. Due to the decreased electronic coupling between layers, carrier 

mobility in turbostratic graphene can approach that of SLG.74,75 A FWHM of 60 cm-1 is 

associated with small misorientation angles of a few degrees. As the I2D FWHM reflects the 

misorientation between layers,74,75,72 it appears that there are primarily regions with small 

relative misorientation from Bernal stacked graphene and some regions with larger relative 

misorientation between layers after removal of the Ni scaffold. The higher spatial uniformity in 

the FWHM is also observed in the I2D / IG ratio of bi-3DG (Fig. 4.4.3c-d, appendix) compared to 

bi-Ni-3DG (Fig. 4.4.3a-b, appendix). 

In order to better understand this transition in Raman data that reflects layer stacking 

between bi-Ni-3DG and bi-3DG, the interior morphology of the structure is examined via SEM 

analysis of cleaved cross-sections. A cross section of a bi-Ni scaffold is shown in Fig. 4.2.4b. 

Multiple pore domains are observable, and in the center of the image, a circular pore is 
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composed of two rings; each ring is comprised of a distinct, continuous Ni film approximately 

300 nm thick, with dendritic features observed in between the rings. The second ring is attributed 

to the ultrasonication and low surface tension of the alcohol-based solution, which allows Ni ions 

to deposit into the PEGDA domains. After PEGDA is pyrolyzed, this deposited Ni segregates to 

form a second ring, as observed in Fig. 4.2.4b. The Ni scaffold is held at 800 °C for 30 minutes 

before CVD growth which is performed at 900 °C, so that the Ni scaffold further sinters into 

solid ligaments after CVD processing (shown in Fig. 4.4.5, appendix). This mechanism is 

consistent with the 20% shrinkage of the structure observed in Fig. 4.2.1. 

Each Ni surface in the porous channels of the 3D bi-Ni scaffold is a surface for CVD 

growth.76–78 The graphene layers form on all faces of the Ni surfaces, which then collapse onto 

one another upon removal of the Ni scaffold. This mechanism helps to explain why the I2D / IG 

ratios in the Raman spectra indicate an increase in the graphene layers from bi-Ni-3DG to bi-

3DG. Fig. 4.2.4c shows a cross-sectional SEM image of bi-3DG with a pore in the center of the 

image where one may observe the graphene layer stacking with regions appearing extremely thin 

(transparent) to thick (opaque). While some wrinkles are observed in SEM images, the 

characteristic defect (D) band, typically found near 1350 cm-1 in Raman spectra, is not observed, 

indicating that there are few regions with sharp curvature. 
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Fig. 4.2.4. (a) Representative Raman spectra of graphene/Ni (red solid curve) and graphene 
(black dotted curve) bijel-templated architectures. (b) SEM cross sectional image of 3D Ni 
structure formed from a bijel template after pyrolysis of the Ni-coated PEGDA scaffold. The 
scale bar is 10 µm. (c) Cross-sectional SEM image of a pore within 3D graphene structure grown 
on Ni architecture. The scale bar is 4 µm. 

 

In order to gain more insight into the graphene stacking in the 3D structures, we produce 

2D graphene analogues (2DG) via EN deposition on modified SiO2 surfaces followed by CVD. 

This enables examination of the atomic structure of surfaces using scanning tunneling 

microscopy (STM). First, Raman measurements of the 2DG are acquired to compare the 2D 

analogues with bi-Ni-3DG samples. Both samples exhibit similar Raman spectra, indicating that 

2DG (Fig. 4.4.4 appendix) serves as a suitable analogue to gain insight on the atomic structure 

and morphology of the bi-Ni-3DG structures (Fig. 4.4.3a-b appendix).  

Low-voltage SEM is used to compare the two samples; SEM images of bi-Ni-3DG and 

2DG structures are shown in Fig. 4.2.5a-b, respectively. Regions of various contrasts are visible; 

the lighter contrast regions have previously been attributed to fewer graphene layers79,80 where 

the contrast variation has been related to the variation of work function with number of graphene 

layers.81 These micrographs provide further insight into the similarity of the graphene layer 

thicknesses and domain sizes between bi-Ni-3DG and 2DG. 
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Fig. 4.2.5. Low voltage SEM images acquired at 1 kV accelerating voltage of surfaces after CVD 
growth on (a) bijel-templated Ni architecture and (b) on a 2D substrate of Ni/ SiO2/Si . The scale 
bar is 10 µm. (c) A 50 nm2 STM image shows various Moiré patterns on the 2D graphene film 
on Ni/SiO2/Si (empty states, I = 0.4 nA, VGAP = 400 mV). The scale bar is 10 nm. Fourier 
transforms are taken in the three regions highlighted in black boxes and labelled i, ii, iii, with 
their respective FFT shown below. 

 

We then characterize the 2DG sample with STM. A typical STM image is shown in Fig. 

4.2.5c, where Moiré patterns are visible on the surface. Three regions with different Moiré 

patterns are highlighted in black boxes (labeled i, ii, and iii), and Fourier transforms of the 

measured atomic scale structure of the three regions are performed to elucidate the differences in 

periodicity. The Moiré pattern shown in Fig. 4.2.5c(i) depicts a graphene domain that is 

rotationally distinct from its neighbor, and a clear defect boundary demarks the transition from 

one domain into the other. The large domain in Fig. 4.2.5c(ii) clearly exhibits two different 

periodicities in its Fourier transform (indicated with white arrows), which suggest two 

rotationally offset graphene domains, both of which exist immediately below the uppermost 

surface layer. Fig. 4.2.5c(iii) exhibits yet another Moiré pattern, this time, a very high frequency 

one. The variety of Moiré patterns present on the surface suggests the dominant presence of 
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randomly oriented graphene. Additional faint boundaries can be seen in the STM image, 

suggesting the presence of incommensurate sub-surface graphene layers. Although it is uncertain 

how deep these layers are, the fact that the visible Moiré patterns appear independent of these 

boundaries suggests that overall, the graphene layers are decoupled from each other and the Ni 

film, which is characteristic of turbostratic graphene that has been previously observed on 

polycrystalline Ni.82  

It is interesting to pursue templates that promote the growth of turbostratic graphene with 

large domain sizes. Here, extended H2 annealing of the bi-Ni template is used to reduce the 

density of metal grain boundaries before CVD growth. A study of carbon precipitation on 

platinum found that conductivity of the film increased as the platinum grain size increased.83 It is 

known that large graphene domains can be produced by suppressing the number of graphene 

nucleation sites,84 such as metal grain boundaries, impurities,85 and defects,86 as well as CVD 

kinetics.85,87 In respect to the influence of grain boundaries, empirical observations lend credence 

to the theory that grain boundaries act as a carbon sink.78 Lagerberg et al. demonstrated that 

carbon solubility increases with decreased grain sizes of α-iron.88 While α-iron is not nickel, both 

are transition metals; it is reasonable to think that nickel may have the same effect of decreased 

carbon solubility as grain size increases. While a computational study on carbon segregation 

within grain boundaries nickel grain was found, the authors stressed that basic knowledge of 

grain boundaries was still lacking and made no suggestions to a relation between carbon 

solubility relation and nickel grain size.89 Experimental studies of this effect were not found. 

After pyrolysis of PEGDA, a bi-Ni scaffold is annealed under low-pressure in forming 

gas for 30 mins at 900 °C and cooled to room temperature. Afterwards, this annealed sample, 

referred to as bi-Ni-2, undergoes the same CVD growth steps as described earlier. Fig. 4.2.6a 
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depicts representative Raman spectra of bi-Ni-2-3DG and bi-2-3DG; the average I2D / IG ratio is 

1.3 ± 1.1 and 1.0 ± 0.5 and they have an average I2D FWHM of 61 cm-1 ± 16 cm-1 and 52 cm-1 ± 

13 cm-1, respectively. The I2D FWHM has the highest probability density near 40 cm-1, a 

signature that a larger portion of the sample is composed of turbostratic stacking. Again, it is 

notable that there is no discernable defect peak. Compared with the bi-3DG sample (Fig. 4.2.4a), 

the average I2D / IG ratio for bi-2-3DG (Fig. 4.2.6a) increases and the standard deviation 

decreases. This trend is corroborated in histogram profiles of Raman spectroscopy data (Fig. 

4.4.3e-f, appendix). Overall, the histogram data corresponds to fewer layers of graphene in bi-2-

3DG, more turbostratic regions, and a more uniform sample overall due to the larger Ni grains 

resulting from extended H2 anneal when compared to bi-3DG. Thus the ability of the bi-Ni 

scaffolds to withstand high thermal processing temperatures as presented here allows for tuning 

the microstructure on the metal scaffold in addition to CVD growth parameters to tune 

morphology of graphene architectures.  
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Fig. 4.2.6. (a) Representative Raman spectrum graphene/Ni (red solid curve) and graphene 
(black dotted curve) bijel-templated architectures where the nickel was annealed at 900 °C in 
forming gas before CVD growth. (b-d) SEM images of graphene bijel-templated architectures 
with scale bars of (b) 100 µm and (c-d) 10 µm. 

 

SEM images of bi-Ni-2-3DG are shown in Fig. 4.2.6b-d. Fig. 4.2.6b shows the preserved 

porous morphology in the sample. Here, the pore sizes observed are approximately 10-15 µm 

and smaller than those observed in bi-3DG (shown in Fig. 4.2.2c). The pore size reduction is 

attributed to additional sintering caused by pre-annealing of the bi-Ni-2 scaffold before CVD. 

Fig. 4.2.6c highlights a continuous wall in the bi-2-3DG sample where domains marked by faint 

contrast are visible and an average domain size of 3 µm is observed. Fig. 4.2.6d shows a cross-

sectional view of the graphene material in a pore structure. The interconnectivity of the material 

in Fig. 4.2.6c-d appears to increase when compared to the distinct stacked flake morphology of 

Fig. 4.2.4c, which is no longer visible in the bi-2-3DG sample. Fig. 4.2.7 shows transmission 

electron microscopy (TEM) images of a) bi-3DG and b) bi-2-3DG. The thickness of the bi-3DG 

cross-section in Fig. 4.2.7a is approximately 44 nm whereas that of bi-2-3DG in Fig. 4.2.7c is 

approximately 22 nm, corresponding to 131 and 65 layers, respectively. A selected area electron 

diffraction indicates a periodicity of 0.333 nm, close to the expected periodicity of 0.335 for 
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graphene. The insets are high-angle annular dark-field scanning transmission electron 

microscopy (HAADF-STEM) images included to more clearly view the contrast of the layers. 

The TEM, SEM and Raman data demonstrate that extended H2 anneal of the Ni scaffold 

improves the crystallinity and stacking of the 3D graphene architecture; larger domains are 

observed and fewer layers are evident by transparency in SEM images and increased I2D / IG 

ratios in the histogram profile (Fig. 4.4.3f).  

 

  

Fig. 4.2.7. (a) Bright field TEM image of bi-3DG and (b) HAADF-STEM image of bi-2-3DG 
in cross section where the arrows highlight the edges of the cross-section in b). The insets in 
(a) and (b) show a high-resolution view of layer stacking.  

 

Mechanical testing 

The mechanical properties of a cellular material are governed by the topology of the 

architecture (i.e., the geometric distribution of matter within the volume of the porous material) 

and the mechanical properties of the base material. Gyroidal topologies are particularly robust, as 
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their uniform negative Gaussian curvature throughout the channels yields highly uniform local 

stress distribution upon macroscopic deformation, resulting in exceptionally high stiffness and 

strength.90–93 Cellular materials based on spinodal shell architectures (nominally identical to 

those explored in this work) have been recently characterized numerically and experimentally, 

and shown to possess mechanical properties nearly identical to those of regular gyroid-inspired 

materials, in addition to displaying remarkable defect insensitivity (stemming from the stochastic 

nature of spinodal topologies).45 Most importantly, spinodal shell-based cellular materials can be 

fabricated in a uniquely scalable manner, as shown in previous work32,41,56 and this work. The 

combination of a spinodal shell-based architecture and a base material with superior in-plane 

intrinsic strength (such as graphene) could potentially result in a cellular material with 

exceptional mechanical properties. 

With this goal in mind, the mechanical properties of bi-3DG samples were evaluated via 

uniaxial compression with an Alemnis nanoindenter operated in displacement-control mode. A 

stress-strain curve obtained from a bi-3DG cylindrical sample with a diameter of 0.87 mm, a 

height of 1.24 mm, and a bulk density of 42 mg/cm3 is shown in Fig. 4.2.8a. A yield strength of 

approximately 130 kPa was measured, after which the sample displays a remarkably ductile and 

irreversible response upon compression. Notice that the response of bi-3DG pillars is 

significantly different from the classic compressive response of ceramic foams, which fail by 

progressive cracking of the base material, with visible stress drops,94 and much more similar to 

that of metallic systems. Intriguingly, the irreversible deformation beyond the linear elastic 

region is not characterized by a flat stress plateau, as commonly observed in elastic and plastic 

foams, but a region of continuous stress increase (akin to hardening in solid metals), 

accompanied by stiffening (see below). While this behavior has been observed multiple times in 
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ultralight architected materials that deform reversibly by local buckling and/or localized fracture 

of the shell walls followed by extensive local rotations of ultra-thin ligaments with minimal local 

strains,95–98 it is not typically observed in architected materials that undergo irreversible 

deformations. While a full understanding of the internal deformation mechanisms that lead to 

this macroscopic behavior would require in-situ characterization upon loading that are beyond 

the scope of this work, we interpret that the irreversible hardening/stiffening response of the bi-

3DG material is due to sequential cracking/sliding of the graphene layers at a scale of the order 

of the characteristic length of the spinodal microstructure, followed by local densification.  

 Multiple loading-unloading curves were extracted and plotted in Fig. 4.2.8a to enable 

calculation of the Young’s modulus (measured upon unloading, as illustrated in Fig. 4.2.8b) as a 

function of the macroscopically applied strain. The modulus versus strain evolution is depicted in 

Fig. 4.2.8c. Notice that the modulus is initially very low, 4 ± 1.3 MPa, as averaged over three 

nominally identical samples; this is attributed to the well-documented challenge in collecting 

modulus data at very low applied strain in ultra-light architected materials.45 At a strain of 

approximately approximately 20%, the modulus stabilizes to a plateau value of 20 MPa. This 

value is taken as a reasonable estimate for the modulus of bi-3DG materials. At a strain of 

approximately approximately 50%, the modulus starts increasing again with applied strain. This 

rise should not be attributed to densification, for two reasons: (i) Densification in cellular 

materials occurs at compressive strains of the order of 1 - ɛ𝝆𝝆, with 𝝆𝝆 the relative density of the 

materials and ɛ = 1.5.99 While the relative density of these samples is not easy to measure, a 

rough estimate of 0.02 can be estimated by dividing the bulk density of the sample (42 mg/cm3) 

by the mass density of graphite (2260 mg/cm3). This value yields a calculated densification strain 

of approximately 97%, which is far higher than the approximately 50% strain at which the 
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modulus starts increasing. (ii) The modulus at 70% strain is still orders of magnitude lower than 

that of solid graphene, or even graphite. As mentioned above, we tentatively attribute the rise in 

modulus with strain to localized fracture of the graphene layers and local rearrangement of the 

porous microstructure upon loading.  

 Mechanical tests are repeated on a bi-2-3DG pillar, and are shown in Figs. 8d-f. A 

plateau modulus of 30 MPa is extracted for this sample from Fig. 4.2.8f. This represents a 50% 

increase when compared to the bi-3DG sample, demonstrating the improvement in physical 

properties that occurs by increasing the grain size of the Ni scaffold. The increase in Young’s 

modulus of bi-2-3DG over bi-3DG is tentatively attributed to increased interconnectivity of the 

graphene layers, as observed in the SEM image of Fig. 4.2.6c.  

 

   

   

Fig. 4.2.8. Nanoindentation measurements of a (a-c) graphene bijel-templated pillar with 
diameter 0.87 mm and height of 1.24 mm and of a (d-f) similar pillar, pre-annealed, with 
diameter 0.71 mm and height of 1.4 mm. (a,d) Stress-strain tests are performed on the same 
pillar with a strain rate of 1.2 µm/s. Insets are before and after optical images of the graphene 
bijel-templated pillars . (b, e) Stress-strain curve acquired with a strain rate of 0.25 µm/s. (c, f) 
Young’s modulus vs strain from the tests.  
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Table 1 displays these results in the context of other graphene-based foams previously 

reported in the literature, with recent work on similar architectures demonstrating CVD-derived 

graphene51 exhibits better mechanical properties than graphene architectures derived via other 

methods.52–55 Both the 3D bijel-template architectures are between 20 and 4,000 times stiffer 

than previously reported graphene-based materials.52–55  

 

Sample E (MPa) Density (mg/cm3) 

bi-2-3DG 30 43  

bi-3DG 20 42   

Kashani et al.51 3-33 12-70 

Nieto et al.52 1.5 5 

Lv et al.53 0.800 50 

Sun et al.54 0.004 0.16 

Li et al.55 0.0423 12.32 

Table 4.2.1. Measured Young’s moduli of bi-3DG architectures compared with other 3D 
graphene foams previously reported.  
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4.3 Conclusion 

A scalable method towards fabrication of free-standing gyroid-inspired turbostratic graphene 

architectures is demonstrated. The robust bijel templates allow the resultant graphene structures 

to retain minimal surface morphology with co-continuous pores, in agreement with theoretical 

results,100 despite the CVD processing temperatures necessary to produce high-quality graphene. 

Nanoindentation tests of mm-sized structures revealed one of the highest Young’s moduli 

recorded for a free standing macroscopic porous monolith made of sp2 carbon, which is 

attributed to the minimal surface morphology. The suite of materials characterization techniques 

used, demonstrates the influence of the template on layer stacking in graphene films; statistical 

analysis of Raman data demonstrated an average I2D / IG of 1.0 achieved despite the multilayer 

structure of the graphene. The ability to fabricate monoliths composed of turbostratic graphene 

has interesting implications for electronic properties.101 Thus, the presented gyroid-inspired 

turbostratic graphene architectures are useful for applications where the electrical properties 

approaching SLG are desired in 3D devices, from the exploration of 3D spintronics,74 sensing 

applications,102 to energy systems.  

 

4.4 Appendix 

Scanning Electron Microscopy 

Scanning electron microscopy (SEM) images of bi-Ni and bi-Ni-3DG sample cross-sections are 

shown in Fig. 4.4.1. The bi-Ni sample shown in Fig. 4.4.1a underwent thermal treatment for 

pyrolysis of the polymer template at 500 °C and then reduction of NiO at 450 °C. The bi-Ni-
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3DG in Fig. 4.4.1b was fabricated via chemical vapor deposition (CVD) using methane as the 

carbon precursor at 900 °C as described in Fig. 4.2.2c. The sample was cut from the low right 

side perpendicular to the bi-Ni long axis. 

 

  
Figure 4.4.1. bi-Ni (a) and bi-Ni-3DG (b) cross section. The scale bar is 400 µm for both images. 

 

X-ray photoelectron spectroscopy 

Fig. 4.4.2 shows X-ray photoelectron spectroscopy (XPS) spectra acquired from a bijel 

templated sample. In Fig. 4.4.2 (a), an XPS survey spectrum of bi-3DG from 0 eV to 1200 eV is 

depicted. From this data, the C/O ratio is determined to be approximately 17:1; Higher energy 

resolution XPS data of the C 1s peaks for bi-Ni, bi-Ni-3DG, and bi-3DG are presented in Fig. 

4.4.2 (b-d). Deconvolution of the C1s spectrum of bi-Ni in Fig. 4.4.2 (b) show a primary C-C 

peak centered at 285 eV with a large secondary C-O peak at 286.2 eV and a similarly sized C=O 

peak at 289.4 eV. All peaks here are modeled with a Voigt line shape. The presence of C-O and 

C=O bonds in bi-Ni are attributed to originate from trace amounts of polymer residue. After 
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CVD, XPS is performed on bi-Ni-3DG with C 1s spectral data shown in Fig. 4.4.2 (c); the 

primary C 1s peak shifts to 284.3 eV and displays an asymmetric line shape with a tail extending 

into higher binding energy, a clear indication of sp2 C=C bonding. This observation coupled 

with the metal/semi-metal behavior of sp2 carbon suggests that a Doniach-Sunjic68 (DS) line 

shape is appropriate to model the C=C contribution. The presence of a Gaussian shoulder at 

284.7 eV is attributed to instrumental broadening.103 An asymmetry parameter of 0.055 is used 

for DS, which agrees with previous work.103 A Voigt line shape is used to model the smaller C-O 

contribution at 286.1 eV, which are attributed to the phenol groups.69 The complex plasmon 

spectra of graphitic materials results in satellites,70 which are fitted here with a Gaussian line 

shape at 290.4 eV.  

C 1s peak fitting is a complex challenge with the peaks of some components overlapping 

in origin.104 Previous literature has referred to a contribution near 284.9 eV as “carbon 

defects”105,106 and slightly higher BE (285 – 285.6 eV) contributions as sp3 carbon,107 of which, 

the latter is not observed in the XPS spectra. In regards to carbon defects, Raman spectroscopy 

would highlight defects in the material with a “D” peak near 1350 cm-1. As discussed and shown 

in Fig. 4.2.4a and 4.2.6a, no such peaks are found. Additionally, Raman spectra would indicate 

sp3 carbon with a broad “G” peak108 centered near 1580 cm-1, however all G peaks in this dataset 

are well fit with a single Lorentzian. Thus attributing the 284.7 eV peak to instrumental 

broadening is consistent with both Raman data discussed below and prior analysis.109 Fig. 4.4.2 

(d) shows that bi-3DG is similar to bi-Ni-3DG. The sp2 contribution, C=C, contributes 92% of 

peak intensity and C-O contributes the remainder.  
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Figure 4.4.2. (a) Survey XPS data for bi-3DG. High resolution data of C 1s from (b) bi-Ni, (c) 
bi-Ni-3DG, and (d) bi-3DG. 

 

Raman Spectroscopy 

Raman spectra were acquired over at least 30 distinct points on each sample with 50 micron 

spacing between measurements. Histograms for the measured I2D full-width at half maximum 

(FWHM) and the I2D/IG ratio are shown in Fig. 4.4.3. Changes in both the I2D FWHM and the I2D/IG 

ratio are used to further understand the interlayer stacking structure. The most commonly observed 

layer stacking in multilayer graphene (MLG) is either AB (Bernal) or twisted (also known as 

rotationally-faulted or turbostratic)110 and the two can be differentiated by examining Raman 
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spectral features.111 Turbostratic graphene arises due to rotational disorder which decreases 

interlayer coupling.73 Due to the decreased interactions, carrier mobility in turbostratic graphene 

may be comparable to that in single layer graphene (SLG).74,75 Specifically, turbostratic stacking 

in multilayer graphene may be identified by any of the following cases: I) abnormally enhanced 

IG intensity,111,112 II) I2D / IG ratios approaching those observed on SLG,113 III) combination Raman 

modes,75 IV) blueshifted I2D peak position with FWHM typically less than 55 cm-1.72,111 

Analysis of bi-Ni-3DG Raman data displays a broad range of values for the I2D FWHM 

and I2D / IG as observed in the histograms of Fig. 4.4.3 (a-b). Spatial variations in the stacking 

behavior of CVD graphene films produced on Ni substrates are expected,114 with previous work 

reporting the presence of Bernal stacking and turbostratic layers.115 In the histogram of Fig. 4.4.3 

(a), the I2D FWHM values range from 24 cm-1 to 85 cm-1 with an average probability density 

value of 54 cm-1 ± 13 cm-1. The average value of I2D FWHM after Ni etching is approximately 

the same, 55 cm-1 ± 11 cm-1, for bi-3DG. Values of I2D FWHM less than 55 cm-1 has been 

attributed to rotation angles greater than 5 degrees. This is further corroborated by an average I2D 

peak position of 2698 + 8 cm-1. The distribution of FWHM values suggests a mixture of 

turbostratic stacking (case IV) along with Bernal stacking, where FWHM values are typically 

greater than 60 cm-1 in Bernal stacked multilayer graphene. The histogram of I2D / IG, shown in 

Fig. 4.4.3 (b) exhibits a distribution maximum centered near 0.8 with an average value of 1.4 + 

1.2. An outlier spectrum is found to exhibit I2D / IG of 7.4 and I2D FWHM of 24 cm-1, features 

associated with turbostratic graphene (case II).113 The inclusion of spectra in the histogram with 

I2D / IG ratios greater than 1 further indicates the presence of turbostratic graphene.  

Fig. 4.4.3 (c-d) shows histograms of I2D FWHM and I2D / IG of a sample after etching the 

Ni scaffold (bi-3DG). The I2D FWHM histogram in Fig. 4.4.3 (c) transitions to a more clearly 
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separated bimodal distribution with the primary maxima at 60 cm-1, secondary maxima at 35 cm-

1, and a range of 30 cm-1 to 68 cm-1. This indicates a higher degree of spatial uniformity in 

graphene stacking compared to the broader distribution in bi-Ni-3DG. Fig. 4.4.3 (d) shows the 

bi-3DG histogram of I2D / IG with distribution primarily centered around 0.5 with an average of 

0.9 + 0.6. The process of etching the Ni scaffold seems to promote graphene layers to relax and 

collapse onto one another. 

Fig. 4.4.3 (e-f) shows histograms of Raman data analysis, I2D FWHM and I2D/IG, of bi-2-

3DG which were made from a bi-Ni-2 scaffold (annealed at 900 °C in forming gas before CVD 

growth). Here, the I2D FWHM distribution in Fig. 4.4.3 (e) is still bimodal but the maxima is near 

40 cm-1 with a range of 31 cm-1 to 74 cm-1, signaling a shift towards FWHM values associated 

with turbostratic graphene as compared to Fig. 4.4.3 (c). Fig. 4.4.3 (f) shows that these narrow 

FWHMs are corroborated by an increase in the number of 2D/G ratios above 1.0 with an average 

ratio of 1.0 + 0.5. 20% of the spectra exhibit combination Raman modes (case III) in this dataset 

with peak positions corresponding to turbostratic stacking.75 The noticeable increase in narrow 

FWHM and I2D/IG ratios greater than 1.0 from Fig. 4.4.3 (c-d) to Fig. 4.4.3 (e-f) demonstrates the 

ability to tune the material towards fewer layers and turbostratic stacking using CVD and thermal 

processing of bijel templates. 
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Figure 4.4.3. Probability density histograms showing results of Raman spectrum analysis. The 
measured values for the 2D peak FWHM and the intensity ratio I2D/IG (bin sizes of 5 and 0.2, 
respectively) are shown for (a and b) bi-Ni-3DG, (c and d) bi-3DG, and (e and f) bi-2-3DG. 
Standard deviations of data sets a, b, c, d, e, and f are 13 cm-1, 1.2, 10.9 cm-1, 0.6, 13 cm-1 and 
0.5, respectively.  

 

Fig. 4.4.4 shows analysis of Raman data from the 2DG analogue. The FWHM value 

observed with the highest probability is approximately 70 cm-1. The 2D/G ratio observed with 

highest probability is 0.5 with an average of 1.2 + 1.3. There are regions where the FWHM has the 

signature of turbostratic graphene and other regions where the FWHM approaches higher values 
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expected for Bernal layer stacking in MLG. The similarity between bi-Ni-3DG in Fig. 4.4.3 (a-b) 

and the 2DG analogue in Fig. 4.4.4 (a-b) indicates the 2D system contains representative regions 

on the sample for the scanning tunneling microscopy analysis presented in Fig. 4.2.5.  

 
 

 

Fig. 4.4.4. The measured values for the 2D peak FWHM (a) and the intensity ratio I2D/IG (b) for 
2DG. Standard deviations of data sets a and b are 13.2 cm-1 and 1.3 respectively. 

 
 

Higher magnification SEM images of cross sections of (a) bi-Ni and (b) bi-Ni-3DG 

samples are shown in Fig. 4.4.5. Examination of the pore in the center of Fig. 4.4.5 (a) shows 

small voids in between concentric rings of Ni. Fig. 4.4.5 (b) shows that after CVD growth, the 

voids are no longer visible, indicating that the Ni films have sintered. 
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Figure 4.4.5. (a) SEM image of bi-Ni cross section after pyrolysis of PEGDA where voids are 
observed in between concentric rings of Ni films. (b) SEM image of bi-Ni-3DG cross section 
indicates that Ni sinters during the CVD growth process since voids are no longer observed. 
Scale bars are 30 µm. 

 

Experimental methods 

Synthesis of bicontinuous interfacially jammed emulsion gel (bijel) 

Poly(ethylene glycol) diacrylate bijel-based scaffolds (bi-PEGDA) are synthesized as described in 

a previous report32 and the process is briefly described here. Stöber process silica with controlled 

surface chemistry were dispersed via ultrasonic horn in deionized water (Millipore) and mixed 

with 2-6 Lutidine (Sigma-Aldrich, St. Louis, MO, CAS # 108-48-5), such that the respective 

volume fractions were 3.02%, 66.9%, and 30.1%. 205 ml samples were heated in a microwave for 

30 s at a power of 160 W to induce spinodal decomposition of the water and oil, and then 

transferred to a 70 °C oven to maintain sample temperature above the critical point of 33.9 °C.116 

35 μl of polyethylene glycol diacrylate 250 (PEGDA, Sigma Aldrich, St. Louis, MO, CAS # 
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26570-48-9) is added to the top of each sample with 1 vol% Darocur 1173 (Ciba Specialty 

Chemicals, Basel, Switzerland) as a photoinitiator. The monomer diffused through the organic 

phase of the bijel for 4 hours before UV polymerization (Omnicure Series 1000, 100 W power). 

After curing, the templates were rinsed with DI water to remove unreacted monomer. Silica 

particles were etched from internal surfaces via 5 hour treatment with 6 M hydrofluoric acid 

(Fisher Scientific, Hampton, NH, CAS # 7732-18-5). Excess acid is rinsed from the polymer 

template with DI water and the scaffold left to dry at 70 °C. 

  

Synthesis of bi-Ni 

The bi-Ni scaffold is formed by electroless Ni (EN) deposition on bi-PEGDA followed by sintering 

under ambient conditions and then reducing in a vacuum environment to leave a freestanding bi-

Ni scaffold as described in previous work.48 Briefly, bi-PEGDA templates are soaked in a 

supersaturated solution of palladium chloride (Sigma Aldrich, St. Louis, MO, CAS # 7647-10-1) 

in alcohol overnight. The EN plating solution is 0.02 M nickel chloride hexahydrate (Fisher 

Scientific, Hampton, NH, CAS # 7791-20-0), 0.02 M sodium tartrate dihydrate (Aldrich Chemical 

Company, Milwaukee, WI, CAS # 6106-24-7), 1 M hydrazine (Sigma-Aldrich, St. Louis, MO, 

CAS # 10217-52-4), and 1 vol% 1-Propanol (Fisher Chemical, Waltham, MA, CAS # 71-23-8). 

The pH of the EN solution is adjusted to an approximate value of 10 by addition of NaOH and 

maintained throughout the duration of the plating process with additional NaOH as necessary. The 

activated bi-PEGDA is cleaned in isopropanol (IPA). The temperature of the EN solution is 

controlled at 95 °C via immersion in a hot water bath. The EN solution is drained after 330 min 

and the scaffolds rinsed in IPA to remove unreacted salts. The scaffolds are heat-treated for 1 hr 

at 300 °C and 1 hr at 500 °C in air to remove the polymer template. The furnace is then purged 
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with Ar and filled with forming gas (5% H2, 95% Ar) and the sample is heated at 450 °C for 8 hr 

to reduce the oxidized Ni to its metallic state and sintered to impart structural integrity to the 

scaffold. 

  

Synthesis of 2-dimensional Ni thin films 

Si wafers with a 300 nm SiO2 layer on the surface are treated with 5:1:1 DI:NH4OH:H2O2 at 70 

°C (RCA-1) for 15 min, immersed in 3 separate DI baths, rinsed in flowing DI, and dried with N2 

gas (Airgas). The wafers were immediately transferred into a 0.5 mmol (3-Aminopropyl) 

triethoxysilane (APTES) (Sigma-Aldrich, St. Louis, MO, CAS # 919-30-2) in DI water and left 

for 12-16 hr. Afterwards, Si wafers are removed from the APTES solution, rinsed in a methanol 

stream and sonicated in methanol for 2 min. Si wafers are ethanol rinsed and activated in a solution 

of supersaturated palladium chloride in ethanol for at least 1 hour. Subsequently, EN deposition is 

performed as described in the above section with the addition of Tween 20 surfactant (Sigma-

Aldrich, St. Louis, MO, CAS # 9005-64-5) to reduce bubble-induced delamination on the EN 

surface. The resultant EN coated Si wafers were rinsed with ethanol and dried on a hot plate at 105 

°C for 5 min. 

  

Chemical vapor deposition of graphene 

All samples were loaded into a 1” quartz tube and evacuated to a pressure of approximately 10-2 

torr while flowing forming gas (5% H2 in Ar) at 100 SCCM into the system. The furnace is purged 

under vacuum/forming gas for 1 hr at ambient temperature, followed by a ramp to 800 °C at a rate 

of 10 °C/min. The samples are held at 800 °C for 30 min. The furnace temperature is then increased 

to 900 °C at 10 °C/min. At this point, 5 SCCM CH4 in 100 SCCM forming gas is introduced into 
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the system for 30 min. Subsequently, CH4 is turned off and the furnace set to cool to room 

temperature at 10 °C/min under forming gas with no active cooling. 

  

Extended anneal of bi-Ni 

For creating bi-Ni-2-3DG samples, bi-Ni samples were loaded into a 1” quartz tube and evacuated 

to a pressure of approximately 10-2 torr while flowing forming gas at 100 SCCM into the system. 

The furnace is purged under vacuum/forming gas for 1 hr at ambient temperature, followed by a 

ramp to 800 °C at a rate of 10 °C/min. The samples are held at 800 °C for 30 min. The furnace 

temperature is then increased to 900 °C at 10 °C/min and held at 900 °C for 30 mins followed by 

cooling (10 °C/min) to room temperature, creating bi-Ni-2 CVD is then performed as described in 

“Chemical vapor deposition of graphene” to create bi-Ni-2-3DG. 

  

Freestanding bi-3DG 

After CVD growth, bi-Ni-3DG are etched in 1 M FeCl3 aqueous solution at ambient temperature 

for 12 hr. The resulting bi-3DG is then soaked in 3 separate dishes of DI for 5 min each followed 

by IPA for 5 min. bi-3DG is then placed into a glass vial and dried on a hot plate at 130 °C for 30 

min. 

 

Chemical and Morphological Characterization 

Raman measurements were obtained on a Renishaw InVia Raman microscope with 532 nm 

incident laser. XPS measurements were performed with an AXIS Supra XPS by Kratos Analytical 

using a monochromated Al K α radiation. Scanning electron microscopy images were acquired in 

a FEI/Philips XL30 FESEM at 10 kV and an FEI Quanta 3D FEG at 10 kV (Fig. 4.2.6b-d) and 30 
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kV (Fig 4c). Low accelerating voltage images were taken in a FEI Magellan 400 XHR SEM at 1 

kV with 3.0 m spot size, and 10 mm working distance. STM measurements were taken with an 

Omicron VT-SPM at room temperature and pressure of approximately 10-11 torr. Samples were 

degassed for 24 hr at 600 °C to remove surface adsorbates prior to scanning. Etched tungsten tips 

were used at a scanning voltage of 400 mV and tip-sample bias. Images were analyzed using Image 

Metrology’s SPIP and Wolfram Mathematica. Nitrogen adsorption isotherms were performed by 

Micromeritics using a Micromeritics Tristar II Plus for specific surface area measurements. 

Transmission electron microscopy (TEM_ was performed using a JEOL JEM-ARM300F Grand 

Arm TEM/STEM with 300 kV accelerating voltage to acquire both high-angle annular dark field 

- scanning TEM (HAADF-STEM) and bright field images. 

 

Density Measurements  

The height and diameter of bi-3DG and bi-2-3DG pillars were measured with SEM. A Saritorus 

ultra-microbalance (readability of up to 0.1 µg) was used to weigh the bi-3DG and bi-2-3DG. The 

density was calculated by dividing the mass by the bulk volume of the pillar.  

 

Mechanical Characterization 

Pillars of bi-3DG and bi-2-3DG with approximately 900 µm diameters were formed using 1 mm 

biopsy punch-outs to define a bi-PEGDA template with height of approximately 1.25 mm. After 

processing into bi-3DG or bi-2-3DG, the samples were mounted onto an Al SEM stub with double 

sided Cu tape. Compression tests were conducted using a commercial nanoindentor (Alemnis, 

Switzerland) with displacement-control function with a 1.4 mm stainless steel flat punch tip. In 

order to measure the Young’s modulus, a constant strain rate of 0.25 µm/s is performed on 3 
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samples which were strained to approximately 3%. In addition, 26 cycles of loading and unloading 

were performed on a single sample which is compressed to 70% strain at a constant strain rate of 

1.2 µm/s. 0.2% offset yield strength is measured and Young’s modulus at different strain was 

extracted from unloading curves. The experiments were performed under an optical microscope to 

record and observe the deformation of the structure during the tests. 
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Chapter 5: Changing chemical structure and architecture of 

freestanding graphene systems  

5.1 Nitrogen dopants  

Introduction 

Chapter 5.1 explores the growth kinetics of introducing nitrogen substitutional impurities in the 

graphene lattice to produce nitrogen doped graphene (N-graphene) during chemical vapor 

deposition (CVD). N-graphene has been reported to yield enhanced electrocatalytic activity 

towards efficient oxygen reduction in fuel cell electrodes.1 Literature shows the molecular 

configuration of nitrogen in the graphene lattice affects the resultant electrochemical properties. 

Yet, the methods of tuning the resultant nitrogen configurations and its subsequent properties are 

poorly understood. Systematic studies are required in order to bring clarity to these methods and 

reliably tune the electrochemical properties of N-graphene. Control of nitrogen configuration in 

the graphene lattice would enable use in widespread technologies, such as lithium-ion batteries1 

and metal free catalysis.2 A brief literature review of CVD nitrogen delivery methods are 

described below, followed by preliminary results. Chapter 5.1 investigates how the timing of the 

nitrogen precursor source during CVD growth affects the resultant nitrogen configurations in N-

graphene.  
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Background  

When using CVD to form N-graphene, there are 3 typical molecular configurations in the 

lattice; graphitic, pyridinic, and pyrrolic configurations have a nitrogen atom bonded to a 

graphene lattice with 0, 1, or 2 carbon vacancies, respectively.4 This is shown in Fig. 5.1.1. 

pyridinic nitrogen (pyridinic-N) has been reported to have enhanced electrochemical properties 

compared to the other 2 nitrogen configurations.5 Our preliminary results indicate it is possible to 

use CVD to isolate pyridinic-N-graphene by delaying the exposure of the catalyst film to the 

nitrogen containing precursor. 

 

 

Figure 5.1.1. Image depicting the 3 typical 
nitrogen configurations in a nitrogen-doped 
graphene lattice. Zafar, Zainab, et al. 
"Evolution of Raman spectra in nitrogen 
doped graphene." Carbon 61 (2013): 57-62. 

 

 

There are three primary methods of introducing nitrogen containing species during CVD; 

These methods are differentiated by whether or not the nitrogen containing gas precursor flow at 

the same time as the carbon containing gas precursor. A schematic illustrating the primary 

methods is shown in Fig. 5.1.2. These methods are referred to as co-dope, post-dope, and post-

co-dope. Co-dope occurs when the molecular precursors containing C and N are introduced 

simultaneously during CVD. In the post-dope method, the hydrocarbon gas is introduced into the 

system in order to form the graphene lattice, followed by the addition of the nitrogen containing 
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source without any further hydrocarbon gas.6 The post-co-dope method begin with only 

hydrocarbon gas and leaves the hydrocarbon source flowing once the N precursor is introduced. 

In a post-dope growth, the two gaseous species are never flowing simultaneously. A post-co-

dope is a mixture of the two previous methods; here, the hydrocarbon gas initially flows alone 

and at a later time, the nitrogen containing gas is introduced into the mixture. 

 

Figure 5.1.2. Schematic of the three 
primary nitrogen doping strategies 
during CVD. The line in black indicates 
the duration of the hydrocarbon flow 
during CVD. The line in red indicates 
the duration of nitrogen-containing gas 
during CVD. Co-dope allows the 
nitrogen and carbon gas to flow at the 
same time. A single gas molecule which 
contains both carbon and nitrogen falls 
within the co-doping category. In post-
doping the nitrogen gas does not 
directly flow with the carbon gas.. A 
little discussed strategy is that of post-
co-doping, which is a mixture of the 
two, but produces significantly 
differences so as to warrant its own 
naming schema.  

 

 The most common strategy reported in the literature is co-doping, where the nitrogen 

containing gas (e.g., ammonia) and carbon source (e.g., methane, ethylene, acetylene, and 

benzene) flow in the system throughout the deposition;4,7 Co-doping has been reported mostly 

graphitic-N configuration with some pyridinic-N. CVD has also been performed with a single 

compound that contains both carbon and nitrogen (e.g. pyridine), which is another form of co-

doping. It has been reported that this method typically produces a rich mixture of N-

configurations as shown in Fig. 5.1.3b.3,8–10 In rare cases, pyridinic-N was reported as the 

dominant configuration observed.11,12 While it is likely that post-doping has been performed, the 
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lack of standard terminology makes it difficult to index through the plenitude of research; 

additionally, there has not been a systematic study on nitrogen configurations derived from post-

doping vs co-doping vs post-co-doping. The following preliminary report sets the basis for such 

a study with compelling preliminary results. 

Preliminary results 

Through a post-co-dope method, we report preliminary results of dominant pyridinic-N. 

Fig. 5.1.3 (a) shows X-ray photoelectron spectroscopy (XPS) results of N-graphene CVD on 

SiO2 (300 nm) / nickel (120 nm) / copper (180 nm) alloys. The binding energy (B.E.) centered at 

398.3 eV indicates the dominant presence of pyridinic-N.1 As discussed in chapter 4.4, the 

assignment of peaks can vary from instrument to instrument, which can make comparison of data 

challenging. One suggested method to ensure that the peak locations are properly calibrated is to 

first analyze a heavy metal (e.g. gold) before analyzing N-graphene. Once gold is analyzed, one 

can make the necessary adjustments based off of the difference between the expected and 

analyzed peak position of gold is; then one can proceed with N-graphene characterization. This 

helps to assure that any subsequent peak positions are not affected by experimental artefacts. 

This process involved flowing 5 SCCM of ammonia gas that is introduced at the tail end of a 10 

minute methane (5 SCCM) deposition at 900 °C, at which point, both ammonia and methane 

intermingle for 2 minutes followed by a 10 °C/min cooldown under 95 SCCM argon and 5 

SCCM hydrogen. This was a reproducing procedure that yielded pyridinic-N configuration on 

these thin film nickel-copper alloys where other methods such as co-doping, did not produce any 

detectable N-graphene on the same alloys.  
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Figure 5.1.3. (a) High resolution XPS spectrum of nitrogen from N-graphene on thin film 
nickel-copper alloys after post-co-doping. Black dots are data, blue curve is a fitted line. The 
peak is centered at 398.3 eV. Unpublished data - Garcia A.E. & Ragan R. (2018). (b) Example 
of high resolution XPS spectrum of a mixture of graphitic (green curve), pyrollic (blue curve), 
and pyridinic (red curve) nitrogen configuration in N-graphene.3 

 

The ammonia treatment at 1050 °C typically resulted in rough non-uniform metal 

surfaces, as such, a modified version of post-co-doping was briefly explored on 25 µm nickel 

films (Alfa Aesar, 99% purity). The nickel films were loaded into the low-pressure quartz tube 

CVD furnace and purged for 60 minutes under vacuum and 100 SCCM forming gas (argon 95 

at% and hydrogen 5 at% ). The ramp rate was 30 °C/min to 1050 °C. The forming gas was raised 

to 300 SCCM and the nickel film was annealed for 60 minutes before deposition. The total 

deposition time was 2 minutes at 1050 °C with a 300 SCCM forming gas background. During 

deposition, 1 SCCM of methane flowed the entire 2 minutes whilst 1 SCCM of ammonia only 

flowed for 25 seconds. In the typical post-co-dope method, the ammonia would only flow during 

the last 25 seconds of the 2 minute deposition before both methane and ammonia are turned off. 

This resulted in a film with surface features that were highly non-uniform and often had what 

appeared to be bare patches of nickel, which did not register any signal in Raman spectroscopy. 

The average I2D/IG ratio here was 0.63 + 0.34, much lower than the control (just methane) which 
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had an average I2D/IG ratio of 1.10 + 1.07. In order to repair the damaged surfaces, the N-doping 

window of 25s of ammonia was moved to 25s earlier and 85s earlier, in order to allow for a 25s 

and 60s “healing period”, where methane could flow for a short time without ammonia during 

the same 2 minute winow. The deposition period became methane - methane/ammonia - 

methane. The results are summarized in Table 5.1.1. While this method did increase the carbon’s 

quality and repair the damaged surface, creating a highly uniform surface, it did not help with 

increasing the nitrogen content.  

CVD process Methane only Post-co-dope Post-co-dope, 25s 
heal 

Post-co-dope, 60s heal 

I2D / IG  1.10 + 1.07 0.63 + 0.342 0.76 + 1.07 0.59 + 0.13 
Table 5.1.1. I2D/IG ratio of nickel films after a 2 minute 1050 °C CVD with 25s of ammonia at 
different timepoints compared to a control run of just methane. In the case of ammonia and 
methane, a 1:1 ratio at 1 SCCM each was utilized. 

  

It should be noted that all but one of these papers mentioned in the background section of 

5.1 use copper as the catalyst metal.6 Copper films are a relatively straightforward method of N-

graphene production, because the majority of the carbon species stay on the surface of the film. 

On the other hand, relatively little is known about the kinetics of N-graphene with nickel 

catalysts, even less so in 3-dimensions. The usage of nickel films requires the operator to 

consider the fact that carbon atoms will diffuse into the nickel bulk, and design CVD 

accordingly. While nitrogen is reported to have a diffusivity of 6 cm2/s in nickel at 1600 °C,13 

little is known about the interactions between carbon and nitrogen in the nickel bulk, with respect 

to N-graphene formation. In this work, N-graphene was not observed from CVD performed at 

1050 °C, confirming the reports of previous work, whom attribute this effect to the increased 

corrosiveness of ammonia at higher temperatures.12 We find empirical evidence that suggests the 

introduction of nitrogen is most effective near the end of a typical deposition, or as carbon atoms 
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begin to segregate out of the nickel film during cool-down, but more experiments are needed in 

order to properly investigate this. In the meanwhile, the first stage of the electrochemistry portion 

of this investigation was started on pristine graphene bijel scaffolds with the intentions of 

following up with N-graphene bijel electrochemistry once this synthesis is refined. 

5.2 Electrochemistry of pristine graphene bijels scaffolds made at 

1050 °C 

In order to begin comparing the electrochemical differences between N-graphene and graphene 

scaffolds, cyclic voltammetry was utilized. First, a control test was performed with graphene 

made from a modified bijel template CVD recipe.14 100 SCCM forming gas was used to purge 

the furnace for 1 hour, followed by a 30 °C/min ramp to 1050 °C. Once at 1050 °C, the forming 

gas was increased to 300 SCCM; the metal was annealed for 1 hour under these conditions. After 

the 1 hours anneal, 0.8 SCCM of methane was introduced and flowed for 2 minutes at 1050 °C. 

After the 2 minute growth, the furnace clamshell was opened in order to expose the tube to 

ambient temperature and initiate a quick cool down to room temperature.. After etching the bi-

Ni-3DG-1050 into bi-3DG-1050, SEM and Raman spectra were acquired. This high temperature, 

low-time, low-flow deposition was developed in order to produce a low number of graphene 

layers, which would appear transparent in SEM and have a I2D/IG ratio near 1.0 or higher. Fig. 

5.2.1a-c shows SEM of the bi-3DG-1050 with Fig. 5.2.1c demonstrating the transparency of the 

graphene films with inherited bijel morphology. A pair of representative Raman spectrum with 

an average I2D/IG ratio of 0.97 + 0.73 are shown in Fig. 5.2.1d. A plot of cyclic voltammogram 

(C.V.) obtained after 100 cycles in a ferricene-ferrocene electrolyte shows the oxygen reduction 

reaction capability of the bi-3DG-1050. Note, FeCl3 can leave behind trace amounts of Fe, which 
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can dominate the electrochemical response when compared to graphene; As such, 1.0 M HCl 

was used as an etchant to avoid the possibility of contaminants skewing the electrochemical 

measurements.15  

   

  

Figure 5.2.1. (a-c) SEM 
images of a bi-3DG-1050 
made at 1050 °C under 2 
mins of 5 SCCM CH4. (d) 
Raman data and (e) cyclic 
voltammetry. C.V. was 
performed at 0.1 mV/S, 0.5 
mV/s and 100 mV/s. 

 

Pristine graphene in a minimal surface architecture shows electrochemical behavior. At a 

scan rate of 0.1 mV/s, the peak to peak separation between the anodic and cathodic peaks is 0.08 

V. This separation increases to 0.17 V and 0.23 V at scan rates of 0.5 mV/s and 1 mV/s, 

respectively. This positive correlation between peak to peak separation and scan rates indicates 

the electron transfer kinetics between the bi-3DG-1050 and the ferricene-ferrocene electrolyte 

become increasingly sluggish as the scan rate increases.16 To investigate this further, SEM was 

acquired. Fig. 5.2.2a shows the bi-3DG-1050 electrode after C.V.. The wire appears as a 

cylindrical point near the right-center of the figure and the bi-3DG-1050 body is centered on top 

of the wire, with a carbon paste contact between the body and wire on the left center; The 
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remainder of the wire is out of sight. As the SEM magnification increases in Fig. 5.2.2b, the 

bijel-derived morphology becomes more difficult to identify since the bi-3DG-1050 appears 

shriveled. At a closer magnification in Fig. 5.2.3c, the graphene sheets demonstrate clear 

wrinkling effects. When comparing this to the original bi-3DG-1050 body (before C.V. was 

performed) in Fig 5.2.1a-c, it becomes clear that the body became shriveled and wrinkled in this 

process. This may account for the sluggish electron kinetics demonstrated in 5.2.1e. Note, this 

test was performed with a “hollow” bi-3DG (Fig. 5.2.1a), which may not be able to retain its 

structure without the center support that a “full” bi-3DG would offer. sheets as evidenced by Fig. 

5.2.2c. Thus, this sluggishness can be caused by either the loss of structure, or by the material 

itself. The combination of graphene’s tunable electrochemical properties with the minimal-

surface inspired morphology of tunable bijel templates shows theoretical promise for advanced 

electrochemistry, but these experimental challenges must first be overcome in order to finalize 

this study.  

 

   

Figure 5.2.2. SEM images of the bi-3DG-1050 from Fig. 5.2.1 after electrochemical testing. (a) 
on the macroscale, bi-3DG-1050 is visibly shriveled. (b) Morphology appears locally intact. 
(c) Visible wrinkle formation on the surfaces of the bi-3DG-1050. Scale bars are (a) 400 µm, 
(b) 50 µm, (c) 20 µm.  
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5.3 Patterned graphitic nanowires  

As mentioned in the introduction, carbon of all shapes and sizes has peaked the curiosity of 

scientists for generations. Carbon micro/nanopatterns are ubiquitously explored in the carbon 

micro-electro-mechanical (C-MEMS) and carbon nano-electro-mechanical (C-NEMS) field of 

research for developing electrochemical sensors,17 capacitive deionization,18 transparent 

conductors,19 and flexible electronics.20 Our collaborators in the Madou lab fabricated patterns of 

carbon nanowires, which were induced into graphene-like wires using the CVD methods21 

outlined below. 

A mechanically assisted method22 that combines the speed of far-field electrospinning18 

with the precision of near-field electrospinning23 is utilized to produce suspended patterned 

nanowires. The wires are processed as shown in Fig. 5.3.1. First, the polyaniline wire are 

patterned using an electromechanical near-field spinning technique.21 The polyaniline wires are 

then pyrolyzed, nickel-coated, and CVD-processed into graphene-like nanowires (Fig. 5.3.2a). 

The CVD process here follows similar methodology (short growth time at high temperature) as 

was used to create the pristine graphene bijel templates in the previous section, with 1 major 

differences. A slow ramp and cooldown (2 °C/min) was used to account for the difference in 

thermal expansion between the contact point where the suspended wire meets its support. This 

was done to reduce the probability of wire breakage from temperature gradients. The gas flow 

rates were kept at 5 SCCM methane, 95 SCCM argon, and 5 SCCM hydrogen where 2 minutes 

of methane was used at 1000 °C. Forming gas served as the background gas for the duration of 

the experiment, and no “pre-anneal” step was used. Fig. 5.3.2b. shows Raman spectroscopy of 

the wires after pyrolysis and after CVD. The spectra of the graphene-like wires after CVD (red 

line) demonstrates a sharp G band (1570 cm-1) compared to the carbon wires after pyrolyzation 
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(black line). The rise of the a 2D band after CVD indicates successful graphitization. Note the 

2D band is small and broad, but otherwise symmetric. The lack of a distinct shoulder,24 suggests 

that these graphene-like nanowires are more similar to multilayer graphene than graphite. 

 

 

Figure 5.3.1. Creating graphene-like nanowires requires the steps outlined here. (a) 
Electromechanical spinning of polyacrylonitrile (PAN) wires. (b) Conversion of the PAN 
wires into pyrolyzed carbon through a furnace treatment. (c) Electroplating nickel on the 
pyrolyzed wires. (d) Chemical vapor deposition to create the graphene-like wires.  
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Figure 5.3.2. (a) SEM image of three suspended graphitic nanowires after a 1000 °C CVD 
treatment with 2 minutes of 0.8 SCCM CH4 mixed with 95 SCCM Ar and 5 SCCM H2. (b) 
Raman spectra of the pyrolyzed wires (black) and after CVD on the nickel coated pyrolyzed 
wires (red). 

5.4 Inverse nickel opals  

Another interesting architecture to investigate is Inverse opals that are a class of material made 

via electroplating. Typical length scales are 1 μm periods and 1 μm feature sizes in a 50 to 200 

μm thick architecture.25 In order to fabricate metallic inverse opals, first, 1 μm polymeric beads 

are closely stacked onto a conductive surface, followed by electroplating of Ni, which fills the 

voids between the beads. The beads are etched, leaving behind a well-ordered porous network of 

approximately 100 μm thick and pore size of 1 μm. The unique feature of inverse nickel opals is 

the ability to change the pore and ligament size from 1 μm to 10 μm by changing the size of the 

polymeric beads used to template the structure. Larger pore sizes results in larger ligament 

sizes.26 The ligament size effect on graphene has previously been studied on dealloyed metals, 

the CVD temperature was limited to 750 °C.27 This is due to the limited pore sizes (10 nm - 1000 

nm) achievable by dealloyed metals. As the following sections show, similarly, 1 μm sized pores 

do not survive the high temperature treatments (above 1000 °C) necessary for high-quality 

graphene synthesis. Nickel inverse opals with pore sizes of 1 μm and 4.2 μm were provided by 

our collaborators in the Won laboratory for high temperature CVD. The nickel inverse opals 

were made on 50 mm2 copper foil (alfa aesar, 25 µm thickness, 99.8% purity), which were 

sectioned into smaller two mm2 samples prior to CVD. 

An example of nickel inverse opals with a 1 μm pore size is shown in Fig. 5.4.1a-b The 

initial tests on 1 μm pore sizes used the same CVD recipe for the nickel bijel template 

architectures discussed in chapter 4 (30 mins anneal at 800 °C, and 30 min growth at 900 °C) and 



131 
 

resulted in complete loss of morphology as the patterns sintered into a nearly flat film. This is 

shown in Fig. 5.4.1c-d. A combination of elevated time, temperature and lattice spacing 

contributed to this loss of morphology, much of which is due to the tendency of nickel to sinter 

into aggregates.28 Fig. 5.4.1(e-f) shows that when skipping the “pre-anneal” stage and reducing 

the time of deposition to just 5 minutes of CVD with 5 SCCM CH4 with a 100 SCCM forming 

gas background at 900 °C in a low-pressure environment, 1 µm pore sizes still lose their 

morphology but the nickel inverse opals with 4.2 µm pore sizes retain their morphologies. 

Further testing in Fig. 5.4.1(g-h) showed that morphology was retained even at 1000 °C and 

1050 °C. 

 Raman spectroscopy from each sample is shown in Fig. 5.4.2. There is little noticeable 

difference in the morphology between the results of CVD at 900 °C and 1000 °C. However, the 

results of using 1050 °C were unique with a I2D / IG ratio of nearly 8.0. This abnormally high 

ratio is indicative of turbostratic graphene,29 but this cannot be confirmed until further 

characterization, such as scanning tunneling microscopy or conductivity measurements, is 

completed on analogous films. Recent work suggested the presence of turbostratic graphene 

made on opal structures and attributes this behavior to the nature of CVD.30 
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Figure 5.4.1. Multiple SEM images of post-CVD nickel inverse opals with different pore sizes 
and deposition temperatures/times. (a-b) Control samples of inverse nickel opals before any 
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heat treatment. 1 μm pore size with scale bars of 50 and 10 µm, respectively. (c-d) Inverse 
nickel opals (1 μm pore size) after using the CVD recipe of chapter 4 (10 °C/min ramp with a 
30 minute anneal at 800 °C, a 30 min growth at 900 °C with 5 SCCM CH4, and a 10 °C/min 
cooldown, all under 95 SCCM argon, 5 SCCM hydrogen). all morphology is lost with this 
recipe, due to the nickel patterns sintering together. Scale bar is 100 and 50 µm, respectively. 
(e) 1 μm and (f) 4.2 μm samples after a CVD deposition of 5 mins of 5 SCCM of CH4 at 900 
°C with 30 °C/min ramp and cooldown; Scale bars are 100 µm and 50 µm, respectively. Here, 
the sample with 4.2 µm pore sizes retains its morphology whilst the 1 µm pore size sample 
does not. (g-h) 4.2 µm samples after 5 minutes CVD at 1000 °C and 1050 °C, with 30 µm and 
50 µm scale bars, respectfully. Both have similar morphology retention, but 1050 °C reveals 
superior Raman spectroscopy signals (shown in next figure). 

 

 

Figure 5.4.2. Raman spectroscopy on surface of nickel inverse opals after CVD. All were 
performed with a 95 SCCM argon and 5 SCCM hydrogen background, using 5 SCCM CH4 
during growth periods. The blue dashed line indicates a 30 minute growth time at 900 °C with 
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10 °C/min ramp and cooldown. All the solid lines used a 5 min growth time with a 30 °C/min 
ramp and cooldown. 

 

5.5 Conclusion    

The use of CVD as a multifunctional technique, capable of creating different interesting carbon 

architectures is demonstrated. The capability to induce the graphene-like nature of patterned 

suspended nanowires nanowires with CVD poses a unique way of creating controlled high 

surface area structures with scalable techniques. This enabling technological advancement opens 

up interesting avenues of research such as the creation of metamaterials through patterned 

graphitic nanowire structures.31 An interesting future direction is to investigate CVD process 

parameter that lead to turbostratic graphene as observed in chapter 4’s bijel templates. The 

ligament sizes of nickel inverse opals matters; as chapter 5.4 demonstrated, small nickel ligament 

sizes do not retain their morphology after high temperature CVD. These structures prove to be 

uniquely suited for comparing the sizes of graphene crystals across different metal ligament sizes 

under high temperature CVD. While 4.2 µm pores were used here, 5 µm and 10 µm pores remain 

untested. An forward-looking study would use cyclic voltammetry to test the effect of ligament 

size on nickel inverse opals of 4.2 µm, 5 µm, and 10 µm; This would be a novel approach to 

experimentally investigate whether ligament size has an effect on the lateral size of graphene 

crystal qualities (and thus, its electrical properties).32 Whilst the bijel templates would be just as 

interesting as a platform for ligament-crystal exploration, the nickel inverse opals represent a 

low-cost method to produce tunable ligament sizes; they are uniquely suited towards testing the 

ligament size effect on graphene crystal sizes through electrochemistry since the bijel templates 

are comparatively more time-intensive. Here, the nickel inverse opals would serve as a “2D 
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analogue” for systematic study of the ligament-crystal effect, the foundations of which would 

serve as the basis for future work with the bijel templates.   
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Chapter 6: Conclusions and future directions 

 

6.1 Outlook on future directions 

The previous chapter demonstrated the capabilities of a chemical vapor deposition (CVD) 

furnace to operate on diverse materials with multiple scale lengths, so long as the parameters are 

properly adjusted. Both the CVD furnace and the substrate used, represent tunable conditions 

which can be used to modulate the properties of thin carbon films deposited on substrates. For 

example, the use of copper-nickel alloys as a substrate can be used to reduce the carbon 

solubility, which in turn offers a way to tune the number of carbon layers.1 As such, copper 

nickel alloys were created on bijel templates to test this. However, the use of electroless copper 

deposition was poor and resulted in the loss of bijel’s spinodal morphology. Another method of 

copper deposition was used, the copper replacement reaction; this was somewhat better, but 

challenging to replicate. Therefore, an alloying technique designed for bijel templates is 

recommended. 

Nickel copper alloys in 3D architectures 

The carbon solubility of carbon in nickel is 0.29 at% at 700 °C,2 but can reach up to 5 

at% near the nickel melting temperature.3,4 The ability to reduce the carbon solubility of nickel 

has been shown to create thinner layers of graphene on average,1 which is desirable for 

controlling the average number of graphene layers in 3D.  

As such, electroless copper deposition was performed on nickel bijel scaffolds followed 

by a thermal anneal at 500 °C to alloy the metals, as seen in Fig 6.1a. The exterior pores were 

filled in by the copper, resulting in loss of the desirable morphology. Fig. 6.1b shows the results 

of another copper deposition strategy, the copper replacement reaction.5 This allowed better 

https://www.zotero.org/google-docs/?VLb3y9
https://www.zotero.org/google-docs/?7kKRSX
https://www.zotero.org/google-docs/?PLVqln
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retention of the porous morphology and produced a nickel-copper alloy with 5.2 at% of copper 

using a single replacement reaction. The use of two replacement reactions resulted in a 16.9 at% 

of copper, but led to the loss of the spinodal morphology again. A more suitable approach to 

creating nickel copper alloys on bijel templates would be to use alloying methods specifically 

designed for bijel templates.6 By soaking the bi-PEGDA with copper and nickel salts as 

described in Lee et al.,6 (whom use silver and gold as a proof of concept), a nickel copper alloy 

can presumably be created during the sinter/reduction steps that are already performed. This way 

instead of converting a bi-PEGDA into bi-Ni, this method may be able to directly convert a bi-

PEGDA into bi-NiCu. 
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Figure 6.1.1. SEM images of copper deposited 
nickel bijel scaffolds after thermal anneal to 
alloy the metal. All attempts involved 
deposition of copper onto nickel bijel 
scaffolds, followed by thermal anneal. (a) 
Electroless copper was the first method used, 
but annealing this alloy resulted in near-
complete loss of the morphology. (b) A 
copper replacement reaction proved more 
successful in retaining the porous morphology 
with 5.2% copper. (c) A copper replacement 
reaction was performed twice, increasing the 
copper concentration to 16.9%, but losing the 
porous morphology The scale bars are (a) 500 
µm and (b,c) 1,000 µm. 

 

6.2 Conclusions 

Engineering a unique 3D architecture composed of atomically thin carbon films is challenging, 

but rewarding because it continues the research based around utilizing such structures to enhance 

existing applications like fuel cell electrodes and electrochemical sensors. This work contributes 

to the future of innovative research based on the use of mechanically robust, conductive films of 

atomically-thin carbon, arranged in a periodic, nature-inspired, porous architecture. Handling the 

free-standing turbostratic graphene bijels required careful attention when mounting the sample to 

an SEM stub, but the experience of visualizing the transparent walls of the world’s thinnest 

material, structured in a self-assembled, nearly minimal surface architecture is worth the 

challenge. The use of a thoughtful systematic approach towards experimental design will 

continue this slow, but steady inch towards the theoretical limits of freestanding graphene’s 

intrinsic properties. Exploring the effect of the 3D ligament size on the graphene flake size is a 

straightforward fundamental test that can be performed with nickel inverse opals and can identify 

the extent of the effect 3D architectures have on graphene formation. Although the research of 
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graphene on 2D surfaces may appear saturated, there is still much to explore on that topic. 

Building on the foundation of graphene growth on 2D surfaces, we can further explore the 

fundamental kinetics of graphene growth on 3D architectures.  
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