
DISPERSION AND PROCESSING OF GRAPHENE AND MXENE NANOSHEETS 

WITH APPLICATIONS IN STRUCTURAL ENERGY STORAGE 

 

A Dissertation 

by 

SMIT ALKESH SHAH  

 

Submitted to the Office of Graduate and Professional Studies of 

Texas A&M University 

in partial fulfillment of the requirements for the degree of 

 

DOCTOR OF PHILOSOPHY 

 

Chair of Committee,  Micah J. Green 

Committee Members, Jodie L. Lutkenhaus 

 Miladin Radovic 

 Zhengdong Cheng 

Head of Department, Arul Jayaraman 

 

December 2019 

 

Major Subject: Chemical Engineering 

 

Copyright 2019 Smit Alkesh Shah



 

ii 

 

 ABSTRACT 

 

Two-dimensional (2D) nanomaterials are unique for their high surface-to-volume 

ratio and high aspect ratio making them useful in a range of applications. Graphene and 

MXenes are such 2D nanosheets and have great potential in applications such as 

polymer composites, electrochemical energy storage electrodes in batteries and 

supercapacitors, and conductive inks. Improvements to existing lab-scale synthesis and 

processing techniques are crucial to serve the high demand of graphene and MXene 

nanosheets and make their applications commercially viable.  

In this study, various aspects of exfoliation, dispersion and processing of pristine 

graphene are investigated. A facile washing process was developed to recover graphene 

entrapped in the sediment to improve the overall yield of liquid phase exfoliated 

graphene (graphene/unexfoliated parent material). The total amount of graphene 

obtained through this approach increases with cumulative solvent volume. Graphene 

quantum dots (GQD) with sulfonyl, amine, and carboxylic functional groups were 

employed to exfoliate and disperse pristine graphene nanosheets in water. Sulfonyl 

functionalized GQD are able to disperse highest concentration of graphene in water 

compared to other functional groups. The results are consistent with a prior finding by 

pyrene and indicate that π- π stacking interaction between polyaromatic hydrocarbons 

(PAH) and graphene nanosheets and their role in dispersing graphene nanosheets are 

general across a wide range of PAH sizes and species. 2D flat Ti3C2TX MXene 

nanosheets were processed for the first time in a spray dryer to scroll, bend, and fold 
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them in to three-dimensional (3D) crumpled structures. This was the first experimental 

demonstration proving computational predictions that 2D MXene nanosheets can exist in 

a scrolled morphology. 3D graphene oxide (rGO) hydrogels were fabricated using 

colloidal self-assembly for application as supercapacitor electrodes due to their excellent 

specific surface area, high porosity, and electrically conductive continuous network. 

High-strength, Kevlar-derived aramid nanofibers (ANF) were employed as a reinforcing 

filler to improve the shear modulus of rGO hydrogels.  

This work will pave the way for further research to design and fabricate 

nanosheet based electrode architectures with controlled morphology and reinforcement 

with structural fillers to develop load-bearing multifunctional energy storage devices. 
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CHAPTER 1  

INTRODUCTION  

1.1 Motivation 

Graphene and other 2D materials show significant potential for applications in 

energy storage and conversion devices, optoelectronic devices, sensors, composites, 

catalysis etc. Graphene nanosheets possess unique combination of excellent properties 

such as high electrical and thermal conductivity, high surface area, exceptional 

mechanical properties which makes them very valuable to researchers from all scientific 

disciplines. Ever since the graphene was isolated by Dr. Geim and Dr. Novoselov in 

2004, intense research interest has resulted in exploration of new layered materials with 

set of unique properties. Some other 2D materials of interest include MXenes, hexagonal 

boron nitride (hBN), transition metal oxides (TMOs), transition metal dichalcogenides 

(TMDs), and phosphorene. 

The importance of development of new energy, health and infrastructure 

solutions cannot be emphasized enough. With the recent global push towards green 

energy resources, automotive and aerospace industries are interested in developing 

stronger, light-weight electrochemical energy storage solutions. To meet the upcoming 

industry requirements, it will become crucial to develop scalable production and 

processing approaches for graphene and MXene nanosheets which have been shown to 

have potential as electrodes for batteries and supercapacitors.  

Liquid phase exfoliation of graphene is one of the potential ways to scalable 

production of graphene. However, for aqueous dispersions, stabilizing agents such as 
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polymers, pyrene derivatives, surfactants are needed to colloidally stabilize the 

exfoliated nanosheets. Usually, due to the high concentration of these dispersants with 

respect to graphene, the final application is affected. Sulfonyl functionalized pyrene 

derivates are found to be very efficient at dispersing graphene at low 

dispersant/graphene ratios. There is a need to investigate if influence of functionalization 

in dispersing and stabilizing graphene also extends to other types of polyaromatic 

hydrocarbons. 

For certain applications requiring assembly of nanomaterials, their morphology, 

assembly and chemical functionality have significant influence the properties of the final 

macrostructure. Nanocomposites can be made to achieve multifunctionality or 

synergistic improvement in properties of advanced materials. Several polymers and 

polymer nanofibers such as polyvinyl alcohol (PVA), cellulose nanofiber, and aramid 

nanofibers have been employed to obtain enhancements in mechanical properties or to 

achieve multifunctionality in nanomaterial composites. 

This dissertation addresses the processing of graphene and MXene nanosheets, 

self-assembly of graphene oxide (GO) and its composites with aramid nanofibers for 

applications in structural energy storage. The dissertation explores the creation of 

aggregation resistance crumpled powder for 2D MXene nanosheets using a template-free 

spray drying technique. The liquid phase processing of graphene nanosheets is also 

studied with respect to colloidal stability and separation scalability for improvement in 

yield. 
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1.2 Goals and outline of the dissertation 

This dissertation is divided in six chapters, with the first one giving an overview 

of the topics discussed in the proposal. The focus of chapters 2 and 3 is on scalable 

exfoliation of pristine graphene nanosheets in aqueous phase with emphasis on use of 

dispersants as graphene stabilizers.1-3 Chapter 4 is focused on synthesis and processing 

of Ti3C2TX MXene nanosheets into 3D crumpled morphology using spray drying 

approach.4 Chapter 5 discussed synthesis and characterization of porous graphene oxide 

hydrogels with aramid nanofiber as fillers for application as structural supercapacitor 

electrodes.5 Chapter 6 concludes the dissertation with discussion on the future work on 

MXene-ANF high strain conductive composites. 

Chapter 2 

2D graphene nanosheets 

Graphene is a single layer allotrope of carbon consisting of sp2 hybridized carbon 

atoms arranged in a honeycomb lattice structure. Today, graphene is a part of a vast 

family of 2D nanomaterials and is prized for its unique combination of excellent 

electrical, thermal (Thermal conductivity: 3000 WmK-1), optical, and mechanical 

properties (Young modulus: > 0.5-1 TPa) with a theoretical specific surface area of 2500 

m2g-1 and experimental surface area: 400-700 m2g-1. As a result, graphene has been 

shown to have the potential for many applications such as energy storage and 

conversion, catalysis, solar cells, light emitting devices, photodetectors etc. 

Graphene nanosheets can be obtained by two main approaches top-down and 

bottom-up synthesis. Bottom-up synthesis can produce graphene nanosheets with very 
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high quality suited for applications such as optoelectronics. Such methods include 

chemical vapor growth, epitaxial growth, and annealing SiC substrates. However, these 

methods suffer from low production rates making them unviable for large scale 

industrial applications. 

 

Scalable liquid phase exfoliation of graphene 

Scalable production of graphene through liquid-phase exfoliation has been 

plagued by low yields. Although several recent studies have attempted to improve 

graphene exfoliation technology, the problem of separating colloidal nanosheets from 

unexfoliated parent material has received far less attention. In this chapter we 

demonstrate a scalable method for improving nanosheet yield through a facile washing 

process. By probing the sedimentation of liquid-phase exfoliated slurries of graphene 

nanosheets and parent material, we found that a portion of exfoliated graphene is 

entrapped in the sediment but can be recovered by repeatedly washing the slurry of 

nanosheet and parent material with additional solvent. We found this process to 

significantly increase the overall yield of graphene (graphene / parent material) and 

recover a roughly constant proportion of graphene with each wash. The cumulative 

amount of graphene recovered is only a function of total solvent volume. Moreover, we 

found this technique to be applicable to other types of nanosheets such as boron nitride 

nanosheets. 
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Chapter 3 

In this chapter we investigate π–π stacking of polyaromatic hydrocarbons (PAHs) 

with graphene surfaces, showing that such interactions are general across a wide range 

of PAH sizes and species, including graphene quantum dots. We synthesized a series of 

graphene quantum dots with sulfonyl, amino, and carboxylic functional groups and 

employed them to exfoliate and disperse pristine graphene in water. We observed that 

sulfonyl-functionalized graphene quantum dots were able to stabilize the highest 

concentration of graphene in comparison to other functional groups; this is consistent 

with prior findings by pyrene. The graphene nanosheets prepared showed excellent 

colloidal stability, indicating great potential for applications in electronics, solar cells, 

and photonic displays. 

Chapter 4 

Ti3C2TX and other types of MXene nanosheets are an exciting new class of 2D 

materials. However, little has been reported on manipulating the shape of MXene 

nanosheets. In chapter 4, we demonstrate that flat Ti3C2TX nanosheets encapsulated 

within spray-dried droplets can be scrolled, bent, and folded into 3D crumpled 

structures. This morphological change was observed to be reversible upon rehydration. 

Chapter 5 

Three-dimensional (3D) graphene porous architectures are notable for their 

unique combination of excellent specific surface area, high porosity, and electrically 

conductive continuous network. Specifically, self-assembled graphene hydrogels have 
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received attention in the field of electrochemical energy storage due to the ease of 

tailoring their electrical, mechanical, and structural properties. However, graphene 

hydrogels suffer from poor mechanical integrity compared to layered architectures like 

graphene buckypapers, limiting their applications in practical devices. In this chapter, we 

employ aramid nanofibers (ANFs) as structural fillers to enhance graphene hydrogel’s 

shear modulus in the context of multifunctional (mechanical and electrochemical) 

architectures. ANFs are high strength, Kevlar®-derived polymeric nanofillers and are 

integrated with graphene hydrogels using a sol-gel gelation approach. The addition of 2 

wt.% ANFs resulted in an 80% improvement in shear modulus compared to neat 

graphene hydrogel. Addition of ANFs resulted in gradual reduction of specific 

capacitance, with the specific capacitance of 190 F/g for neat graphene hydrogel, 

reducing to 128 F/g for an ANF loading of 15 wt.% (dry weight basis). This work shows 

the broader concept that adding high-strength nanofibers to a nanomaterial gel can add 

reinforcement provided that the gelation process itself is not disrupted. 
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CHAPTER 2  

COLLOIDAL PROCESSING OF PRISTINE GRAPHENE AQUEOUS 

DISPERSIONS*† 

 

2.1 Introduction 

Significance of pristine graphene nanosheets 

The precise term “pristine” typically refers to graphene produced through 

mechanical exfoliation of graphite without inducing chemical functionalization. 

Furthermore, the term pristine graphene is used in contrast to graphene oxide (GO) 

nanosheets and other partially oxidized graphene‐like materials. GO is commonly used 

in academic graphene research because of its ease of exfoliation, but the high degree of 

oxidation has certain drawbacks, such as poor electrical conductivity and surface defects. 

In this chapter, the term “pristine graphene” is used to define graphene nanosheets which 

are 1–10 layers thick with minimal defects and functionalization, based on the influential 

paper by Ferrari et al.6 The term “graphene” has been very loosely used in the literature, 

and researchers have confused it with nanoscale platelets which are ≈100 nm thick. 

More detailed discussions of graphene nomenclature can be found elsewhere.7  

                                                 

* Part of this chapter is reprinted with permission from “Challenges in Liquid-Phase Exfoliation, 

Processing, and Assembly of Pristine Graphene” by Dorsa Parviz, Fahmida Irin, Smit A. Shah, Sriya Das, 

Charles B. Sweeney, Micah J. Green, 2016, Advanced Materials, 28 (40), 8796-8818, Copyright 2016 by 

John Wiley and Sons. 
† Part of this chapter is reprinted with permission from “Graphene reflux: improving the yield of liquid-

exfoliated nanosheets through repeated separation techniques” by Kyler S. Rountree, Smit A. Shah, 

Charles B. Sweeney, Fahmida Irin, Micah J. Green, 2016, Nanotechnology, 27 (50), 505601, Copyright 

2016 by IOP Publishing 
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Pristine graphene differs from graphene oxide both in its low oxygen content and 

in that it often consists of multiple layers. Graphene nanosheets may be produced with 

significant differences in the morphological properties such as lateral size and thickness, 

the surface area, the density of structural and compositional defects on the surface, the 

residual impurity content, surface chemistry, and chemical reactivity, depending on their 

preparation strategy.8 These characteristics strongly affect the functional properties of 

graphene (Figure 2.1). 

 

Figure 2.1 Metrics and measurement techniques used to determine the quality of 

graphene nanosheets and their dispersions. Reprinted with permission from Parviz 

et al.1 

 

Top-down approach for direct exfoliation of graphite to graphene in liquids 

Current techniques produce graphene in both “bottom‐up” and “top‐down” 

approaches: “bottom‐up” methods include chemical vapor deposition9,10 or epitaxial 

growth11on a substrate and do tend to produce high‐quality graphene films. However, 
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these methods produce large‐area (>1 cm2), small‐mass quantities of graphene and are 

not suitable for bulk material applications. In contrast, “top‐down” approaches have been 

explored to exfoliate graphene nanosheets from graphitic precursors. These approaches 

may result in graphene dispersed in a liquid medium or isolated as a powder, typically 

with lateral areas on the order of square micrometers. Such nanosheets are suitable for 

preparation of electrodes in batteries and supercapacitors, polymer composites, and 

conductive inks and coatings. 

Graphite or its derivatives are the main carbon source in the top‐down approach 

that aims to “exfoliate” single‐ to few‐layer graphene nanosheets from the parent 

graphitic material. Since the interlayer van der Waals (vdW) attractive forces in graphite 

are weak, they can be overcome by an external force, resulting in separation of adjacent 

layers. These external forces may have side effects on the material, such as the creation 

of defects in the basal plane.12 Maintaining the exfoliated state of the separated graphene 

nanosheets requires an energy barrier which prevents the reaggregation of the 

nanosheets, especially in a liquid medium.  

What is typically termed “pristine graphene” is typically colloidal pristine 

graphene exfoliated directly from graphite in the presence of a low‐viscosity liquid 

medium. This approach involves the following steps: i) Pretreatment of graphite, ii) 

exfoliation of graphite, iii) stabilization of graphene layers, and iv) separation of 

graphene nanosheets from unexfoliated and nonstabilized graphitic material.13 These 

steps are depicted schematically in Figure 2.2, and are discussed in detail below. 
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Figure 2.2 Mechanism of graphene processing through pretreatment, exfoliation, 

and separation or reduction units. Even after exfoliation, graphene nanosheets are 

prone to reaggregate unless solvent or dispersant interactions allow for inter-

nanosheet repulsion and prevent aggregation. Reprinted with permission from 

Parviz et al.1 

 

Pretreatment involves reducing the graphite interlayer attractive forces by 

intercalation of various atoms and molecules into the graphite structure and increasing 

the interlayer spacing to allow for easier exfoliation.14 Intercalation involves the 

insertion of small molecules in between the graphite layers to produce graphite 

intercalation compound (GIC), followed by applying an external stimuli (often heat) to 

rapidly expand the intercalated molecules.15-17 Various intercalating agents ranging from 

supercritical CO2 to bisulfate salts have been reported.18-20 The subsequent thermal 

shock of GICs leads to flash evaporation and release of the intercalants in the interlayer 

spacing of graphite and ultimate expansion of the layers. This thermal shock process has 

been accomplished via microwave radiation or rapid heating to high temperatures 

(>1000 °C).21,22 
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Mechanical exfoliation techniques 

The most widely used mechanical exfoliation strategy is direct exfoliation of 

graphite in a solvent using ultrasonication. The ultrasonic waves produce cavitation 

bubbles in the solvent; it has been proposed that as these bubble collapses due to the 

pressure increase, they generate high energy microjets and shock waves that can exert 

compressive stress on the bulk graphite to induce exfoliation.23,24 Additional 

mechanisms have been proposed, including: i) unbalanced compressive forces on two 

adjacent layers cause a shear‐induced exfoliation or ii) microjets acting as wedges in the 

interlayer spacing of graphite and induce exfoliation. 

Shear mixing may also be utilized as a means of mechanical exfoliation which 

relies on high shear forces that delaminate graphene nanosheets.25 The graphene 

nanosheets produced by this method tend to have higher lateral size and less defects 

compared to sonication, but often higher number of layers. Other shear based exfoliation 

techniques such as high pressure homogenizers26 and rotating blade mixers27 have also 

been used to obtain graphene nanosheets. 

Colloidal stability and separation of exfoliated pristine graphene 

Even if exfoliation in liquid described above is successful, nanosheets are highly 

prone to re‐agglomerate rather than remaining as a stable colloidal dispersion. It is 

somewhat difficult to separate the twin issues of exfoliation effectiveness and colloidal 

stability; shortcomings from either one will result in a low yield of stable, dispersed 

nanosheets. This is a critical issue because many papers in the prior literature focus on 
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only exfoliation effectiveness rather than both exfoliation effectiveness and colloidal 

stability. 

The stabilization of nanosheets in solvents can be accomplished by reducing the 

nanosheet–liquid interfacial tension through various strategies such as usage of 

appropriate solvents or dispersant solutions (discussed below). After exfoliation, any 

nanosheets that are not colloidally stable will begin to aggregate and form heavier flakes 

with an increased number of layers. These reaggregated nanosheets and unexfoliated 

graphite flakes constitute a large fraction of the total graphitic material in the dispersion. 

In the dispersion, both Brownian and gravitational forces are acting on the dispersed 

materials. The large, unexfoliated material and aggregates will tend to form sediment 

over time (due to dominance of gravitational forces), while few‐layer graphene 

nanosheets will remain suspended (due to dominance of Brownian forces). Thus, 

sedimentation allows for effective separation between stable colloidal graphene and 

other graphitic materials. The balance between these two forces determines which 

graphene nanosheets (in terms of layers, lateral size) may remain suspended for long 

times. Centrifuging a dispersion increases these settling forces, allowing for a more rapid 

separation process. Thus, high centrifuge speeds may result in lower equilibrium 

concentrations (and lower number of layers/nanosheet) in the supernatant; this is one of 

the prime causes of the quantity/quality tradeoff common to graphene dispersion 

processing. 

The yield of the process can be calculated by measuring the amount of starting 

graphite and the concentration of graphene in the centrifuged dispersions (using UV–vis 
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spectroscopy). Exfoliation effectiveness may be determined by solvent type, sonication 

time, sonication power, while colloidal stability is determined by dispersant and/or 

solvent choice. Finally, separation effectiveness is determined by centrifugation speed 

and time. Collectively, these parameters affect both quantity (measured by the post‐

centrifugation concentration of nanosheets) and quality (lateral size, number of layers, 

defect density) of the as‐produced graphene nanosheets. 

Dispersant-assisted colloidal stability of graphene colloidal dispersions 

Exfoliation of graphene in common, useful solvents (including water) can be 

facilitated by using a dispersant to prevent aggregation. Addition of surfactants, 

polymers and small organic molecules to such solvents can reduce the surface tension 

and facilitate exfoliation of graphite. Furthermore, adsorption of these dispersant 

molecules on the graphene surface assists the stabilization of exfoliated nanosheets and 

prevents reaggregation. Lotya et al. demonstrated that surfactant‐based methods for 

CNTs could be extended to surfactant‐stabilized graphene dispersions as well.28 Since 

then, a variety of dispersants have been explored to yield high concentration graphene 

dispersions in water and organic solvents. Several groups have extensively studied the 

dispersion of graphene in water and organic solvents using various types of dispersants 

which include surfactants,29-31 polymers,32-34 and aromatic compounds.35-39 These 

techniques yield highly concentrated dispersions (up to 1 mg mL−1) of few‐layer pristine 

graphene nanosheets in a range of solvents. 

Various surfactants have been utilized as stabilizers for pristine graphene 

nanosheets, particularly for dispersion in water.28,31,40-43 The hydrophobic tail of the 
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surfactant adsorbs onto the graphene surface via noncovalent interactions. The 

dissociation of the hydrophilic head of the adsorbed ionic surfactants creates a surface 

charge on the nanosheets. This surface charge (reflected in the zeta‐potential value) 

induces an electrostatic repulsion between the graphene nanosheets covered with 

surfactant molecules. Both anionic surfactants and cationic surfactants have been used to 

disperse graphene nanosheets of 2–4 layers with ≈1 μm lateral size at a concentration of 

0.1 mgmL−1. Longer sonication time can improve the surfactant‐stabilized graphene 

concentration and yield, but at the cost of decreased lateral size. 

Nonionic dispersants (mainly polymers) may adsorb on graphene surfaces in 

order to lower interfacial energy; they stabilize graphene nanosheets through steric 

repulsion induced by their long hydrophilic heads spread into the water. Polystyrene 

(PS), poly(methyl methacrylate) (PMMA), poly(vinylpyrrolidone) (PVP), 

polyacrylamide (PAM), P‐123, Triton X‐100, and Brij‐700 are a few examples of the 

polymers that assist exfoliation of few‐layer graphene. Interestingly, these interactions 

are often nonspecific; for instance, molecular dynamics simulations show that PVP in 

water will migrate to the surface of both graphene and boron nitride nanosheets, 

allowing for stable dispersion in water.44 Furthermore, the polymer‐assisted graphene 

dispersions can be directly processed to fabricate polymer nanocomposites. Guardia et 

al.42 and Smith et al.43 reported that nonionic surfactants and polymers can produce 

graphene dispersions at higher concentrations than ionic surfactants. 

One of the main issues associated with surfactant and polymer assisted 

dispersions is the excessive dispersant content in the final graphene product, chiefly 
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because the dispersant acts as unwanted or counterproductive diluent in the final 

graphene product.28 Removal of excess dispersants in the liquid state is nontrivial.45 Our 

group previously investigated techniques such as washing (under vacuum filtration) and 

dialysis, and although some excess dispersant (unattached to a graphene surface) may be 

removed, complete removal appears to be impractical.46 Of course, successful attempts 

to remove or degrade the dispersant may also destabilize the dispersion.47 Other studies 

of dispersant removal have been limited to annealing the dispersant after drying. 

Polycyclic aromatic hydrocarbon (PAH) derivatives are promising alternatives to 

the use of high‐concentration polymers and surfactants. These molecules have lower 

molecular weight than polymers and surfactants and are capable of stabilizing high 

quantities of graphene in aqueous dispersions via π–π interactions with the nanosheets. 

Various pyrene derivatives have been used to prepare high‐concentration graphene 

dispersions (≈1 mg mL−1).35,48-50 We studied the effectiveness of various pyrene 

derivatives as dispersants in detail, and the data indicate that the type, number, and the 

counterion of the functional groups affect the graphene yield and colloidal stability of 

the nanosheets in the dispersion.35 Further, it was shown that the location of the 

functional groups affect the adsorption of the pyrene species on the graphene surface and 

the graphene concentration.51 

Challenges in scaling-up graphene processing 

Scalability may be understood by constructing a relationship for graphene 

production rate as a function of the exfoliation system size. One may undertake a 
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scalability analysis for each separate unit operation within the graphene production, with 

graphene synthesis (or exfoliation) distinct from graphene separation or handling units.  

For instance, recent reports have demonstrated that high‐shear mixing can exfoliate 

nanosheets from the parent material with a power law relationship, described by the 

following equation: 

PR ~ Vα 

where PR is the production rate, V is the volume of the exfoliation vessel, and α is a 

scalability exponent which depends on the choice of nanosheet, solvent, and 

dispersant.52 The key issue is this: if α is greater than or equal to 1, then scaling up to 

large volumes becomes feasible from a manufacturing standpoint. If α is less than 1, then 

scaling up results in diminishing returns, and this approach will remain confined to small 

batch operations.  

Paton et al. empirically determined values of α > 1 for several dispersant/solvent 

combinations in shear‐mixing exfoliation of graphene (as well as other nanosheets such 

as boron nitride nanosheets and transition metal dichalcogenides) by experimentally 

investigating exfoliation effectiveness as a function of exfoliation vessel parameters 

(such as initial graphite concentration, rotor speed, shear mixing time, rotor 

diameter).52 This shows excellent promise for scalable exfoliation of pristine graphene 

from parent graphite materials in liquids. Notably, Paton et al. also approached the 

question of a recycle stream and demonstrated that the recycled graphite could be 

exfoliated with the same approximate yield as the “fresh” graphite. This indirectly 

implies that graphite is fairly homogeneous in its ability to be exfoliated. 
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Sonication produces high quality graphene in bulk amounts suitable for 

laboratory experiments. To achieve high yields long sonication times are required, 

however they are detrimental for the lateral area of graphene.53 Khan et al. showed that 

the lateral size of graphene nanosheets reduce gradually with sonication time t, with a 

scaling law of lateral size trending with t−1/2.54,55 Moreover, sonication can only handle 

small volumes (≈50–100 mL) of dispersion which limits the scalability of the method. 

The effectiveness of sonication diminishes with increasing dispersion volume (α < 1); 

hence, alternative mechanical exfoliation schemes such as shear mixing are needed for 

scale‐up. 

One of the largest and most long-standing challenges in the area of 

nanomanufacturing is the need for scalable production techniques for nanosheets such as 

graphene, boron nitride nanosheets (BNNSs), and transition metal dichalcogenides 

(TMDCs).56,57 These materials are prized for their unique properties and potential 

material applications in structural composites, functional papers, electronic devices, 

sensors, and photovoltaic films.12,34,58-62 In the subsequent discussion, we focus on 

graphene as a model nanosheet, but we anticipate that our results are generalizable to the 

larger class of 2D materials. 

In order to produce pristine nanosheets, a top-down approach is typically applied 

to exfoliate nanosheets from the parent material.63-65 Liquid-phase exfoliation is a 

convenient top-down technique for processing nanosheets into functional films, gels, 

electrodes, or composites. Nanosheets tend to aggregate, so solvents and/or dispersants 

are chosen that may non-covalently functionalize the nanomaterial surface.31,40,66,67 A 
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typical lab-scale exfoliation procedure is as follows: the parent material is added to a 

solvent (often containing a dispersant) and exfoliation is carried out by an external 

energy source such as sonication, shear mixing, or high pressure homogenization.68-71  

Liquid-phase exfoliation typically produces a mixture of nanosheets with varying 

thickness, as well as unexfoliated parent material. The number of layers in nanosheets 

(directly associated with thickness) dictate the quality of the dispersion, so a secondary 

step is required to separate nanosheets based on their thickness. Centrifugation is a 

commonly used technique to separate nanosheets from unexfoliated or aggregated 

material; centrifugation is based on the relative magnitudes of Brownian and settling 

forces being exerted on the dispersed nanosheets in the dispersion. The thicker 

nanosheets and unexfoliated parent material are generally unstable and sediment upon 

centrifugation. In contrast, the thinner nanosheets remain well dispersed in the solvent 

and are eventually extracted with the supernatant.  

Despite these advances, there are still persistent challenges to scalable, 

commercial production that need to be addressed. The low yield (mass of graphene 

product/mass of graphite feedstock) of few layered nanosheets obtained after 

centrifugation is particularly problematic. Typical yields reported in the literature for 

well dispersed pristine graphene nanosheets are < 2%.72 Usually, low yields are 

attributed to difficulties in exfoliation, so numerous attempts to improve exfoliation have 

been reported recently; one notable study showed that despite low yields, exfoliation is 

scalable in industrial shear mixing.73  However, we argue that not only difficulties in 
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exfoliation but also difficulties in separation are responsible for the low yield. Virtually 

no research has focused on improving yields through improved separation processes.  

Attempts to decrease centrifugation speed or time result in higher graphene 

yields, but there is an associated quality tradeoff. However, prior studies have not 

examined whether centrifugation (or the associated sedimentation processes) can be 

improved by re-treating the sediment to recover additional graphene and increase yield. 

This is promising, given that sedimentation is widely used in industry to refine graphite 

ore in the pencil lead making industry. The issues of low yield and scalability of 

separation processes are yet to be addressed in the graphene community and are 

discussed in this study. 

In this chapter, we have shown that the overall yield of nanosheet production 

processes can be improved by modifying the post-exfoliation separation process. We 

argue that heavier, unexfoliated parent materials are prone to trap exfoliated nanosheets 

during the gravity-induced sedimentation process, reducing the yield of nanosheets. We 

show that this trapped material can be recovered using wash cycles (mild agitation in 

presence of added solvent). This paper examines the mechanism of this trapping process, 

and also explores methods of recovering the trapped nanosheets. Using this recovery 

approach, we observed a drastic increase of >200% in our overall exfoliation yield. 

2.2 Materials and Methods 

Exfoliation 

In the exfoliation step, graphite and PVP are added to water (200 mg/mL 

graphite, 40 mg/mL PVP, 100 mL water in a Fisher 250-mL beaker) and then shear 
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mixed with a Silverson L5M-A shear mixer at 8,000 rpm for 8 hours. After shear 

mixing, the dispersion was left to settle for 24 hours. During this settling time, the 

heavier unexfoliated parent material settles to the bottom of the vessel. The upper 

aqueous layer, containing well-dispersed graphene nanosheets, is removed and the 

sediment is stored for future use. During this removal process, updraft currents might 

pull some heavier graphitic material into the upper aqueous layer. To ensure that this 

unexfoliated material is removed, the extracted aqueous layer is centrifuged in a Fisher 

Scientific Sorvall ST-16 at 3300 rpm for 4 hours. The supernatant is then removed, the 

volumetric yield is measured, and the concentration of graphene is measured using a 

Shimadzu 2550 UV-Vis spectrophotometer as discussed in the next section (2.2). 

 

Figure 2.3 Schematic of graphene production and wash cycle. Reprinted with 

permission from Rountree et al.2  

 

The previously mentioned settling process is repeated by adding fresh deionized 

(DI) water to the beaker containing sediment. To ensure consistency the volume of water 
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is chosen to be equal to the volumetric yield of the previous extraction. The sediment 

and fresh DI water are stirred together, allowed to settle for 24 hours, and this extraction-

centrifugation process is repeated (As illustrated in Figure 2.3). 

UV-Vis Spectroscopy 

UV-vis measurements were carried out using a Shimadzu UV-vis 

spectrophotometer 2550, with a wavelength range of 200 nm to 800 nm. The 

concentration of graphene was determined by the Beer-Lambert law, 

𝐴 = 𝛼𝐿𝑐 

where A is the absorbance of the solution at 660 nm31, α is the extinction coefficient 

(1293 mL mg-1 m-1 for graphene-PVP dispersions32), L is the path distance of light 

through measurement cell, and c is the concentration of material in solution. 

Dynamic light scattering  

The particle size distribution of the nanosheets was determined at room 

temperature using dynamic light scattering by a ZetaSizer ZS90 from Malvern 

Instruments Limited. All the samples were diluted to a concentration of 0.05 mg/ml 

before measurements to ensure consistency. 

Thermogravimetric analysis 

For thermogravimetric analysis, the dispersion was dried using freeze drying 

(lyophilization) to form a powder. Thermogravimetric analysis was carried out using a 

TA Instruments Q50 to determine the PVP content of the freeze-dried powders. To 

remove moisture effects all samples were held at 50 °C for 30 minutes before the 
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analysis. The ramp rate for analysis was 5 °C/min from 50 °C up to 900 °C under an 

Argon atmosphere.  

2.3 Results and Discussion 

The purpose of this study is to examine (1) whether significant quantities of 

nanosheets are entrapped during sedimentation such that (2) recovery of nanomaterials 

from an exfoliated sample may be improved by adding solvent back to the settled 

sediment.  

Graphene recovery and increased yield 

We hypothesize that during sedimentation, unexfoliated/partially exfoliated 

graphite settles to the bottom of the vessel (taking some exfoliated graphene with it), 

while some of the stabilized graphene stays in the supernatant. To test this, a PVP-aided 

dispersion of graphene was made by shear mixing graphite and PVP in water for 8 

hours. After shear mixing, the dispersion was left to settle for 24 hours. During this 

settling, a distinct supernatant was formed; this supernatant was removed and 

centrifuged for 4 hours to remove any sediment that may have been extracted with the 

supernatant. The mass of graphene recovered was measured by UV-vis spectroscopy and 

volumetric measurements. We attempted to recover additional graphene by adding 

solvent back to the graphite sediment and stirring thoroughly. The process is then 

repeated, as supernatant is extracted and treated as before. A single iteration of this 

process will be referred to as a “wash step.” 

The mass of graphene recovered from the wash steps are plotted as a function of 

total wash volume in Figure 2.4, with 37 mL of solvent for each wash step. The fact that 
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additional wash steps continue to yield additional graphene confirms the hypothesis that 

(1) graphene is indeed trapped by the graphite parent material during settling. This data 

demonstrates that (2) washing is feasible and effective in recovering significant 

quantities of graphene, although the amount of graphene recovered decreases with each 

extraction. The chemical engineering equivalent of such a recovery process in 

conventional distillation would be a “reboiler” to obtain a higher yield of the light 

product from the heavies, through multiple separation passes. In our case, the graphene 

dispersion is the light product obtained at the top. The unexfoliated graphitic slurry with 

entrapped graphene is the “bottoms” product. Each wash step is equivalent to a reboiler 

cycle which extracts more graphene from the bottoms at the expense of increased 

processing, solvent, and handling. 

 

Figure 2.4 Variation of cumulative mass of graphene recovered with respect to the 

total wash volume. This data was obtained from an experiment with a wash volume 

averaging 37 mL per wash. Reprinted with permission from Rountree et al.2 
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This is somewhat surprising; one might assume that graphene in the sediment 

would be irreversibly aggregated. The data suggest that the graphene trapped by this 

process does not re-aggregate due to the dispersant present. (Adsorbed PVP is known to 

induce steric repulsion between dispersed graphene sheets.)74 The wash process allows 

for the graphene trapped by graphite during the previous settling process to re-disperse. 

 

Figure 2.5 Conceptual illustration of our settling hypothesis. The large hexagons 

are flakes of graphite, and the smaller ones represent graphene. As time progresses, 

the parent material settles, and nanosheets are trapped under the parent material. 

Reprinted with permission from Rountree et al.2 

 

Graphene recovery ratio 

We argue that as graphite sediments, it has a probability of interacting with 

dispersed graphene sheets (illustrated in Figure 2.5). As the mass of unexfoliated 
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graphite in the vessel remains constant with each wash, the probability of interaction is 

constant. To investigate this phenomenon, we utilized the data from Figure 2.4 to 

calculate the “graphene recovery ratio” (ratio of extracted graphene / available graphene) 

at each wash step. Figure 2.6 shows that this fraction is approximately constant 

throughout the entire process. This supports the concept of the graphite-graphene 

interaction probability described above. From a chemical engineering point of view, this 

is analogous to tray efficiency, which describes the separation efficiency relative to an 

equilibrium (in our case, complete) separation between top and bottom products. 

 

Figure 2.6 Graphene fraction (mass of graphene recovered/mass of available 

graphene) remains roughly constant with each wash step. The average wash 

volume was 37 mL per wash. Reprinted with permission from Rountree et al.2 

 

Entrapment and graphene size 

We hypothesized that if the entrapment process described above is correct, then 

graphene nanosheets with larger lateral size (which is correlated with hydrodynamic 

radius) would be more susceptible to entrapment by sedimenting graphite flakes. This 
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would mean that the smallest graphene sheets would be recovered in early wash steps, 

resulting in an increasing average lateral size over successive wash steps. To see if there 

was any correlation, DLS was used to measure the hydrodynamic radius distribution for 

each of the samples collected from the above experiments.75 This peak hydrodynamic 

radius was measured for each wash and is shown in Figure 2.7. The data suggest that the 

hypothesis is correct, since peak hydrodynamic radius increases with increasing wash 

steps. This could potentially make size-selective extraction of nanomaterial feasible on a 

large scale. 

 

Figure 2.7 Hydrodynamic radius of graphene nanosheets for each wash step. 

Hydrodynamic radius increases with each subsequent wash. Reprinted with 

permission from Rountree et al.2 

 

Improving graphene extraction  

We then hypothesized that increasing the amount of solvent used to wash the 

graphite sediment should increase the quantity of graphene recovered, due to fewer 

graphene-graphite interactions. To test this, another shear mixed slurry was made, the 
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supernatant was removed, and 100 mL of water was used to wash the sediment, with 

similar 100 mL wash steps repeated afterwards. Figure 2.8 shows that as solvent volume 

per wash increases, greater amounts of graphene are recovered per wash step. Figure 2.8 

also indicates that increasing wash volume maintains the same trend compared to the 

initial experiment. We concluded that the cumulative mass of graphene extracted is 

essentially a function of cumulative wash volume. From this, we can assume that an 

extremely large wash volume will recover almost all the available graphene in a single 

step.  

 

Figure 2.8 Cumulative graphene recovered vs. cumulative wash volume (comparing 

~100 mL per wash with ~27 mL per wash). Fewer washes are required to recover 

the same quantity of graphene in the case of ~ 100 mL per wash. Both graphs seem 

to follow the same trend. Reprinted with permission from Rountree et al.2 

 

Interestingly, the graphene recovery ratio does correlate with the ratio of 

supernatant water / total water available. This coheres nicely with the trends in Figure 
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2.4 and Figure 2.8 in showing that the dispersed graphene tracks with the solvent even 

when entrapped in sediment. 

We also investigated the effect of graphite areal density (Figure 2.9); 

surprisingly, this parameter had little effect on graphene entrapment. If graphite areal 

density is dominant in determining graphene entrapment during sedimentation, this 

means that an increase in the cross-sectional area of the settling vessel should lead to an 

increase in the yield of graphene per wash, as the same amount of graphite covers a 

smaller portion of the settling area. To test this, the standard shear mixing process was 

carried out. After extracting the first supernatant, the sediment was placed into a 4 Liter 

beaker with a greater cross-sectional area and washed with 100 mL of water. Washes 

were subsequently carried out with same wash volume (~100 mL/wash). As can be seen 

in Figure 2.9, increasing cross-sectional area does not significantly increase the yield of 

graphene per wash. This implies that either the kinetic interaction mechanism while 

settling is not a dominant factor or it is not a strong function of the cross-sectional area. 
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Figure 2.9 Comparison of graphene mass recovered with wash volume as a function 

of graphite areal density at constant volume/wash. Reprinted with permission from 

Rountree et al.2 

 

Thermogravimetric analysis 

To determine how such wash cycles decrease the total PVP content, the 

composition of the samples from the experiment described in section 3.4 was determined 

using TGA (Figure 2.10), with the data summarized in Table 2.1. This data show that 

the amount of free PVP in dispersion drops gradually with each separation step. The 

PVP content of a sample is estimated by measuring the drop in mass around 600° C, 

which is comfortably above the degradation temperature of PVP; the graphene is the 

remaining mass as temperature continues to increase. In “Wash 0”, graphene constitutes 

only ~9.8% of the material in the sample, whereas in “Wash 4” graphene constitutes 

~14.3% of the sample material. This occurs because a large majority of the free PVP is 

removed with the supernatant in the first separation step. 
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Figure 2.10 Thermogravimetric analysis of recovered graphene. “Wash 0” is 

sampled from the initial extracted supernatant. “Wash 2” is from supernatant 

extracted after 115 mL of water was added. “Wash 4” is from the supernatant after 

235 mL of water was added. Reprinted with permission from Rountree et al.2 

 

 

Table 2.1 Summary of thermogravimetric analysis, with reference temperature of 

600 ºC. The ratio of PVP to graphene decreases with increasing wash steps. 

Reprinted with permission from Rountree et al.2 

 

Wash Step Graphene (wt.%) PVP (wt.%) PVP/Graphene 

0 9.79 90.21 9.22 

2 11.11 88.89 8.00 

4 14.33 85.67 5.98 
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Extraction optimization 

As discussed in section 3.4, we obtained higher graphene yield with larger 

quantities of solvent, but this higher graphene yield comes at the price of extra solvent 

processing and overhead costs on an industrial scale. The marginal increase in graphene 

yield reduces with increasing wash volume (Figure 2.4).  One may devise an 

optimization algorithm to determine the optimum volume of solvent for graphene 

recovery, given the costs of solvent processing, precursor material, and graphene 

product. 

Because the incremental increase in extracted graphene decreases with respect to 

wash volume, this suggests a “point of diminishing returns,” such that there is an 

optimum wash volume based on processing and product costs. Our data in Figure 2.8 

suggest that the overall yield of the wash process is a direct function of cumulative 

solvent volume and is independent of solvent volume used in each individual wash. 

There is no added benefit to multiple washes, aside from time and space considerations 

for sedimentation.  

The following assumption were made for the analysis. The settling time is not 

taken into consideration. We have chosen water as a solvent for this calculation. Its costs 

are negligible in comparison with other material and operation costs involved. For these 

reasons we have neglected the solvent cost in the calculation. The drier is assumed to 

operate with no material loss. 

The optimization problem is framed as a function of solvent (wash) volume V as: 

Total Profit (V) = [Graphene Mass (V) * Graphene Selling Price] – 



 

32 

 

[Precursor Cost * Mass of Precursor] – [Drying Cost/volume * V] 

Graphene mass as a function of V is derived from Figure 2.8. We assume the 

following costs (as an example) for our calculation: Precursor cost = 1 ($/g), Graphene 

cost = 2 ($/mg), and drying cost = 450 ($/liter). The results are discussed in Figure 2.11. 

 

Figure 2.11 (a) Costs/batch as a function of wash volume. For a typical wash 

process, total costs scale linearly with wash volume as drying costs add up in 

proportion to the wash volume used; however, the graphene product value levels 

off at high was volume. (b) Profit/batch as a function of was volume. A maximum 

profit can be obtained by choosing an appropriate wash volume. This occurs at the 

point where the differential product value first goes below the slope of the total cost 

curve. Reprinted with permission from Rountree et al.2 

  

Applicability to other nanosheets 

Additionally, we utilized the same washing process to investigate recovery of 

dispersed BNNSs (Figure 2.12). As can be seen in the figure, the experiment was 

successful in yielding additional BNNSs out of the sediment, suggesting that the 
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washing improves yield of nanosheets in general, not just graphene. Fundamentally, this 

indicates that this phenomenon of entrapment is universal to all nanosheets produced by 

liquid-phase exfoliation.  

 

Figure 2.12 Photograph of a boron nitride nanosheet dispersion after 

centrifugation. As can be seen, boron nitride nanosheets were extracted from the 

sediment. This implies that washes can be used on nanosheet dispersions in general. 

Reprinted with permission from Rountree et al.2 

 

2.4 Conclusions 

We have demonstrated a simple and effective method of improving the yield of 

liquid-phase exfoliation processes. This technique uses simple sedimentation and reflux 

of solvent through the sediment; such methods can be easily carried out in industry. Our 

economic analysis showed that an optimal quantity of reflux solvent can be chosen for 

our method to maximize profits from a commercial standpoint. The concept of washes 

can be applied to other nanosheets such as MXenes and BNNSs as well. A possible 

streamlining of this process for industrial applications would be the use of a continuous 
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centrifuge,76 which would separate the nanomaterial from the parent material based on 

particle size. This improvement of yield through a simple wash cycle brings large-scale 

graphene production one step closer to a reality. 



 

35 

 

CHAPTER 3  

GRAPHENE QUANTUM DOTS AS DISPERSANTS FOR EXFOLIATION AND 

STABILIZATION OF PRISTINE GRAPHENE NANOSHEETS‡§ 

3.1 Introduction 

As discussed in chapter 2, functionalized pyrene derivatives have been reported 

as dispersants for producing graphene dispersions because of their ability to stabilize 

graphene at high concentration/dispersant ratios in comparison with traditional 

surfactants.77,78 By introducing repulsive solvation and/or electrostatic forces on 

graphene sheets, pyrene derivatives are able to prevent nanosheet aggregation and thus 

stabilize graphene in aqueous dispersion.35,79,80 

The type and number of functional groups can play an important role in 

determining the quantity and quality of graphene dispersions prepared using pyrene 

derivatives. The exfoliation efficiencies of pyrene derivatives with amino groups 

(−NH2), carboxylic groups (−COOH), and sulfonic groups (−SO3H) were investigated 

under various pH values and processing conditions.35 It was shown that functional 

groups with greater electronegativity can enhance the interaction between stabilizers and 

graphene layers. In particular, sulfonyl functionalized pyrenes produced stable colloidal 

dispersions for a broad range of pH values. Herein, we aim to demonstrate that the 

                                                 

‡ Reprinted with permission from “Aqueous Exfoliation of Graphite into Graphene Assisted by Sulfonyl 

Graphene Quantum Dots for Photonic Crystal Applications” by Minxiang Zeng, Smit A. Shah, Dali 

Huang, Dorsa Parviz, Yi-Hsien Yu, Xuezhen Wang, Micah J. Green, Zhengdong Cheng, 2017, ACS 

Applied Materials & Interfaces, 9 (36), 30797-30804, Copyright 2017 American Chemical Society 

 
§ Minxiang Zeng and Smit A. Shah contributed equally 
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concept of functionalizing pyrene as graphene dispersants can be generalized to larger 

polyaromatic particles (i.e., graphene quantum dots) acting as graphene dispersants. 

Graphene quantum dots (GQDs) and carbon dots (CDs) are mono- or few-

layered graphene sheets with lateral dimensions no larger than 0.1 μm, though GQDs 

have higher crystallinity.81 In fact, GQDs possess aromatic cores and, with proper 

functional groups, can be expected to prepare stable graphene dispersions. GQDs with 

carboxylic groups (−COOH) have been used to stabilize commercial graphene powder 

by He et al. in 2014,82 but a direct exfoliation of graphite into graphene by GQDs has not 

been discussed. Recently, an attempt was made to prepare graphene from graphite by 

using small-sized CDs (∼1.8 nm) with amino functional groups (−NH2) to produce 

graphene aqueous dispersion.83 

In this study, we evaluate graphene quantum dots with sulfonyl (−SO3
–) 

functionalization (S-GQDs) and compared them against carboxylic functionalized GQDs 

(C-GQDs) and amine functionalized GQDs (N-GQDs) as dispersants for preparing 

graphene in aqueous solution. We show that the concentration of dispersed graphene 

depends considerably on polar functional groups present on the polyaromatic GQDs. We 

demonstrated that their functionalities affect the formation and stability of π–π stacking 

interactions that dictate the graphene exfoliation efficiency. 

3.2 Materials and Methods 

Materials 

Citric acid monohydrate (99.5%) and 4-styrenesulfonic acid sodium salt (97%) 

were purchased from Sigma-Aldrich, USA. Expanded graphite was obtained from 
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Asbury Carbons (CAS no. 7782-42-5, grade 3805). All chemicals and solvents were 

used as received without further purification unless otherwise stated. 

Synthesis of S-GQDs, N-GQDs, and C-GQDs 

S-GQDs were fabricated by direct condensation and pyrolysis of citric acid and 

4-styrenesulfonic acid sodium salt. In a typical procedure, 1.4 g of citric acid and 0.6 g 

of 4-styrenesulfonic acid sodium salt were mixed by a homogenizer. The white solid 

mixture was then transferred into a 20 mL glass vial and calcinated in air at 200 °C for 

80 min. The dark solid residue was further purified by a dialysis tube (2000 Da) to 

remove possible unreacted starting materials. The final product S-GQDs were further 

dried by a freeze-drying machine. GQDs with amine functional groups (N-GQDs) and 

carboxylic acid groups (C-GQDs) were prepared based on previous works.84,85 

Preparing aqueous dispersions of graphene nanosheets 

Functionalized graphene quantum dots were utilized as dispersants. Specifically, 

100 mg of dispersant was stirred into 50 mL of DI water at room temperature to obtain a 

uniform colloidal solution. We then introduced expanded graphite into the above 

solution, followed by 1 h of tip sonication (output wattage ∼ 45 W) using a Qsonica 

sonicator (Q-700). To prevent the temperature of the sonication slurry from rising during 

exfoliation, we employed a water bath at ambient temperature. As-prepared sonicated 

slurry was allowed to settle for a day, and then centrifuged (Sorvall ST-16, Fisher 

Scientific) at 500–3300 rpm for 30–240 min to remove larger aggregates, and the 

supernatant was collected. This stable dispersion was used for further characterizations. 
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Characterization 

TEM images were taken by a high-resolution transmission electron microscopy 

(HR-TEM, JEM 2010, JEOL). A ZetaSizer ZS90 (Malvern Instruments Limited) was 

used to conduct measurements of ζ potential at room temperature.  

The concentrations of dispersions were measured using the Beer–Lambert law 

which states that the concentration of a dispersion is proportional to its absorbance. A 

UV–vis spectrophotometer (Shimadzu 2550) was used to perform UV–vis spectroscopy 

on aqueous dispersions for measuring their absorbance. Dispersant solution was used as 

a reference sample while measuring the absorbance of graphene dispersions to eliminate 

the contribution of stabilizer solution to the absorbance. To calculate the extinction 

coefficient of the graphene dispersion in water, a concentration versus absorbance 

calibration was performed at a wavelength of 660 nm. For calibration, the unknown 

concentrations of graphene dispersions were measured using a vacuum filtration 

assembly with a hydrophilic polytetrafluoroethylene filter paper (200 nm pore size). The 

differences in mass of the filter papers before and after filtration were used to calculate 

the nanosheet concentrations.  

Aqueous graphene nanosheet dispersions stabilized with S-GQDs were analyzed 

using AFM to determine the thickness of graphene nanosheets and verify the presence of 

S-GQDs on their surface. Graphene dispersions were spin coated on freshly cleaved 

mica surface and were analyzed using tapping mode on AFM (Dimension Icon, Bruker).  
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3.3 Results and discussion 

Morphology of functionalized GQDs 

The morphology of S-GQDs was studied by transmission electron microscopy 

(TEM). Figure 3.1 shows a typical TEM image of S-GQDs, showing the size of the as-

prepared S-GQDs distributed in the range of 15–55 nm with an average diameter of 28.7 

± 5.4 nm. This size distribution is similar to that of other types of GQDs prepared by 

different methods reported in the literature. 86,87 

 

Figure 3.1 (a) TEM images of S-GQDs with scale bar of 100 nm. (b) Size 

distribution (Statistical Analysis) 28.7±5.4 nm. Reprinted with permission from 

Zeng et al.3 

 

Sonication stability of GQDs 

In order to explore the potential of S-GQDs as an exfoliation agent and 

dispersant for graphene, its stability was examined under tip sonication, as sonication is 

a commonly used method to facilitate liquid-phase exfoliation of graphite into 

graphene.35 Tip sonication uses high energy sound waves which are generated by a 

piezoelectric actuator. To prove that the sonication process will not cause fragmentation 
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of S-GQDs, we compared the UV–vis spectra of S-GQDs before and after sonication for 

1 h. As shown in Figure 3.2a, a bright blue luminescence of the S-GQDs aqueous 

solution (0.2 mg·mL–1) under the illumination of a UV (365 nm) light is shown without 

any visible change before/after sonication. Moreover, as shown in Figure 3.2b, there is 

no discernable difference in absorption peak positions, indicating that GQDs are not 

altered by sonication. These results show that GQDs can tolerate sonication conditions 

required for exfoliating graphite into graphene. 

 

Figure 3.2 (a) Photographs of the S-GQDs in water under visible light (VL) and 

ultraviolet (UV, 365 nm) light before and after sonication. (b) UV–vis absorption 

spectra of S-GQDs before and after sonication. Reprinted with permission from 

Zeng et al.3 

 

Direct Exfoliation of Graphite into Graphene 

We then evaluated the capability of S-GQDs to stabilize pristine graphene 

exfoliated from graphite in aqueous solution. Tip sonication was used to achieve lab-

scale liquid exfoliation of graphite to graphene, as shown in Figure 3.3a. For this study, 

we sonicated a slurry of S-GQDs and graphite dispersed in deionized (DI) water. As a 

result, graphite is exfoliated into a mixture of single- to few-layered graphene sheets 

(referred to as graphene nanosheets here onward) and multilayered (layers > 5) graphitic 

flakes.88 The resulting slurry was centrifuged at 500–3000 rpm, causing the heavy 
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graphitic fractions to sediment, and the supernatant was extracted. In the extracted 

supernatant, the graphene nanosheet concentration was calculated to be 0.16 mg·mL–

1 using UV–vis spectroscopy. This graphene concentration of 0.16 mg·mL–1 is 

comparable to that reported for graphene sheets prepared by direct exfoliation with 

surfactants, polymers, and polyaromatic hydrocarbons at the similar concentrations of 

stabilizers.35,78,89 Such dispersions showed colloidal stability without any noticeable 

sedimentation and aggregation over a period of 30 days. The zeta potential (ζ) of this 

graphene dispersion was measured to be about −64.3 mV, indicating excellent colloidal 

stability.

 

Figure 3.3 Exfoliation of graphite with S-GQDs. (a) Schematic illustration of the 

formation of S-GQDs-stabilized graphene. (b) TEM image of a few-layered 

graphene nanosheet stabilized by S-GQDs (red circles indicate S-GQDs); the inset 

shows colloidal stability comparison between aqueous graphite suspension (left) 

and aqueous graphene dispersion (right). (c) SEM image of expanded graphite 

(parent material). Reprinted with permission from Zeng et al.3 
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TEM was used to verify the presence of single- to few-layered graphene 

nanosheets in aqueous dispersions. As shown in Figure 3.3b, the S-GQDs-stabilized 

graphene nanosheets were estimated to be 2- to 5-layers thick by counting the layers at 

the graphene edges in TEM, which is common for sonicated graphene samples.35 Atomic 

force microscopy (AFM) was performed on these S-GQDs-stabilized graphene 

nanosheets (Figure 3.4a,b). AFM height profiles were consistent with graphene 

nanosheets of 2–3 layers; these profiles also indicate the presence of the S-GQD 

dispersant. However, for starting material graphite, the SEM image shows a large lateral 

size around 5–20 μm with a thickness of 0.5–1 μm (Figure 3.3c), indicating that the 

exfoliated graphene sheets have much smaller lateral size with reduced thickness. 

 

Figure 3.4 (a, b) AFM images of two graphene nanosheets with their color scale on 

left and (c, d) their respective height profiles on right indicating the presence of 

few-layered graphene nanosheets and S-GQDs. Reprinted with permission from 

Zeng et al.3 
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As seen in Figures 3.4c,d, the graphene nanosheets have a step height of ~1-1.2 

nm which corresponds to 2-3 graphene layers.90 The lateral size of S-GQDs are ~25 nm 

as expected. The step height of S-GQDs is ~2.5-3.0 nm, which may indicate local 

stacked aggregates (3-4 layers) of graphene quantum dots.91 

Our prior work has shown that functional groups can influence the exfoliation 

efficiency of pyrene derivatives.35 It was shown that the pyrene molecules functionalized 

by sulfonyl groups (1-pyrenesulfonic acid sodium salt) yielded much higher graphene 

concentration (∼0.8 mg/mL) in comparison with carboxylic functionalized pyrene (1-

pyrenecarboxylic acid) and amine functionalized pyrene (1-pyrenemethylamine 

hydrochloride), which yield graphene dispersions of about 0.4 and 0.1 mg/mL, 

respectively. This difference in dispersant performance among pyrene derivatives was 

shown to originate from the variation in their tendency for accepting π (pi) electrons 

from the sp2 carbon of graphene. It was found that, as the electronegativity of the 

functional groups increases, π electron density in the aromatic rings of pyrene derivative 

decreases. This in turn will increase pyrene derivative’s tendency of accepting π 

electrons from the sp2 carbon of graphene. 

In the current paper, we analyzed whether a similar functionalization-

performance mechanism could also be applied for GQDs as a dispersant. Graphene 

quantum dots with amine functional groups (N-GQDs) and carboxylic acid groups (C-

GQDs) were synthesized and studied. As shown in Figure 3.5a, N-GQDs were first 

examined at a graphite concentration of 0.5 mg/mL under sonication (45 W). It was 
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found that N-GQDs were able to disperse only a small amount (0.003 mg/mL) of 

graphene nanosheets after 240 min centrifugation. The stabilized graphene concentration 

is considerably lower than that of reported CQD with amine functional groups, likely 

due to the higher sonication power (800 W) and lower centrifugation time (30 

min).83 Moreover, when C-GQDs were used to prepare a graphene dispersion, the 

concentration was observed to be negligible. We believe that the reason behind their 

poor performance as dispersants in contrast to S-GQDs is due to the lower 

electronegativity of the carboxyl groups in C-GQDs and the amine groups in N-GQDs in 

comparison to the sulfonyl groups in S-GQDs. We also studied the effect of dispersant 

and initial graphite concentration on the final graphene yield. Upon increasing the initial 

graphite concentration, no significant change in final graphene concentration was 

observed when using C-GQDs and N-GQDs as dispersants. However, graphene 

concentration showed a clear upward trend with increasing graphite concentration. These 

results indicate that the S-GQDs are able to produce a more stable graphene dispersion 

in comparison with C-GQDs and N-GQDs. 
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Figure 3.5 Exfoliation efficiencies with various GQDs. (a) Graphene concentrations 

prepared by N-GQDs, C-GQDs, and S-GQDs. (b) ζ potential values of exfoliation 

products by the aforementioned three types of GQDs. Reprinted with permission 

from Zeng et al.3 

 

To understand the mechanism behind the different exfoliation efficiencies, we 

studied the colloidal stability of exfoliation products by measuring ζ potential values of 

exfoliation products. Generally, a suspension of nanoparticles exhibiting a higher 

absolute value of ζ potential would be more colloidally stable than suspensions with low 

ζ potential absolute values.92 As shown in Figure 3.5b, it is obvious that the ζ potential 

absolute values of exfoliation products by C-GQDs and N-GQDs are relatively low (<30 

mV), whereas a large surface potential ζ is observed for S-GQDs-stabilized graphene 

(>60 mV). The relatively low ζ potential values explain poor stability of graphene 

produced by C-GQDs and N-GQDs, resulting in extremely low concentrations of 

graphene after centrifugation. This trend is consistent with prior studies, where pyrenes 

functionalized with either an amino group or a carboxylic group produce graphene 

https://pubs.acs.org/doi/full/10.1021/acsami.7b06980
https://pubs.acs.org/doi/full/10.1021/acsami.7b06980
https://pubs.acs.org/doi/full/10.1021/acsami.7b06980
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dispersions with lower ζ potential values than those with a sulfonyl group.35,51 It is worth 

noting that N-GQDs-stabilized graphene shows a positive potential value, likely 

originating from the amino functional groups of N-GQDs. These results suggest that S-

GQDs-stabilized graphene nanosheets show excellent colloidal stability, making them 

suitable for the application of enhancing photonic devices’ performance. 

 

3.4 Conclusion 

In summary, we showed that π–π stacking interactions with graphene are not 

limited to pyrene derivatives and perylenediimide,37 but are also applicable to larger 

polyaromatic structures such as graphene quantum dots. The exfoliation efficiencies of 

GQDs with different functional groups were evaluated, demonstrating that only strong 

electron-withdrawing groups allow for effective stabilization of graphene dispersions. 

The mechanism could be explained by the polarization of the aromatic core of graphene 

quantum dots that facilitates π-electron sharing between graphene and GQDs. 
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CHAPTER 4  

SYNTHESIS, AQUEOUS PROCESSING AND CRUMPLING OF MXENE 

NANOSHEETS** 

4.1 Introduction 

MXenes are layered, two-dimensional structures with general formula of 

Mn+1XnTx where M is an early transition metal, X is carbon and/or nitrogen, T is terminal 

group (-F, -OH, -O, etc.), x is number of terminal groups and n=1-3. Their metallic 

structure makes them highly electrically conductive, but they are also hydrophilic due to 

terminal groups on their surface layers. The latter, makes them easily dispersible in 

water, unlike many other nanosheet types.93 Since the first MXenes were discovered in 

2011, they have showed great promise for a wide range of applications including energy 

storage devices, batteries and supercapacitors, transparent electronics,94-100 catalyst 

support,101,102 lead absorption,103 electromagnetic interference shielding104,105 and water 

desalination106 due to their unique dielectric, transport and chemical properties.107,108  

 There has been a significant interest in producing MXene-based 3D structures 

and 3D particles. Macroscale 3D structures have been formed by drop casting MXene 

nanosheet dispersions on a nickel template.109 However, little is known about the 

possibility of directly altering MXene morphology to produce bent, scrolled, or 

                                                 

** Reproduced with permission from “Template-free 3D titanium carbide (Ti3C2Tx) MXene particles 

crumpled by capillary forces” by S. A. Shah, T. Habib, H. Gao, P. Gao, W. Sun, M. J. Green, M. Radovic, 

2017, Chemical Communications, 53 (2), 400-403, Copyright 2017 The Royal Society of Chemistry 
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crumpled structures at the microscale, although there have been isolated reports of 

MXene nanoscrolls.93,108,110 

 One means to create such structures is to use capillary forces to locally bend 

nanosheets through spray drying.44,111; this has been recently demonstrated for graphene, 

boron nitride, and transition metal dichalcogenides. Dispersions of nanosheets are 

aerosolized, and the nanosheets are entrapped and compressed by capillary forces at the 

interface of the evaporating droplets.44,111 Our prior work has shown that the mechanism 

of the nanosheet crumpling process is heavily influenced by the bending modulus of the 

nanosheets. This crumpled morphology prevents restacking and increases the porosity 

and accessible surface area of the resulting powder consisting of crumpled nanosheets. 

This, in turn, can highly improve electrochemical energy storage properties of 2D 

materials.112-115  

 In this work, we utilized a spray drying method to successfully demonstrate 

scrolling and crumpling of Ti3C2Tx MXene nanosheets. We further demonstrate that the 

crumpling mechanism is strongly affected by (1) high bending stiffness of MXenes and 

(2) concentration of dispersed MXenes.  

4.2 Materials and Methods 

Synthesis of Ti3AlC2 MAX phase  

 Commercial Ti (44 μm average particle size, 99.5% purity), Al (44 μm average 

particle size, 99.5% purity) and TiC powders (2 – 3 μm average particle size, 99.5% 

purity), (all from Alfa Aesar, MA, USA), were used as starting raw materials to 

synthesize Ti3AlC2 MAX phase. To prepare homogeneous powder mixtures, Ti, Al, and 



 

49 

 

TiC powders were first weighed to achieve Ti:Al:C=3.0:1.2:1.8 ratio and mixed together 

using ball-milling with zirconia beads in a glass jar at the speed of 300 rpm for 24 hours. 

Then, the bulk high-purity Ti3AlC2 samples were sintered at temperature of 1510 oC for 

15 mins with a loading of 50 MPa using Pulsed Electric Current System (PECS). This 

method is commonly, but inaccurately referred to as spark plasma sintering (SPS). To 

fabricate high-purity Ti3AlC2 powder, the PECSed sample was first drill-milled and 

sieved to obtain powder with particle sizes below 44 μm. 

Synthesis of Ti3C2Tx MXene clay 

Ti3C2Tx MXene clay was synthesized by etching aluminum from the MAX phase 

using technique described by Ghidiu et.al.116 Concentrated hydrochloric acid (HCl, ACS 

reagent, 37% w/w Sigma-Aldrich) was diluted with DI water to obtain 30 mL of 6 M 

HCl solution. This solution was transferred to a polypropylene (PP) beaker and 1.98 gm 

of lithium fluoride (LiF, 98+% purity, Alfa Aesar) was added to it. This dispersion was 

stirred for 5 minutes using a Teflon (PTFE) magnetic stirrer at room temperature. 

Ti3AlC2 MAX phase powder was slowly added to the HCl+LiF solution to prevent 

overheating as the reaction is exothermic. The PP beaker was capped to prevent 

evaporation of water and a hole was made in the cap to avoid buildup of hydrogen gas. 

The reaction mixture was stirred at 40 ºC for about 45 hours. The slurry product was 

filtered and washed with deionized (DI) water in a polyvinyl-difluoride (PVDF) 

filtration unit with pore size of 0.22 µm (Millipore® SCGVU10RE Stericup™ GV) to 

remove the unreacted HF and water-soluble salts. This washing process was repeated 
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until pH of the filtrate reached a value of about 6. Reaction product collected over the 

PVDF filter is extracted as Ti3C2Tx MXene clay. 

Intercalation and delamination of Ti3C2Tx MXene clay 

Ti3C2Tx MXene clay was intercalated with dimethyl sulfoxide (DMSO) and 

eventually bath sonicated to obtain an aqueous dispersion of delaminated Ti3C2Tx 

MXenes following procedure described in more detail by Mashtalir et.al.117 DMSO 

(ReagentPlus, >99.5%, Sigma-Aldrich) was added to Ti3C2Tx MXene clay (dried in 

vacuum oven for about 24 hours at 40 ˚C) to form a 60 mg/ml suspension followed by 

about 18 hours of stirring at room temperature. After intercalation, excess DMSO was 

removed by several cycles of washing with DI water and centrifugation at 5000 rpm for 

4 hours. The intercalated Ti3C2Tx MXene clay suspension in DI water was bath 

sonicated for 1 hour at room temperature followed by centrifugation at 3500 rpm for 1 

hour to separate the heavier components.  

Crumpling of Ti3C2Tx MXene nanosheet dispersion 

Crumpling of Ti3C2Tx MXene nanosheets was achieved by spray drying 

delaminated MXene dispersion.111 Aqueous dispersion of delaminated Ti3C2Tx MXene 

was diluted to a concentration of 1 mg/ml, and processed in Buchi B-290 mini spray 

dryer, Figure 4.1. The spray drying procedure involved conveying the dispersion using a 

peristaltic pump to an atomizer where it was mixed with in house air to form micrometer 

sized droplets. For our experiments, we used a pump flow rate of 10 % (of maximum 

possible flow rate) and atomizer air pressure of 60 psi. The droplets formed by the 

atomizer were carried and dried by co-currently flowing hot air in the drying chamber. 
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This airflow was created by an aspirator pump by induced draft mechanism and heating 

occurred via a heating coil. For our experiments, the highest drying air flow rate was 

used by operating aspirator at 100% power, and inlet air temperature was maintained at 

220 ˚C. Carrier gas loses its heat to droplets causing water to evaporate and the 

dispersion to dry. The dried particles are eventually collected in a cyclone separator and 

are stored for further analysis. Above mentioned procedure was also carried out at a 

starting concentration of 0.1 mg/ml to analyze the effect of concentration on morphology 

of dried MXenes. 

 

Figure 4.1 Schematic showing synthesis of Ti3C2Tx nanosheets from parent MAX 

phase to nanosheet crumpling via spray drying. Layered MAX phase (Ti3AlC2) is 

etched using HCl + LiF to obtain Ti3C2Tx clay. This clay is intercalated with DMSO 

and sonicated to obtain delaminated Ti3C2Tx nanosheet dispersion. This dispersion 

is spray dried to obtain crumpled Ti3C2Tx nanosheets. The crumpling process on 

the far right of the figure shows possible crumping mechanism for Ti3C2Tx 

nanosheets. Reproduced with permission from Shah et al.4  
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Freeze Drying 

Delaminated Ti3C2Tx MXene dispersion was frozen in a freezer overnight and 

freeze dried for roughly 48 hours in Labconco FreeZone benchtop freeze dryer to obtain 

dry MXene nanosheet powder. 

Transmission Electron Microscopy (TEM) 

TEM images were obtained using FEI Tecnai G2 F20 field emission transmission 

electron microscope (FE-TEM). All samples were deposited on 200 mesh holey carbon-

coated copper grids of 100 µm (HC200-CU-100, Electron Microscopy Sciences) for 

imaging. Powdered crumpled Ti3C2Tx MXene samples from spray dryer were directly 

placed on the grid for imaging. Water rehydrated crumpled MXenes were drop casted on 

the grid followed by air drying for about 5 minutes. 

Scanning Electron Microscopy (SEM) 

SEM images were obtained using FEI Quanta 600 field emission scanning 

electron microscope (FE-SEM). For imaging, delaminated native Ti3C2Tx MXene 

samples were prepared by drop casting their dispersion on a silicon wafer. Crumpled 

MXene samples were prepared by directly placing spray dried powder on carbon tape. 

X-Ray Photoelectron Spectroscopy (XPS) 

XPS measurements were performed using an Omicron XPS system with Mg x-

ray source. Sample preparation for XPS was done by drop casting moistened crumpled 

Ti3C2Tx MXene powder on hydrophilic (oxygen plasma treated) silicon wafer followed 

by drying in a vacuum oven overnight at 40 °C. Deconvolution was performed using 

CasaXPS software version 2.3.16. 
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X-Ray Diffraction (XRD) 

Bruker D8 powder X-Ray diffractometer fitted with LynxEye detector, in a 

Bragg Brentano geometry with CuKα (λ: 1.5418 Å) radiation was used to obtain XRD 

patterns of powder samples.  Freeze dried Ti3C2Tx MXene powder was placed on a zero-

background holder to obtain its XRD pattern. Similarly, crumpled MXene powder was 

also placed on the same holder to measure its XRD pattern. The X-ray scan was 

performed with a step size of 0.02º and a scan rate of 1 s per step. 

UV-Visible Spectroscopy 

Absorbance spectra of Ti3C2Tx MXene dispersions were measured using 

Shimazdu UV-vis spectrophotometer 2550 (Wavelength range: 200 - 800 nm). Samples 

were placed in a quartz cell with path length of 1 cm, and DI water was used as a blank. 

Concentrations of MXene dispersions were determined using Beer-Lambert law. The 

extinction coefficient of MXene dispersions was calculated to be 1167.2 ml.(mg.m)-1 at 

580 nm. See Figure 4.2 for more details. 
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Figure 4.2 UV-Vis absorbance spectra are shown for Ti3C2Tx dispersions at 

different concentrations (measured using vacuum filtration). Calibration curve 

(inset) was made using the absorbance values at 580 nm to measure concentration 

of subsequent Ti3C2Tx dispersions. Reproduced with permission from Shah et al.4 

 

Zeta Potential 

Malvern Zetasizer ZS90 and the appropriate capillary cell (DTS1070) was used 

to measure the zeta potential of the stable Ti3C2Tx MXene dispersions. 

4.3 Results and discussion 

Synthesis and processing of Ti3C2TX MXenes nanosheets 

MXenes are derived from MAX phases by etching (using acid) out the “A” layer 

(a group 13 or 14 elements) from the layered MAX phases. Many MXenes have been 

reported experimentally and many more are expected to be stable but are yet to be 

synthesized.118 For this study, the Ti3C2Tx (MXene phase) was derived from Ti3AlC2 

(parent MAX phase119) by etching Ti3AlC2 to remove Al. This is typically done using 
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concentrated HF aqueous solution; however, mixtures of LiF and HCl aqueous solution 

were recently shown to be effective as well.116 We utilize this latter method in this study. 

After etching the A layer away, the Ti3C2Tx structures possess a multi-layer accordion-

like morphology.93  

We then intercalate this structure with dimethylsulfoxide (DMSO) to aid in 

delamination. The DMSO was then solvent-exchanged to water and bath sonicated; the 

resulting dispersion was then centrifuged to eliminate unexfoliated material. The 

supernatant was collected as a colloidally stable few-layered Ti3C2Tx nanosheet 

dispersion, with typical concentrations of ~1.5 mg/mL as measured by UV-vis 

absorbance. These colloids are stabilized electrostatically by the terminating groups, 

with typical ζ (zeta) potential values of approximately -32 mV (Figure 4.3). 

 

Figure 4.3 (a) Zeta potential of (b) aqueous Ti3C2Tx nanosheet dispersion being 

stored in glass container shows its colloidal stability. (c) Colloidal nature of the 

dispersion can be verified by Tyndall effect (laser being scattered by dispersed 

MXene nanosheets). Reproduced with permission from Shah et al.4 
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 The stable Ti3C2Tx dispersion was diluted to a concentration of 0.1 mg/ml and 

fed to the spray dryer. The dispersion is aerosolized at an aspirator pressure of 60 psi and 

dried using in-house air as a carrier gas at 220 °C. The resulting dry powder is collected 

using a cyclone separator. 

Crumpling of the nanosheets 

As described above, the capillary forces on the evaporating droplets crumple the 

nanosheets during droplet evaporation. Scanning electron microscopy (SEM) images 

show clear distinctions in morphology between the native, flat MXene nanosheets 

(Figure 4.4a) and the crumpled nanosheet powder (Figure 4.4b). 

 

Figure 4.4 SEM images of Ti3C2Tx MXene nanosheets in their (a) native and (b) 

crumpled morphology (spray dried at a concentration of 1 mg/ml), and (c) XRD 

spectra of Ti3AlC2 MAX phase powder, flat native Ti3C2Tx MXene nanosheet 

powder, and crumpled Ti3C2Tx MXene nanosheet powder. Reproduced with 

permission from Shah et al.4 
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XRD pattern of crumpled nanosheets 

 X-ray diffraction (XRD) patterns of these crumpled Ti3C2Tx MXenes (spray 

dried) are compared to those of the flat, native Ti3C2Tx MXenes (freeze dried) and the 

parent Ti3AlC2 MAX phase in Figure 4.4c. The initial etching process alters Ti3AlC2 to 

Ti3C2Tx, and the XRD spectrum for Ti3C2Tx is consistent with prior studies, showing 

pronounced diffraction peak at around 2θ = 6.3° - 7.1°.116,120 Comparison of position of 

XRD peaks for native and crumpled MXenes in Figure 4.4c, suggests that crumpling 

process does not appreciably affect the crystal structure of the nanosheets. However, the 

first peak (7.1°) for the crumpled MXene is broadened, most likely due to stresses 

induced by the crumpling process. 

XPS analysis of the crumpled nanosheets 

The composition of crumpled MXene powder was probed using X-ray 

photoelectron spectroscopy (XPS) analysis. Survey spectra (Figure 4.5) shows presence 

of titanium, carbon, oxygen and fluorine and the percentage atomic compositions are 

reported in Table 4.1. Peaks corresponding to sulfur, lithium or chlorine were not 

detected in the XPS spectrum, indicating that these species were removed in the final 

product. As shown in Figure 4.6, region corresponding to each element was 

deconvoluted and the results are listed in Table 4.1. 
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Figure 4.5 XPS spectrum of crumpled Ti3C2Tx MXenes labelled with characteristic 

peaks of Ti, C, O and F. Reproduced with permission from Shah et al.4 
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Figure 4.6 XPS spectra of crumpled Ti3C2Tx MXenes. (a) Ti 2p (b) C 1s (c) O 1s (d) 

F 1s. Binding energy values of each bond associated with deconvoluted peaks are 

listed in Table 1. Reproduced with permission from Shah et al.4 

 

Binding energy values of components were found to be in accordance with 

previous XPS studies on Ti3C2Tx MXenes.105,121-123 Our results indicated the presence of 

three type of surface functional groups on crumpled Ti3C2Tx MXenes: oxide (-O-), 

hydroxyl (-OH) and fluoride (-F). 56% of carbon was composed of graphitic C-C which 

may have formed due to Ti etching during the MXene synthesis process.124 About 25% 

of titanium was estimated to be oxidized to TiO2. 
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Table 4.1 XPS peak fitting results for crumpled Ti3C2Tx MXenes. Reproduced with 

permission from Shah et al.4 

 

† Tx represents MXene terminal groups. The peak corresponding to this bond is 

asymmetric and is here it is represented by two symmetric peaks. 

* Water molecules associated with –OH terminal groups. 

 

Effect of MXene dispersion concentration on degree of crumpling 

  At higher MXene concentration in the feed dispersion, the degree of crumpling in 

the as-obtained powder is significantly decreased, as seen in Figure 4.7a, b. This trend 

may be explained as follows: with increased concentration, the number of nanosheets per 

Element 
Overall 

Atomic % 
Component 

Name 
Component 

Atomic % 
BE (eV) FWHM (eV) 

Ti 2p3/2 
(2p1/2) 

18.21 

Ti-C 6.30 454.9 (461) 0.9 (2) 
Ti

2+

 51.94 455.7 (461.5) 2.1 (2.4) 

Ti
3+

 13.04 457.4 (463.2) 1.6 (1.7) 
TiO

2
 24.49 459 (464.7) 1.6 (2) 

C-Ti-F
x
 4.23 460.4 (466.2) 1.8 (1.7) 

C 1s 43.88 

(†) C-Ti-T
x
 

23.97 
281.6 0.8 

(†) C-Ti-T
x
 282.4 1.3 

C-C 56.23 284.7 1.6 
CH

x
/CO 15.37 286.3 1.6 

COO 4.43 288.7 1.4 

O 1s 25.33 

TiO
2
 24.45 529.7 1.5 

C-Ti-O
x
 25.46 530.3 1.6 

C-Ti-(OH)
x
 21.89 531.3 1.4 

Al
2
O

3
 11.62 532.2 1.1 

(*)H
2
O 16.58 533.1 1.6 

F 1s 12.58 
AlF

x
 12.29 686.2 1.5 

C-Ti-F
x
 87.71 685.1 1.8 
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droplet increases, such that multi-nanosheet shells may form during evaporation. These 

thicker nanosheet shells would have a higher effective bending modulus and crumple 

less than shells with fewer nanosheets, resulting in a less compact structure. Inspection 

of the crumpled nanosheet edges reveal far fewer nanosheets in Figure 4.7a (0.1 

mg/mL) than in Figure 4.7b (1 mg/mL). Similarly, at the edges of the structure, there is 

a significant degree of scrolling rather than crumpling in Figure 4.7b. This presents a 

possible route to control the morphology of dry MXene nanosheets. We also compared 

the effect of out-of-plane bending modulus of Ti3C2Tx MXenes with other nanosheets 

such graphene oxide (GO) (Figure 4.8). The increased number of atomic layers (5) 

would result in a higher stiffness of MXenes when compared to the single-layer GO. 

More TEM images of crumpled MXenes from dispersion spray dried at concentration of 

0.1 mg/ml and 1 mg/ml are shown in Figure 4.9 and Figure 4.10 respectively. 

 

Figure 4.7 TEM images of crumpled Ti3C2Tx MXene spray dried at a concentration 

of (a) 0.1 mg/ml, (b) 1 mg/ml [zoomed in inset shows few layers and scrolling] and 

(c) “rehydrated” crumpled MXene from dispersion spray dried at 1 mg/ml. 

Reproduced with permission from Shah et al.4 
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Figure 4.8 SEM/TEM images of (a) crumpled GO and (b) crumpled Ti3C2Tx. 

Crumpled GO shows significant number of ridges whereas crumpled Ti3C2Tx shows 

folds with relatively larger local radius of curvature. Reproduced with permission 

from Shah et al.4 

 

 

Figure 4.9 TEM images of crumpled Ti3C2Tx spray dried at a concentration of 0.1 

mg/ml. Reproduced with permission from Shah et al.4 
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Figure 4.10 TEM images of crumpled Ti3C2Tx spray dried at a concentration of 1 

mg/ml. Reproduced with permission from Shah et al.4 

 

Uncrumpling of the nanosheets on rehydration 

To determine whether this crumpled morphology is reversible, crumpled Ti3C2Tx 

was rehydrated in water using a vortex mixer and allowed to settle for two hours. The 

supernatant was drop cast on a TEM grid and analyzed. From Figure 4.7c, the lack of 

folding, bending, and scrolling sites indicates that this structure has “uncrumpled” to a 

state closer to the pristine MXenes. This indicates (i) that the capillary forces induce few 

permanent defects or covalent bonds in the MXene structure and (ii) that the MXene 

structure remains hydrophilic due to terminal groups on the nanosheet surface, even after 

crumpling. The latter point is confirmed by the XPS data showing presence of C-Ti-OH 
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terminal groups and C-Ti-Ox sites after rehydration of crumpled MXenes. More TEM 

images of rehydrated crumpled MXenes spray dried at a concentration of 1 mg/ml are 

shown in Figure 4.11. 

 

Figure 4.11 TEM images of “rehydrated” Ti3C2Tx MXene nanosheets from spray 

dried 1 mg/ml crumpled Ti3C2Tx dispersion. Reproduced with permission from 

Shah et al.4 

 

To compare the aggregation resistant property of the crumpled MXene powder, 

the specific surface area of crumpled MXene was compared with freeze dried MXene 

powder. N2 adsorption and desorption analysis (Figure 4.12) was used to measure the 

surface area of MXene powders using Brunauer–Emmett–Teller (BET) method. The 

specific surface area (SSA) for crumpled Ti3C2 powder was calculated to be 105.52 m2/g 

which is marginally smaller than the 147.40 m2/g SSA of freeze dried MXenes. 
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Figure 4.12 N2 sorption and desorption measurements conducted using ASAP 2010 

(Micrometrics) at 77.35 K. The samples were degassed at 373.15 K for 12 hours 

prior to the measurements. Reproduced with permission from Shah et al.4 

 

4.4 Conclusion 

In this study, we have successfully converted Ti3C2Tx from 2D flat nanosheet to 

3D crumpled structure via spray drying method, without the assistance of any templates. 

The extent of crumpling can be controlled by changing the feed concentration; higher 

concentration leads to decreased crumpling. The results also showed that crumpled 

nanosheet can be “uncrumpled” if rehydrated, indicating the change in structure is a 

reversible process. 
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CHAPTER 5  

ARAMID NANOFIBER-REINFORCED 3D GRAPHENE HYDROGELS FOR 

SUPERCAPACITOR ELECTRODES 

5.1 Introduction 

 Graphene nanosheets can be assembled into a range of functional 

architectures.125 These architectures are broadly divided into three categories: compact 

layered structures, semi-porous powder-based structures, and self-assembled 3D porous 

structures.126 For example, buckypapers with a compact, layered architecture are made 

by vacuum filtration of aqueous graphene oxide (GO) dispersion. GO buckypapers have 

high tensile modulus, high tensile strength, and low strain-to-failure due to the large 

degree of π-π stacking and hydrogen bonding between adjacent graphene nanosheets 

which are aligned in-plane. Powder-based graphene film architectures can be obtained 

by directly pressing GO/reduced graphene oxide (rGO) powder or by solution casting 

them on a substrate. However, these architectures require binders to improve their 

mechanical integrity.127 GO nanosheets may also be self-assembled into 3D porous 

architectures composed of randomly oriented nanosheets. These structures have higher 

surface area, porosity and strain-to-failure as compared to buckypapers and powder-

based electrodes. However, 3D architectures tend to have poor mechanical integrity and 

electrical conductivity compared to rGO buckypapers. 

GO hydrogels are one of the most widely studied types of 3D architectures. GO 

hydrogels are typically synthesized by self-assembly of aqueous GO dispersions using 

hydrothermal with or without further chemical reduction. During the self-assembly 
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process, GO nanosheets become hydrophobic and bind with surrounding nanosheets via 

π-π stacking to form a monolithic GO hydrogel. Several studies have catalogued how 

properties of GO hydrogels can be influenced by gelation parameters, such as pH of the 

pre-gelation dispersion, concentration and/or lateral size of GO nanosheets, reaction time 

and temperature, and concentration of ammonia, which acts as a chemical crosslinker.128 

In our prior paper, we examined how to tailor the morphology, density, and surface area 

of GO hydrogels by altering the concentration of ammonia and by crumpling the GO 

nanosheet morphology.5 Other reports have also shown that gelation parameters can be 

used to modify the electrical conductivity, pore-size distribution, surface chemistry and 

mechanical properties of the GO gels.128-130 

In general, GO hydrogels have high surface area, high porosity, an 

interconnected pore-network, and good electrical conductivity. Because of this 

combination of properties, GO hydrogels have been extensively used as binder-free 

electrodes for supercapacitor applications.131,132 Reports have also shown that GO 

hydrogels can be compressed into thin and flexible supercapacitor devices to achieve 

high areal energy and power densities.133,134 However, graphene gels have poor 

mechanical modulus (~100 kPa) in comparison to paper-like GO architectures (~4.8 

GPa).135 Several studies have reported the use of polymers and/or chemical crosslinking 

additives such as ethylene diamine,136 polyvinyl alcohol,137 polyacrylic acid,138 or 

polypyrrole139,140 to improve shear modulus, compressive modulus, and/or compression 

recovery.141 These properties are important for designing deformation-tolerant and/or 

load-bearing supercapacitor devices. 
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One potential additive, not yet examined for rGO hydrogels, is aramid nanofibers 

(ANFs). ANFs are synthesized from Kevlar® threads, which are composed of aligned 

poly(paraphenylene terephtalamide) (PPTA) chains. Kevlar® threads are commercially 

widespread as high tensile strength and stiffness threads due to hydrogen bonding 

between aligned linear PPTA polymer chains. ANFs are synthesized from Kevlar® 

threads in a polar aprotic solvent (e.g. DMSO) in the presence of a strong base (e.g. 

KOH). The strong base deprotonates the amide groups on PPTA chains and reduces the 

interaction between PPTA chains. As a result, Kevlar® threads dissociate into a colloidal 

dispersion of nanofibers, which is stabilized by electrostatic repulsions between 

negatively charged amide groups on ANF surfaces.142 

Several reports have used ANFs as filler in polymer matrices to enhance 

mechanical strength and stiffness.143,144 Buckypapers made from ANF-graphene or 

ANF-CNTs have exhibited excellent tensile properties.145,146 A branched variant of 

ANFs (BANFs) was shown to produce a high modulus hydrogel through hydrogen 

bonding between BANFs.147 Recently, Kwon et al. reported synthesis of vacuum-filtered 

rGO-ANF buckypaper electrodes with  excellent mechanical and electrochemical 

properties for supercapacitor applications.148 This enhancement of properties was 

attributed to π-π stacking and hydrogen bonding interactions between layered rGO sheets 

and ANFs. However, ANFs have never been used in GO hydrogel-based supercapacitor 

electrodes. 

We evaluated ANFs as a structural additive to improve the shear modulus of graphene 

hydrogels. Our results show that addition of only 2 wt.% of ANFs can improve the shear 
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modulus of the GO-ANF composite hydrogel by ~80%. This enhancement in shear 

modulus may make GO gels more suitable for use in applications involving load-bearing 

hydrogel electrodes. To this end, we evaluate the electrochemical properties of the 

proposed rGO-ANF composite as supercapacitor electrodes and discuss the trade-off in 

mechanical and electrochemical properties. 

 

5.2 Materials and Methods 

Materials 

Graphite powder (SP-1) was obtained from Bay Carbon. Sulfuric acid (95-98%), 

KMnO4, H2O2, HCl, DMSO, ammonium hydroxide and KOH were obtained from Sigma 

Aldrich. Kevlar® thread (grade K69) was purchased from The Thread Exchange.  

Graphene oxide synthesis (modified Hummers method) 

Graphene oxide was synthesized using modified Hummers method. 5 gm 

graphite powder and 230 mL of concentrated H2SO4 were mixed in a 1L Erlenmeyer 

flask in an ice bath at ~5 ºC. 15 g of KMnO4 was slowly added to the acid solution, 

keeping the temperature between 5 and 10 ºC. The mixture was stirred for 2 h at room 

temperature. The reaction flask was returned to the ice bath and the reaction was 

quenched by slowly adding 450 mL deionized (DI) water, keeping the mixture around 

45 ºC. The reaction mixture was stirred for 2 h at room temperature, transferred to a 2L 

Erlenmeyer flask, and then filled with DI water to ~1600 mL. 23 mL of 33% H2O2 was 

slowly added to the mixture to cause manganates to re-enter solution, followed by 

allowing the mixture to stir for 72 h. The stirring was stopped, and GO product was 
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allowed to settle. 1L of the acid solution was decanted and replaced with 1L of 10% HCl 

and allowed to stir for 24 h and settle again. This step was repeated three times. The 

resulting reaction mixture was washed with DI water until the pH reached ~4.5 to obtain 

aqueous graphite oxide suspension. 

Graphene oxide processing for gelation 

Washed graphite oxide suspension was exfoliated to GO sheets by bath 

sonicating at 55 ºC overnight. The sonicated aqueous GO dispersion was centrifuged at 

2000 rpm for 20 min to remove the heavy unexfoliated fraction. The stable GO 

supernatant was collected for further processing. A GO dispersion in DMSO was 

obtained using solvent exchange. 200 mL of DMSO was added to 200 mL of aqueous 

GO dispersion (10 mg/ml), followed by 30 minutes of bath sonication at room 

temperature. The mixture was subjected to rotary evaporation to selectively remove 

water and obtain GO-DMSO dispersion of 10 mg/ml in concentration. 

Aramid nanofiber (ANF) synthesis 

To prepare ANFs, bulk Kevlar® (K69) thread and KOH pellets were added in 

DMSO at concentrations of 2 mg/ml and 3 mg/ml, respectively. The mixture was stirred 

for about 10 d until the solution appeared dark red. The residual KOH pellets were 

allowed to settle and the colloidal 2 mg/ml ANF dispersion was decanted for further use. 

Combining ANFs and GO sheets 

To obtain a homogeneous GO and ANF dispersion in DMSO, a desired 

concentration of ANF/DMSO dispersion (0.2 mg/ml) was added into GO/DMSO 

dispersion (10 mg/ml) during bath sonication, followed by vortex mixing. To induce 
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hydrogen bonding between GO nanosheets and ANFs, DI water was added to the GO-

ANF/DMSO mixture, followed by ~2 h of magnetic stirring at room temperature. 

Synthesis of GO-ANF hydrogels 

The GO-ANF mixture in DMSO/water was solvent exchanged to water using 

dialysis. As-obtained aqueous GO-ANF mixture was concentrated in a rotary evaporator 

to yield a GO-ANF slurry with a GO loading of 10 mg/ml. For sol-gel reaction, the 

aqueous GO-ANF slurry was mixed with ammonium hydroxide (NH4OH), with a 

NH4OH/GO ratio (v/w) of 0.024 mL/mg. GO(ANFX) hydrogels with desired ANF 

concentration (X wt. % dry solid basis) were obtained by heating the aqueous GO-ANF-

NH4OH mixture at 90 ºC in a sealed hydrothermal chamber for 3 d. Excess ammonia and 

reaction byproducts were removed by washing with DI water. rGO(ANFX) hydrogels 

were obtained by treating GO(ANFX) hydrogels in 40 mg/ml aqueous L-sodium 

ascorbate solution at 90 ºC for 5 h. The residual L-sodium ascorbate and reaction 

byproducts were removed by washing with DI water. 

Scanning electron microscopy 

The cross-sectional morphologies of aerogels were investigated using scanning 

electron microscopy (SEM). The GO(ANFX) hydrogels were flash-frozen in liquid 

nitrogen and then fractured to expose their interior cross section. The fractured hydrogels 

were freeze-dried for 3 d in a Labconco FreeZone dryer to obtain aerogels. SEM analysis 

was performed using a JEOL JSM-7500F instrument at an acceleration voltage of 2 kV. 
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Rheology 

For oscillatory strain and frequency sweeps, GO hydrogel monoliths were sliced 

to disks of thickness of 2 mm. An Anton Parr Physica MCR301 rheometer was used 

with a parallel plate fixture at room temperature for the analysis. The plate gap was 

determined using a normal force control of 1 N. Oscillatory amplitude sweeps were 

conducted at a nominal frequency of 1 Hz to find the linear viscoelastic region. 

Oscillatory frequency sweeps were performed at an amplitude of 0.5 – 1.0 %. For 

compression analysis, 2 mm hydrogel disks were compressed using a hydraulic press to 

predetermined heights using shims. 

Methylene blue (MB) dye adsorption tests 

MB dye tests were performed to measure the specific surface area of rGO(ANFX) 

hydrogels. Hydrogels were immersed in a known concentration of aqueous MB solution 

for two days. The concentration of MB dye was measured using UV-Vis absorption 

spectroscopy. Surface area of graphene hydrogel was calculated from mass adsorbed 

MB dye using the literature correlation of 2.54 mg MB associating with 1 m2 of 

graphene surface.149-151 

Atomic Force Microscopy (AFM) 

GO and ANF dispersions were separately drop-cast on freshly cleaved Mica 

substrate at a concentration of 0.02 mg/ml/. Height profiles were obtained in tapping 

mode (Bruker dimension icon AFM). 
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Electrochemical characterization 

rGO(ANFX) hydrogels were sliced into ~2 mm thick disks using a blade, 

followed by hydraulic pressing to obtain thin hydrogel electrodes. A pressure of 500 psi 

was applied for 1 min using a cold press with a 670 µm shim thickness between non-

stick aluminum foils. Two electrodes of 3/8” diameter were punched from the pressed 

film, followed by assembly in a symmetric cell for supercapacitor testing. 6M KOH was 

the aqueous electrolyte, and the separator was hydrophilic polypropylene (Celgard 

3501). Platinum foils were used as current collectors and electrical contact were made of 

stainless steel. Gamry reference 3000 Potentiostat was used to conduct all 

electrochemical tests at room temperature. 

Cyclic voltammograms (CV) were collected in the voltage window of 0-1 V at 

various scan rates. The specific capacitance was calculated from CV curves by using the 

formula 𝐶 = 2 ∫ 𝐼𝑑𝑉
𝑉𝑚𝑎𝑥

𝑉𝑚𝑖𝑛
(𝑣 × ∆𝑉 × 𝑚)⁄ , where C is the specific capacitance in F/g, 

Vmin and Vmax are the low and high voltage cutoffs (Volts) respectively, I represents the 

current, ΔV is the potential window, 𝑣 indicates the scan rate, and m represents the total 

mass of both electrodes. Electrochemical impedance spectroscopy was performed using 

an AC voltage of 10 mV, and a frequency range from 100 kHz to 1 mHz.   

  5.3 Results, discussion and proposed future work 

GO-ANF dispersion processing and hydrogel assembly 

 Synthesis of graphene oxide (GO) hydrogels using hydrothermal gelation 

involves an aqueous GO colloid with dissolved ammonia. However, ANFs require a 

polar aprotic solvent to form a stable dispersion and are typically prepared in a solution 
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of DMSO and KOH. When an ANF/DMSO/KOH dispersion is added directly to an 

aqueous GO dispersion, the ANFs will be reprotonated by water and coagulate with each 

other instead of becoming well-mixed with the GO nanosheets. In order to avoid this 

problem of coagulation of ANFs, aqueous GO dispersion is first solvent-exchanged to 

DMSO using rotary evaporation. An ANF/DMSO/KOH dispersion can then be slowly 

added to the GO/DMSO while mixing to prevent ANF coagulation during the transition. 

Water is then reintroduced to the combined dispersion to induce hydrogen bonding 

between reprotonated ANFs and GO nanosheets. DMSO is slowly removed using 

dialysis to yield an aqueous dispersion. The schematic of this procedure is shown in 

Figure 5.1a. ANF loadings of 0, 1, 2, 5, 10, and 15 wt.% (on a dry weight basis) were 

incorporated into the precursor GO dispersion. 
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Figure 5.1 (a) ANF dispersion in DMSO is added to GO dispersion in DMSO. GO-

ANF dispersion in DMSO is dialyzed with water to obtain an aqueous GO-ANF 

dispersion. (b) AFM height profile of aqueous GO-ANF 2 wt.% loading (dry weight 

basis) dispersion (drop-cast on mica substrate) (c) Sol-gel gelation results in 

formation of a GO(ANFx) hydrogel. 

 

Atomic force microscopy (AFM) was performed on the pre-gelation dispersion 

to observe the morphology and interactions of GO and ANFs.  In the AFM height profile 

in Figure 5.1b, few-layered GO nanosheets are distributed across a mica substrate with 

many appearing to have ANFs adhered to their surface. In several areas, ANFs even 

appear to extend between nanosheets to form links which would be desirable in the 

intended gel structures. Furthermore, based on comparison with AFM of an 

ANF/DMSO/KOH dispersion (Figure 5.2), no significant aggregation of ANFs is 
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visible.  Figure 5.1b serves to demonstrate the compatible interaction of GO and ANFs 

and their successful nanoscale incorporation through the procedure previously described. 

 

Figure 5.2 (a) Aramid nanofiber dispersion in DMSO and KOH (2 mg/ml). (b) 

Atomic force microscopy image of ANF dispersion drop-cast on mica substrate. 

 

The aqueous GO-ANF dispersion undergoes self-assembly upon being heated at 

90 °C for 3 days in the presence of ammonium hydroxide to obtain GO-ANF hydrogels 

(Figure 5.1c). The resulting gels are referred to as GO(ANFX), where X represents the 

ANF loading on a dry weight basis. These GO-ANF gels were analyzed to study the 

effect of ANFs on the hydrogel’s mechanical properties and electrochemical 

performance. 

Scanning Electron Microscopy of GO(ANFX) aerogels 

The morphology and pore-structure of GO(ANFX) hydrogels were analyzed 

using scanning electron microscopy (SEM). As-prepared hydrogels were flash frozen, 

freeze-fractured, and then freeze-dried for SEM analysis (Figure 5.3). A common 

observation in all samples is that a porous 3D morphology is retained in all GO(ANFX) 
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compositions with pore sizes ranging from sub-microns to several microns. This shows 

that the gelation of GO nanosheets in presence of ANFs was successful. ANFs 

themselves are difficult to observe using SEM due to their small size. 

 

Figure 5.3 Scanning electron microscopy (SEM) images of graphene oxide and 

aramid nanofiber (ANF) composites at (a) 0 dry wt.% ANF, (b) 1 dry wt.% ANF, 

(c) 2 dry wt.% ANF, (d) 5 dry wt.% ANF, (e) 10 dry wt.% ANF, and (f) 15 dry 

wt.% ANF. The scale bars in all SEM images are 2 µm. 

 

Rheology of GO(ANFX) hydrogels 

The mechanical performance of GO-ANF composite hydrogels was investigated 

by comparing shear rheological properties as a function of ANF content (Figure 5.4). 

Figure 5.4a illustrates that storage (G’) and loss modulus (G”) of GO(ANF2) hydrogels 

are independent of shear rate, with G’ about an order of magnitude higher than G” over 

the entire frequency range (1 – 200 rad/s). This result indicates that self-assembled 

hydrogels have permanent crosslinks and are predominantly elastic in nature.152 Shear 

storage-modulus (G’) was measured as a function of oscillatory strain as shown for the 
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neat GO hydrogel in Figure 5.4b. These oscillatory shear-strain sweeps were performed 

on hydrogel slices to determine the linear viscoelastic strain regime. A comparison of G’ 

for all ANF loadings, measured at 0.02% strain and 1 rad/s frequency, (Figure 5.4c), 

revealed that G’ was highest for the GO(ANF2) sample and was about 80 % higher than 

G’ for the neat GO sample. However, G’ begins to deteriorate when ANF loading 

increases to 5 wt.% and higher. This decline in G’ may be caused by ANFs disrupting or 

decreasing the number of effective crosslinks during the gelation of GO nanosheets. 

Several studies have utilized shear rheology on graphene hydrogels, and their G’ values 

are comparable to our hydrogels at similar solids content.153,154 

 

 Figure 5.4 (a) Oscillatory frequency sweep of neat GO hydrogel at an amplitude of 

0.5 %. Storage (G’) and loss modulus (G”) are nearly constant with frequency, 

indicating a crosslinked elastic hydrogel (b) G’ variation of GO(ANF2) hydrogel 

with strain rate (c) Variation of G’ (measured at 0.02 % strain and 1 rad/s) with 

ANF loading. GO(ANF2) hydrogel shows 80% increase in storage modulus as 

compared to neat GO hydrogel. 

 

The effect of uniaxial-compression on the shear storage modulus of the neat rGO 

and rGO(ANF2) composite hydrogels was investigated. Compression can influence the 

microstructure and crosslinks of the rGO architecture. Cross sections of compressed neat 

rGO and rGO(ANF2) hydrogels show partial alignment of nanosheets in the direction 
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perpendicular to the compression axis (Figure 5.5). Chemically reduced hydrogel slices 

were tested using shear oscillatory frequency sweeps at various degrees of compression. 

The values of storage modulus (G’) were measured at a frequency of 10 rad/s over an 

amplitude range of 0.1 - 0.5% and compared (Figure 5.6). 

 

Figure 5.5 Cross sectional SEM images of compressed (a) rGO and (b) rGO(ANF2) 

composites. As-prepared hydrogels were compressed to 30% of their original 

thickness (2 mm) prior to analysis. 

 

For the neat rGO hydrogel, we observe an increase in shear modulus with 

compressive strain of ~46%, followed by a reduction in shear storage modulus at ~75%, 

indicating damage to the internal crosslinks beyond a certain strain. However, the 

rGO(ANF2) hydrogel shows a consistent increase in G’ (up to ~256%) for compressive 

strain as high as ~87%. The damage to internal crosslinks in GO(ANF2) hydrogel may 

be prevented at high strains due to the presence of additional adhesive strength imparted 
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by the ANFs. The data provide important insight into the dependence of storage modulus 

on addition of ANFs, nanosheet alignment, and densification of hydrogel microstructure. 

 

Figure 5.6 Storage modulus (G’) of rGO and rGO(ANF2) hydrogels with increasing 

axial-compression strain. 

 

Electrochemical characterization of rGO(ANFX) hydrogels 

The supercapacitor performance of the hydrogel composite was measured in a 

symmetric cell with 6 M aqueous KOH as an electrolyte. Hydrogel electrodes were 

prepared by slicing and pressing the as-prepared GO(ANFX) hydrogels into films. These 

hydrogel films were further chemically reduced using L-sodium ascorbate to improve 

their electrical conductivity prior to their assembly in test cells.155,156 Cyclic 

voltammograms (CVs) for rGO(ANFX) samples at the scan rates of 20 mV/s (Figure 

5.7a) show nearly rectangular CVs, indicating an electrical double-layer mechanism of 
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energy storage and low electrolyte ion transport resistance through the hydrogel 

electrodes. 

 

Figure 5.7 Electrochemical performance of rGO(ANF) hydrogels. (a) Cyclic 

voltammetry scans for rGO(ANF) samples at a scan rate of 20 mV/s. (b) Specific 

capacitance’s dependence on scan rate (5 – 200 mV/s) for rGO(ANF) hydrogels 

with varying ANF content. Total electrode mass (rGO and ANFs) was included in 

calculating the current density and specific capacitance. 

 

The specific capacitance values of rGO(ANFX) hydrogels are compared in 

Figure 5.7b. Neat rGO electrodes with a thickness of ~600 µm showed excellent 

specific capacitance of 190 F/g at scan rate of 5 mV/s. Typical supercapacitor electrodes 

are limited to a thickness ~10-20 µm to minimize ion-diffusion resistance and achieve 

high specific capacitance. However, rGO(ANFX) hydrogel electrodes’ interconnected 

pore structure allows to have very low ion-diffusion resistance even at large thickness. A 

general trend of decrease in specific capacitance of composite hydrogels is observed 

with increasing ANF content at a given scan rate. This was expected because ANFs are 

electrochemically inactive, and as ANF composition increases, the fraction of active 

sites decreases. Furthermore, ANFs may reduce the π-π interactions between rGO sheets 
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as well as reduce accessible surface area on rGO nanosheets (Figure 5.1b). The specific 

surface area of neat rGO hydrogel was measured to be 199.3 m2/g based on an MB dye 

adsorption test. The rate performance of hydrogel composites was evaluated by 

measuring the effect of increase in scan rate on specific capacitance. The specific 

capacitance is expected to decrease at higher scan rates due to ion-diffusion limitations. 

As a result, it is expected that architectures with more porous microstructure and better 

ion-diffusion properties will show lower extent of capacitance reduction. The specific 

capacitance of neat rGO hydrogel was 119 F/g at scan rate of 200 mV/s, which is 63% of 

its specific capacitance of 190 F/g at 5 mV/s. For rGO(ANF2) hydrogel, 72% of the 

specific capacitance was retained at 200 mV/s compared to that at 5 mV/s, indicating 

improved rate capability compared to neat rGO electrodes. Electrochemical impedance 

spectroscopy (Figure 5.8) shows very small electrical and ion diffusion resistance for all 

rGO(ANFX) composites. 
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Figure 5.8 Electrochemical impedance spectra of rGO(ANFX) hydrogels with ANF 

composition (X) varying from 0 – 15 wt.% (dry basis) 

 

 5.4 Conclusion 

In this study, we fabricated high shear-modulus ANF reinforced GO hydrogel 

electrodes by harnessing strong hydrogen bonding and π-π stacking interactions between 

GO nanosheets and ANFs. Synergistic interactions between GO and ANFs manifested as 

80% improvement in shear modulus of GO-ANF 2 wt.% composite (349 kPa) over neat-

GO hydrogel (193 kPa). We also demonstrated that compression of hydrogels results in 

an increase of the shear storage modulus by 46% due to partial alignment of the 

constitutive nanosheets. The specific capacitance of neat-rGO hydrogel was 185 F/g at 
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scan rate of 10 mV/s. This study paves the way for further research to design rGO 

hydrogel electrodes reinforced with structural fillers to develop load-bearing 

multifunctional energy storage devices. 
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CHAPTER 6  

CONCLUSIONS AND FUTURE WORK 

6.1 Conclusions and summary 

In Chapter 2 of this dissertation, we devised an approach to improve the yield of 

graphene exfoliation by modifying the centrifugation process.157 The separation of 

exfoliated graphene from graphitic precursor is a challenge that complicates the 

scalability of various production routes and increases the associated time and energy 

cost. We found that ~50% of well exfoliated pristine graphene nanosheets are trapped in 

the sediments during the centrifugation process. A method was developed to extract 

these inaccessible graphene nanosheets by repeatedly adding solvent to the sediment, 

followed by mixing and re-centrifugation. We obtained higher graphene yield with 

larger quantities of solvent, but this higher graphene yield comes at the price of extra 

solvent processing and overhead costs on an industrial scale. The marginal increase in 

graphene yield reduces with increasing wash volume. An optimization algorithm was 

also created to determine the optimum volume of solvent for graphene recovery, given 

the costs of solvent processing, precursor material, and graphene product.  

Moving forward, we want to extend this approach to other types of 

nanosheets/dispersant systems including electrochemically exfoliated graphene 

dispersed in water/ethanol cosolvent system, and aqueous pristine graphene dispersions 

with graphene quantum dots as dispersants. Another important aspect to consider is to 

evaluate the effect of dispersant type on the fractional yield of trapped nanosheets that 

can be extracted with each wash cycle. 
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In chapter 3, we concluded that the sulfonyl (-SO3H) functionalized graphene 

quantum dots can disperse significantly higher concentration of pristine graphene in 

water compared to those functionalized with carboxylic (-COOH), and amine (-NH3) 

groups. Moreover, the aqueous graphene dispersion with sulfonyl functionalized 

graphene quantum dots resulted in highest zeta potential of -64 mV, indicating excellent 

colloidal stability. Similar trends were observed in prior studies for pyrene derivative 

based dispersants, indicating that sulfonyl (strong electron withdrawing) group’s role is 

universal over range of polyaromatic hydrocarbon sizes in creating efficient graphene 

dispersants. 

In addition, the as-prepared aqueous graphene dispersions were utilized to 

improve the contrast of polystyrene photonic crystals as graphene nanosheets can 

suppress the incoherent diffused scattering.3 In the future, we are interested in  

understanding the influence of GQD’s size on exfoliating and dispersing graphene 

nanosheets. 

As discussed in Chapter 4, a spray drying approach was successfully employed to 

crumple and scroll Ti3C2TX MXene nanosheets. The capillary forces in a spray dryer’s 

drying water droplets were utilized to induce crumpling in 2D nanosheets to obtain 3D 

crumpled structures. BET surface area analysis showed that the crumpled particles had a 

high specific surface area of 105 m2/g, indicating the aggregation resistant property of 

the powders, unlike the parent 2D nanosheets.  

In the future, our goal is to utilize the crumpled MXene powder in batteries and 

supercapacitors to achieve high active surface area and better ion diffusivity. A trade off 
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for the spray drying method is partial oxidation of MXene nanosheets due to high 

processing temperature of 220 ºC. Moving ahead, we want to devise new approaches to 

prevent oxidation during the spray drying process by introducing a reducing agent in the 

nanosheet dispersion. 

In chapter 5, we fabricated 3D porous rGO hydrogels using colloidal self-

assembly for application in supercapacitors. Addition of ANFs as a structural filler 

results in significant improvement of the hydrogel’s shear modulus. However, we found 

that higher than 2 wt.% (dry weight basis) concentration of ANFs result in decrease in 

shear modulus properties as they likely start interfering with the crosslinking between 

the GO nanosheets during the gelation process.  

This study shows that high-strength nanofibers can provide reinforcement to 

nanosheet hydrogels provided that the nanofibers do not interfere with the crosslinking 

process. Moreover, the solvent-exchange approach utilized for mixing GO and ANF can 

also be extended to other nanosheet dispersions, such as MXenes, to create 

homogeneous ANF nanomaterial dispersions. However, water incompatibility of 

ANF/DMSO/KOH dispersions still remains to be addressed in the ANF composite 

community. 
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6.2 Future work 

Electrically conductive and flexible ANF-MXene buckypapers 

Introduction 

Ti3C2TX MXene nanosheets have the unique combination of high electrical 

conductivity and hydrophilicity due to their extensive surface terminal groups (-O, -OH, 

-F). We utilize these properties to create strong and durable composites of MXene and 

ANFs. MXene nanosheets will provide electrical conductivity as well as improvement in 

ultimate strain due to the extensive hydrogen bonding between the surface terminal 

groups on MXene with the carbonyl and amine groups on the ANF surface. These high 

strain conductive films can be used in applications such as structural electronics, 

wearable electronics, and electromagnetic interference (EMI) shielding.  

 

Materials and methods 

Ti3C2TX MXene nanosheets were synthesized using the LiF+HCl method 

described in Chapter 4. ANF dispersion was made from commercial K69 thread using 

method described in Chapter 5. MXene nanosheet dispersion were combined with 

aqueous sodium ascorbate (NaAsc) solution to impede oxidation during processing 

which involved a strong base KOH which can expedite the oxidation of MXenes. The 

aqueous MXene-NaAsc solution was solvent exchanged to DMSO using rotary 

evaporator to obtain a MXene/NaAsc/DMSO dispersion. The as-prepared ANF 

dispersion was diluted to 0.2 mg/ml and added drop wise to MXene/ NaAsc/DMSO 

dispersion while stirring. 1 ml of water was added to the MXene/ NaAsc/ANF/DMSO 
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mixture per mg of ANF to induce protonation and crosslinking of ANFs. This solution is 

vacuum filtered on a 200 nm pore size nylon membrane to obtain layered MXene-ANF 

films. After allowing the buckypaper to dry in a vacuum oven overnight at room 

temperature, the buckypaper was peeled from the Nylon membrane to obtain a free-

standing film for further characterization. 

A TA instruments DMA was used to measure the tensile properties of MXene-

only and MXene-ANF (10% ANF loading). For the DMA tensile testing the buckypaper 

was cut in to rectangular strips of 2-3 mm in width and about 15-20 mm in length. The 

buckypaper was gripped in tensile testing apparatus with about 10 mm gap between the 

clamps. A constant strain rate of 0.1% was applied and the stress was measured. SEM 

was performed on the fracture cross-section.  

Preliminary results:  

The as-prepared MXene-ANF (10 wt.%) buckypaper and MXene-only 

buckypapers cut in to rectangular strips are shown in Figure 6.1. 

 

Figure 6.1 (a) Formation of a flexible and free standing MXene-ANF (10 wt.%) film 

after vacuum filtration on a nylon membrane. (b) MXene-only buckypaper cut in to 

rectangular strips before tensile testing 
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The SEM images of MXene-only buckypaper cross-section are shown in Figure 

6.2 indicating a compact layered structure with some degree of waviness. The cross-

section of MXene-ANF (10 wt.%) buckypaper in Figure 6.3 indicates presence of 

waviness as well as small spheres which are typical of partially oxidized MXenes. The 

future work will involve increasing the amount of sodium ascorbate to prevent oxidation 

during processing.  

 

Figure 6.2 Low (left) and high (right) magnification SEM images of MXene-only 

buckypaper cross-section 
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Figure 6.3 Low (left) and high (right) magnification SEM images of MXene-ANF 

(10 wt.%) buckypaper cross-section 

 

The stress-strain curves are analyzed to measure the ultimate strain, toughness, 

Young modulus, and ultimate strength. These properties are compared against the 

mechanical properties reported in the literature. The MXene-ANF properties are 

compared with rGO-ANF (0.1% strain rate),135 MXene-PVA (polyvinyl alcohol),97 and 

ANF-only (1% strain rate)148 samples with similar loading of fillers and active materials. 

The results are compiled in the Figures 6.4, 6.5, 6.6, and 6.7.  

The data shows that MXene-ANF composites have significant improvement in 

ultimate strain property (Figure 6.4) compared to other nanocomposites. This can be 

attributed to large number of surface functional groups on MXene surface which can 

hydrogen bond with amide and carboxylic groups on ANFs. Such high improvement in 

yield strain also translates to significant enhancement in the toughness of 

nanocomposites (Figure 6.5). However, the improvement in Young modulus and 

ultimate strain is not as significant in case of rGO-ANF composites (Figures 6.6, 6.7). 
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This may be attributed to the π- π stacking interactions between rGO and ANF which is 

absent in case of MXenes-ANF. 

 

Figure 6.4 Comparison of MXene-ANF composite ultimate strain (%) property 

with nanocomposite literature 
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.  

Figure 6.5 Comparison of MXene-ANF composite toughness (kJ/m3) property with 

nanocomposite literature 
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Figure 6.6 Comparison of MXene-ANF composite Young’s modulus (GPa) 

property with nanocomposite literature 
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Figure 6.7 Comparison of MXene-ANF composite ultimate strength (MPa) 

property with nanocomposite literature 

 

Proposed future work 

In the future, we want to characterize and the relative fraction of functional groups 

between rGO and MXenes using XPS. XPS will also help in determining the he extent 

of hydrogen bonding interactions between the constituents of the nanocomposites. 

Further ahead, we want to fabricate nanocomposites with low concentrations of MXenes 

in ANF mats and estimate the composition of MXenes required for achieving electrical 

percolation threshold in ANFs. 
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