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The research interests of two-dimensional (2D) materials have been explosively 
increased since the realization of unexpected single layer graphene in 2004. Leading by 
graphene, these decade-old materials, such as transition metal dichalcogenides (TMDs) 
have been extensively re-investigated due to their unique materials properties emanating 
from the 2D morphology. Take graphene for example, it possesses high thermal and 
electrical conductivity, high specific surface area, mechanical flexibility and optical 
transparency that make it a promising material for the applications in various fields. In 
addition, TMD is a group of materials with wide electrical, chemical and physical 
properties selections that possess unique quantum confinement effect, which allows easy 
band gap modification, and thus make them compensate for metallic graphene’s 
weakness. It is worth noting that these exceptional intrinsic properties only present in the 
single-layered fashion, while the most significant challenge of scaling up these 2D 
materials in solution processing is aggregation. Without chemical modification, these 
mono-layered sheets tend to restack or aggregate with each other, and thus largely 
sacrifice the intrinsic properties.  
 

In this dissertation, I will discuss the unique marriage between new physical 
understanding of the decades-old electrohydrodynamic (EHD) deposition and insights 
into exfoliation chemistry as the unprecedented and yet holistic approach to address long-
standing challenges in synthesizing, and isolating graphene and molybdenum disulfide 
(MoS2) from bulk precursors into hierarchically structured functional composites with 
preserved and even enhanced materials properties, especially those relevant to energy 
applications, including surface area, conductivity, structural integrity and catalytic 
activity. These properties make these crumpled nanostructures an ideal building block for 
the energy harvesting and storage applications. 
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Here, the exceptional output characteristics of crumpled graphene nanostructures 
(CGN) were examined by integration into a photoelectrochemical cell. Compared to 
pristine TiO2 electrode, the combination of TiO2 and CGN electrode drastically boosted 
up the short circuit current by 200%, with an improved fill factor of 15%. It indicated that 
CGN could act as a current conductor for rapid charge transportation. Another example 
was the crumpled molybdenum disulfide (c-MoS2) as a catalyst for hydrogen evolution 
reaction (HER). After dimensional transition, it not only preserved the intrinsic properties 
result from lithium interaction, such as metallic phase and abundant sulfur defects, but 
also generated permanent strain at the basal plane that leads to increasing number of 
active sites density. As a consequence, the c-MoS2 as a HER catalyst demonstrated the 
best metrics of both total electrode and intrinsic active site properties among other state-
of-art MoS2 catalysts. Moreover, the processing temperature was at nearly room 
temperature compared to other processes, which required extreme processing conditions, 
and thus make it be beneficial to the large-scale production. This work represents a well-
defined material science paradigm: the performance of a material depends on its 
properties, which in turn are a function of structures; furthermore, structures are 
determined by how the material was processed.	
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Chapter One:  

Introduction 
 

1.1 Refulgent History and Bright Future of Two Dimensional Materials 
 

In 2004, the world of science has experienced another “big bang” since the 
theoretically unprecedented materials properties of single layer graphene have bean 
realized by two scientists at United Kingdom, Andre Geim and Konstantin Novoselov, 
who successfully exfoliated monolayer graphene sheet from bulk graphite mechanically 
by the Scotch tape1. Since then, the dream of “multi-functional material” development 
has bean made possible, because the monolayer graphene possesses abundant exceptional 
intrinsic properties in electrical, optical, chemical and mechanical fields, which make it a 
promising candidate for a wide varieties of applications. The advanced nanotechnology in 
the 21st century provides new insights and new characterization perspectives into this 
“un-expected” monolayer carbon sheet, which were previously thought to be 
thermodynamically unstable at finite temperatures, and thus lead to an explosion of 
interest. In the meantime, the total number of publication papers related to graphene has 
dramatically increased to nearly 200,000 in around 10 years (Web of Knowledge).  
 

Moreover, since 2004, based on the success of graphene, enormous progress has 
been made on the research and discovery of alternative single-atom-thick 2D materials 
because they can demonstrate the unique properties emanating from their 2D 
morphology. Although their parent 3D crystals have been studied for decades, the 
research progress of 2D sheets is just blooming due to the recent discovery of 
dimensionally specialty. These materials are called as the “second generation” of the 2D 
materials, including functionalized graphene (doped-graphene), boron nitride (BN) and 
transition metal dichalcogenides (MoS2, WS2, WSe2, TiS2 and so on)2–4. Similar to 
graphene, these 2D materials exhibit the capability of multi-functional applications, even 
the electronically heterogeneity that doesn’t shown in graphene, such as tunable bandgap, 
and makes them suitable candidates in various electronics or optical fields. Recently, 
there are “third-generation” 2D materials coming up and subject to intense interest and 
study, including silicene5, germanene5, arsenene6, phosphorene7 and so on. However, the 
comprehensive investigation and research on the third-generation 2D materials is still at 
its infancy, with some of them were only predicted by the computer simulation instead of 
real exfoliation in lab (e.g., arsenene). It is worth noting that all these materials, from 
graphene to the third-generation 2D materials, can be categorized as van der Waals solids 
because their bulk crystals are formed by stacking of the 2D sheets with the interlayer 
van der Waals forces8. Therefore, fundamentally understanding the relationship between 
the structural dimensionality and the output chemical and physical properties plays an 
important role in designing a next generation, highly efficient device. 
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In this research, I would firstly focus on the study of the relation between 
dimensionality and output characteristics (both intrinsic and extrinsic) of graphene. Next, 
comprehensive study of molybdenum disulfide (MoS2), which belongs to the second 
generation transition metal dichalcogenides (TMDs), will be carried out to explore its 
special electrical and catalytic properties that make it complimentary to graphene.  
 

1.2 Graphene 
 

As being considered as the “father” of 2D materials, the re-discovery of graphene 
has spurred great expectations on its exceptional materials properties. Due to the perfect, 
defect-less sp2 hybridization of the hexagonally packed carbon atoms, the single layer 
graphene sheet demonstrates excellent materials properties in many aspects. For example, 
from the electrical and electronic perspectives, the charge carrier mobility of graphene 
reaches ~200,000 cm2/Vs, and the linear dispersion at the K point gives rises to the novel 
anomalous room temperature quantum hall effect and ambipolar electric field effect that 
open up a new category of “Fermi-Dira” physics9,10. Speak of its mechanical properties, 
the elastic modulus of graphene was reported of 1TPa with an outstanding fracture 
strength (42 N/m), which contributes to its oxymoron “hard-and-soft” property that 
makes it suitable to be rolled or deposited onto curvatures. Not to mention that even at an 
atomic thickness, graphene also demonstrates high thermal conductivity (~5,000 W/mK), 
extremely low surface energy, optical transparency (97.7 %) and high specific surface 
area (2,630 m2/g). These properties have aroused great interests among the scientists at 
different disciplines and facilitated the tendency to implement graphene into a myriad of 
devices, such as field effect transistor, solar cells, sensors, transparent electrodes and so 
on. 
 

1.2.1 Synthesis of Single Layer Graphene 
  

However, despite these exceptional properties, the real integration of graphene 
into high-end technologies is not yet completed and succeeded. The most significant 
limiting factor is the difficulty of producing high quality and high quantity of single-
layered graphene sheet. The top-down mechanical exfoliation approach demonstrated by 
Geim and Novoselov shows the ability of creating high quality of graphene sheet as 
shown in Figure 1.11. Nevertheless, this approach is neither high throughput nor high 
yield, which limits its industrialization.  The success exfoliation heavily depends on 
breaking the van der Waals force between the first and the second layer, without 
rupturing the subsequent layers. Therefore, in addition to the mechanical exfoliation 
method, many approaches have been discovered to synthesize the graphene sheet with 
single layered fashion. 
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These approaches can be categorized into three major categories: bottom-up 

synthesis to grow graphene from organic precursors11,12, in situ catalyzed growth on the 
substrate13–16 and the chemical exfoliation in the solution9,17–20. Each synthesis method 
has its drawbacks. For example, Figure 1.2 is the scheme showing the synthesis 
procedures of linear graphene nanoribbon through polymerization11.  However, the size 
of the as-created graphene is limited because when the molecular weight of the 
synthesized product increases, it gradually becomes insoluble in the precursor solution 
and the unwanted side reactions occur11. In addition, chemical vapor deposition (CVD), 
reduction of silicon carbide (SiC) and the epitaxial growth on metals provide a promising 
processing route for the synthesis of single-to-few layered graphene with localized 
control. Figure 1.3a shows the parameters used to synthesize graphene by CVD, and 
Figure 1.3b shows the schematic of confinement controlled sublimation of SiC. 
Unfortunately, these bottom-up procedures heavily relies on the accurate control of the 
parameters, not to mention the harsh processing conditions that significantly restrict 
graphene’s quality and subsequently limit its application. On the contrary, the chemical 
synthesis method through exfoliation in solution creates an easy and low cost processing 
route for large-scale production of single layer graphene sheet. Although some of the 
intrinsic materials properties of as-created graphene sheet are not as good as the pristine 
graphene due to the presence of oxygen functionalities and defects at the basal plane, 
chemical exfoliation method indeed offers a cost-effective way to synthesize large 
quantity of graphene sheets for the use of many chemical and electrochemical 
applications, such as water splitting solar cells, capacitors and batteries. In this research, 
chemical exfoliation from 3D graphite to 2D graphene sheet was performed and it will be 
further discussed in Chapter 2. 
 

Figure 1.1: AFM image of a single layer graphene sheet exfoliated 
mechanically by the Scotch-tape1. 
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1.2.2 Applications of Graphene 
 

Figure 1.2: Scheme of the synthesis procedures of graphene nanoribbon and the list of 
precursors used11. 

a b 

Figure 1.3: (a) Operation parameters of CVD to synthesize graphene16. (b) Schematic 
illustration of graphene synthesized through sublimation of SiC13. 
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Since there are plenty of exceptional materials properties provided by single layer 
graphene, the application window is significantly wide in many aspects. In this section, I 
will briefly introduce several applications that graphene or chemically modified graphene 
can make, or expected to make a great contribution in improving the output performance. 
 

1.2.2.1 Field Effect Transistors 
 

Due to the unique zero bandgap structure, graphene possesses a special ambipolar 
electric field effect, so that the charge carriers within graphene can be easily tuned into 
electrons (n-type) or holes (p-type) continuously in concentrations as high as 1013 cm-2, 
with the mobilities of up to 15,000 cm2/Vs as shown in Figure 1.421. With the negative 
bias applied, the Fermi level drops below the charge neutrality (Dirac) point that leads to 
the accumulation of holes in the valence band; on the contrary, the electrons will be 
generated at the conduction band when positive bias applied. This will in turn provide a 
crucial breakthrough towards the invention of ambipolar electronics that shows a 
dramatic difference from the traditional Si based device, which requires elemental doping 
to achieve a single p- or n-type device. Now, both the carrier concentration and the 
carrier type can be controlled through the gate bias. 
 

 
Moreover, if the scattering from the impurities is eliminating, the mobility can 

reach as high as 200,000 cm2/Vs even at room temperature for a suspended graphene 
reported by Kim’s group in 200822. The experimental value of the graphene field effect 

Figure 1.4: Schematic diagram shows the band structure and the ambipolar 
electric filed effect at different bias21. 
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mobility is one order of magnitude higher than Si based device, and it makes graphene a 
promising candidate towards high speed electronics. Due to the high quality of its 2D 
lattice, the current of the graphene transistor can be easily scaled up by increasing the 
device channel width23. This scaling up capability is of particular importance for realizing 
high frequency graphene devices with sufficient current for large circuits. A graphene 
transistor operated at high frequency up to 26 GHz was reported using a top-gated 
geometry23, which can be a good alternative to the carbon nanotubes that has high 
impedence. In addition, with use of an organic polymer buffer layer in between graphene 
and the conventional gate dielectrics, the device mobility can be further improved with a 
cut-off frequency of 100 GHz24. These high carrier mobility and high cut-off frequency 
properties are closely related to the modern semiconductor or electronic industries 
because it enables fabrication of ballistic devices even at today’s integrated circuit 
channel length (7 nm).    
 

1.2.2.2 Sensors 
 

Since single layer graphene has large specific surface area, ambipolarity and its 
conductance would change as a function of surface adsorption, it has demonstrated to be 
a promising candidate to detect gas molecules25,26, such as  NH3, CO and NO2. When the 
gas molecules adsorb on the graphene surface, the adsorption location would experience 
a charge transfer between adsorbed molecules and graphene, leading to the electronic 
transition to a donor or an acceptor, thus changing the Fermi level and carrier density of 
graphene27. In addition, graphene oxide (GO), which synthesized through chemical 
exfoliation from bulk graphite, is an emerging material that can be used as the 
electrochemical sensor or biosensor because it possesses abundant oxygen groups, 
including the carboxylic group at the edges, as well as the hydroxyl and epoxide groups 
at the basal plane, which will be introduced in Chapter 2. These oxygen functionalities 
are able to show supramolecular interaction with other functional materials, such as 
glucose, protein and DNA and exhibit the sensing ability28,29. Additional efforts, 
including thickness sorting, PEG grafting and nanocolloidal GO synthesis30,31, have been 
made in order to decrease the polydispersity of GO sheets and address the inconsistent 
response and low reproducibility challenges that usually reported. 
 

1.2.2.3 Transparent Electrode 
 

Due to its high electrical conductivity, high charge carrier mobility and high 
optical transparency at visible light range, graphene demonstrates a great potential of 
serving as a transparent electrode to replace indium tin oxide (ITO). Large quantity of 
high quality GO can be deposited onto the substrate via spin-coating32, dip-coating33 
spray-coating19 or vacuum filtration34, and then it can be further reduced to chemically 
modified graphene oxide by chemical or thermal reduction to improve the electrical 
conductivity (will be discussed in Chapter 2). For example, graphene palates synthesized 
by liquid-liquid assembly at H2O-chloroform interface show a sheet resistance of 100 
Ω/sq with the optical transparency of 70% at 500 nm35. Another graphene palates 
synthesized by sonication and vacuum filtration shows a sheet resistance of 3 kΩ/sq at a 
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transmittance of 75% at 550 nm34. This concept was realized by integrating graphene into 
a real device as a transparent electrode. Mullen and co-workers first reported a 
conductive and transparent graphene electrodes for dye-sensitized solar cell with a power 
conversion efficiency of 0.26%33. The film exhibited a high conductivity (550 S/cm) and 
a transparency of more than 70% over 1,000-3,000 nm as shown in Figure 1.5. Although 
the as-created graphene based device performance is still inferior to the ITO counterpart, 
the transparent electrodes made by graphene are actually cost-effective and show a proof-
of-concept to replace rare and expensive ITO. 
 

 
 

1.2.2.4 Supercapacitor	
 

The demand of the newly energy storage devices has dramatically increased due 
to the increasing popularity and the multifunctional design of portable electronic devices 
and electric vehicles. Supercapacitors represent a good candidate of energy storage 
devices because of its fast charge/discharge rate as well as long-term stability, and thus 
are capable of providing a huge amount of energy in a short period of time36–38. Carbon 
based nanomaterials, such as graphene and carbon nanotubes, have spurred immense 
research interest in supercapacitors, especially the electrical double layer capacitor 
(EDLC), due to their high electrical conductivity, high thermal conductivity and high 
theoretical surface area. Graphene as an electrode can develop a capacitive charge 
through electrostatic forces at the electrode/electrolyte interface39. There are several 
aspects need to be considered in order to contribute to the performance of EDLC, 
including the large surface area, high electrical conductivity and high porosity. Not 
surprisingly, graphene can perfectly meet these requirements and boost up the 
capacitance. The intrinsic high electrical conductivity of graphene can reduce the loss in 
power from internal resistance. Also, the high specific surface area of graphene will 
allow more ions to be adsorbed onto the electrode and increase the ion accessibility that 
lead to a higher capacitive charges production. 

Figure 1.5: Transmittance of a 10 nm thick graphene sheet (red line) in 
comparison with ITO (black) and FTO (blue)33. 
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1.3 Transition Metal Dichalcogenides 
 

As the second generation of 2D materials after the realization of “father” 
graphene, the exploration of TMDs has attracted a great attention since the layered TMDs 
offer properties that are complimentary to those in graphene, such as tunable bandgap and 
electrochemical catalytic ability. TMDs are a group of materials with the structure of 
MX2, where M is the metal at group IV (Ti, Zr, Hf), group V (V, Nb, Ta) or group VI 
(Mo, W and so on), and X represents the chalcogens (S, Se, Te) as shown in Figure 1.64. 
The layer of X-M-X structure is composed of one metal element layer sandwiched 
between two hexagonally packed chalcogen layers, with the layered thickness (X-M-X) 
of around 6-7 Å. Due to the special quantum confinement effect and d-band coordination, 
which will be further discussed in Chapter 5, the electronic properties of TMDs range 
from metallic, semi-metallic, semiconductor to insulator. The most appealing part of 
TMDs is the layer-dependent properties3,40. For example, in several semiconducting 
TMD materials like MoS2, there will be an indirect to direct bandgap transition with the 
widening gap size when the thickness is reduced from bulk to monolayer4. Although bulk 
TMD research has been performed for few decades, the concept of “layer-dependent” 
TMD is still new that leads to a significant research interests in different fields. 
 

 
 

1.3.1 Synthesis of TMDs 
 

There are several methods employed to prepare single- and few-layered TMDs, 
and these can be categorized into two major parts. First, the top-down approaches that 
rely on the exfoliation from bulk TMD crystal, such as mechanical exfoliation1,41,42, 
chemical exfoliation through lithium intercalation (will be discussed in Chapter 5) and 
liquid phase exfoliation by sonicating bulk TMD crystal in solvents43,44. Second, the 
bottom-up approaches to directly grow TMDs, such as CVD growth45,46, hydrothermal 

Figure 1.6: There are around 40 different layered materials belong to the group of 
TMDs as shown in the periodic table4. 
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reaction47 and microwave synthesis48. In this section, I will focus on three of the most 
common methods used to produce TMD flakes, in addition, chemical exfoliation through 
lithium intercalation will also be discussed in Chapter 5. 
 

1.3.1.1 Mechanical Cleavage Exfoliation 
 

Mechanical cleavage exfoliation by the Scotch tape, which was firstly reported by 
Geim and Novoselov to exfoliate graphene from graphite in 2004 and then be further 
extended to the synthesis of other 2D materials, such as BN, MoS2, NbSe2 and 
Bi2Sr2CaCu2Ox42. The as-created TMD has the layered thickness ranging from 
monolayer to few layers. Typically, the bulk crystal is rubbed against a clean surface (e.g., 
Si or SiO2), and then transferred to another targeted surface for characterization and 
measurement. Figure 1.7a is the image of bulk MoS2 crystal with the length of 1 cm, and 
it could be mechanically exfoliated into monolayer as shown in Figure 1.7b49. The 
advantages of using mechanical cleavage are high quality, single layer and minimized 
contamination. Although the yield of this method is not scalable and low yield, the 
cleanliness and high purity of these single-layered TMD flake is ideal for fundamental 
characterization50,51 and integration into individual device50–52.  
 

 
 

1.3.1.2 Sonication in Various Solvents 
 

Despite the high quality TMD flake can be created by mechanical cleavage, its 
low yield still largely limits the large-scale production and industrialization. On the 
contrary, chemical exfoliation such as lithium intercalation and sonication in various 
solvents provide a promising route to massively synthesize TMD flakes with gram 

a b 

Figure 1.7: (a) Photograph picture of a bulk MoS2 crystal. (b) Optical image of a 
monolayer MoS2 sheet exfoliated by mechanical cleavage49. 
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quantities of submicrometer-sized monolayer. Coleman and co-workers have tested 
sonication, exfoliation and dispersion of TMDs in a wide variety of common solvents43. 
In the paper, they suggested that the enthalpy of exfoliation could be minimized if the 
surface energy of solvents matches that of TMD crystals. For example, N-methyl-
pyrrolidone (NMP) with the surface energy of ~70 mJ/m2 would be the ideal solvent to 
exfoliate MoS2 and giving a best dispersity. In addition, Zhang and co-workers 
demonstrated that with the consideration of Hansen solubility parameters (HSP), i.e. the 
dispersive, polar and hydrogen bonding solubility parameters, the HSP distance Ra is 
used to evaluate the level of adaptation between the solvent and solute44. They suggested 
that 45 vol% ethanol-water mixture would be able to well disperse and exfoliate the 
MoS2 under sonication, since the Ra of this mixture reaches its minimum value at this 
ratio, indicating the best solubility of MoS2 in the mixing solvents.  
 

1.3.1.3 CVD Growth 
 

CVD growth is the most common bottom-up synthesis method of TMD flakes 
since it is able to create high quality TMD layer with thickness control and scalable size. 
This would allow large-scale TMD layers to be implemented in the modern electronics 
fabrication process. In a typical CVD growth of MoS2 for example, molybdenum trioxide 
(MoO3) and sulfur powder are used as the precursors. Lee and co-workers utilize the 
same setup as shown in Figure 1.8a to deposit MoS2 film on a Si/SiO2 substrate pre-
treated with reduced graphene oxide (rGO) and perylene-3,4,9,10-tetracarboxylic acid 
tetrapotassium (PTAS), which create a graphene-like surface to promote the layer growth 
of MoS2

45. Upon heating, MoO3 dissociates into volatile suboxide, MoO3-x, and reacts 
with sulfur vapor to form MoS2 deposited on the substrates. The MoS2 film was testified 
to be monolayer by AFM and the corresponding thickness measurement as shown in the 
Figure 1.8b and 1.8c, respectively.  Recently, Li and co-workers successfully fabricated 
a monolayer WSe2-MoS2 lateral p-n junction through two-steps epitaxial growth by 
CVD46. WSe2 was first synthesized with the precursors of WO3 and Se powders, and the 
as-synthesized WSe2 was further treated with MoO3 and S precursors to grow WSe2-
MoS2 heterostrucutre as shown in Figure 1.8d. This heterostructure could be the pioneer 
and key components of constructing several advanced electronics, such as light emitting 
diode, photovoltaic devices and bipolar junction transistors. 
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1.3.2 Applications of TMDs 
 

In this section, two major applications of TMDs will be introduced, including 
field effect transistors and energy storage devices (lithium ion battery and supercapacitor). 
Another major application, hydrogen evolution reaction (HER), which is part of the key 
points in this research will be discussed in detail in Chapter 5. 
 

1.3.2.1 Transistors 
 

Due to the exceptional electrical properties as discussed in the previous section, 
graphene based electronic devices have been investigated intensively. However, its zero 
bandgap characteristic acts as the most significant challenge of graphene transistors 
because of the low on-off ratio. In order to replace the conventional Si-based logic 
devices, a minimum on-off ratio of 104 to 107 and a minimum bandgap of 0.4 eV are 

a b 
	

	

	

d 

Figure 1.8: (a) Schematic illustration of a typical CVD setup for MoS2 synthesis. (b) 
AFM image of a monolayer MoS2 on a rGO pretreated SiO2/Si substrate. (c) AFM 
thickness profile indicates a monolayer MoS2 along the white dashed line in (b). (d) 
Schematic illustration of two-steps CVD synthesis of WSe2-MoS2 p-n lateral 
heterostructure46.  

c 
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required3. Therefore, the tunable bandgap property due to quantum confinement effect 
makes TMDs, such as MoS2 (1.9 eV as a monolayer) a promising candidate to support 
graphene for the next generation, low-power dissipated transistors. Radisavljevic and co-
workers reported the first implementation of top-gated field effect transistor (FET) using 
MoS2

53. Figure 1.9 is the schematic diagram of the cross-sectional view of the FET 
device, with the high-k dielectric HfO2 used to provide the additional benefit of 
improving the mobility of monolayer MoS2. This device demonstrated an exceptional 
high on-off ratio (~108), room temperature carrier mobility of > 200 cm2/Vs, which is 
comparable to the mobility achieved in thin silicon films54 or graphene nanoribbons55. In 
addition to the device fabricated by CVD, thin-film transistors made of liquid exfoliated 
MoS2 also demonstrated similar electrical performance56, suggesting possibilities for 
flexible, transparent, 2D electronic applications. Moreover, FET made of other TMD 
materials, such as WS2 was also reported57. 
 

 

1.3.2.2 Energy Storage Devices 
 

Lithium ion battery (LIB) has been considered as one of the most promising 
energy storage devices due to its high theoretical energy density of up to ~ 400 kW/Kg58. 
In fact, the layered morphology with interlayer spacing of TMDs provides a perfect 
environment to accommodate guest Li ions to be intercalated or extracted during 
charging and discharging cycles, respectively. Du et al. compared the electrode made of 
bulk MoS2 and restacked chemically exfoliated MoS2. They found out that the lithiation 
process of Li ion and bulk MoS2 would lead to structural instability and then deteriorate 
the device performance59. As a result, the charge capacity decreased from over 800 
mAh/g to 226 mAh/g after 50 cycles. On the contrary, restacked MoS2 retained a high 
capacity of 750 mAh/g after 50 cycles and showed much better cycling stability. The 

Figure 1.9: Cross-sectional view of the structure of a monolayer MoS2 FET
46. 
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authors claimed that it is because the larger interspacing of restacked MoS2 could lower 
the barrier of Li ions intercalation, and it can easily accommodate the structural change to 
improve stability. 
 

The use of TMDs also attracts the research towards another energy storage device, 
supercapacitor, which can provide higher power density compared to batteries. Take 
MoS2 for example. The monolayer MoS2 has high surface area, large interlayer spacing 
for ion exchange and electrolyte permeation, and wide oxidation states from Mo2+ to 
Mo6+. As a consequence, MoS2 provides a suitable platform to incorporate with other 
guest species, such as Co3O4 nanoparticles60 for the fabrication of highly efficient 
supercapacitor that is contributed by both electrical double layer capacitance and pseudo-
capacitance.  
 

1.4 Challenges of 2D Materials 
 

Due to the special intrinsic properties possessed by graphene, second generation 
or even third generation 2D materials as briefly discussed in the previous sections, there 
is no doubt that the discovery and exploration of 2D materials will be explosively 
increasing over the next few years or even decades. However, there are still some 
formidable challenges emanating from these 2D materials that need to be addressed 
before the mass production or implemented into the real industrial world.  
 

The first technological challenge is how to synthesize these 2D materials with 
high quality, high throughput, and ability of roll-to-roll process for some electronic 
applications. Most of the TMDs can be chemically exfoliated with grams level, however, 
it is only suitable for bulk applications, such as HER, capacitor and battery, where 
deposition location is not the key factor. On the contrary, large-scale production with 
high quality and selective deposition ability are desired for the nanoscale device 
fabrication. Moreover, a universal assessment and characterization standard are 
prerequisite to benchmark new or current findings of the 2D materials in order to set a 
reference point for future industrialization.  
 

The second challenge is the development of a reliable and repeatable process, 
including synthesis, transfer to target substrate, and doping in order to fabricate 2D 
materials based nano-device. Although previous work has shown the transfer of graphene 
sheet by a soft polydimehtylsiloxane (PDMS) stamp61, development of new transfer 
process for these novel 2D materials is still required in order to reduce the contamination, 
preserve the crystal quality and reduce the defect formation while transferring.  
 

Last but not least, the restacking or aggregation issue is the most significant 
challenge for these 2D materials, especially when they are processed in solution and 
scaled up for energy storage or harvesting devices production. Both graphene and 
TMDs can be categorized as van der Waals solids, where van der Waals force is the 
major intermolecular force in between individual layers. Take graphene for example, in a 
solution system, the graphene sheet will restack back to graphite due to strong π-π 
interaction and interlayer van der Waals force if there is no surfactant or stabilizer 



	 14	

presented. As a consequence, most of the exceptional intrinsic properties, such as high 
specific surface area, will be significantly sacrificed and in turn greatly limits its solution 
processability and leads to poor performance when integrated into devices. Another 
example is that the indirect to direct band structure transition and quantum confinement 
effect only exist when the TMD is thin down to monolayer. Therefore, it is of particular 
importance to maintain these 2D materials’ single layer fashion in order to fully utilize 
their unique intrinsic properties.  
 

1.5 Motivations 
 
"What could we do with layered structures with just the right layers? What would the 
properties of materials be if we could really arrange the atoms the way we want them… 
when we have some control of the arrangement of things on a small scale, we will get an 
enormously greater range of possible properties that substances can have..." 
 
Richard Feynman, 
Lecture "Plenty of Room at the Bottom", 1959 
 

According to Professor Feynman’s talk as cited above, the materials properties of 
2D materials heavily rely on its layer number, crystal structure (phase) and the 
morphology, and it will in turn have a significant impact on the output performance. This 
can be correlated with a processing-structure-property-performance relationship proposed 
by Olson in 1997 as shown in Figure 1.1062. Therefore, understanding and addressing the 
critical aggregation challenge inherent in these 2D materials during solution processing is 
the first step towards design of a highly efficient device.  
 

 

Figure 1.10: Central paradigm of materials design62. 
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In 2008, Dan Li and co-workers successfully addressed the aggregation challenge 
of graphene based materials through controlling the surface charge of the chemically 
converted graphene sheets, as know as reduced graphene oxide (rGO)19. By virtue of the 
mutual electrostatic force between each sheet, a stable colloidal dispersion was achieved. 
Nevertheless, the processing window of the stable colloidal dispersion is relatively small, 
it heavily relies on the pH value and zeta potential of the graphene sheets and 
surrounding solvents. The sheets will ultimately restack or aggregate when the supporting 
charges are absent, e.g., when the solvents dry out.  
 

In addition to preservation of the monolayer structure, another way to 
comprehensively explore the merits of 2D materials is modifying their morphology. 
Learning from nature, where the deployment of dimensional transitions is ubiquitous, 
ranging from the Venus flytrap, beating of a heart, sounds shaped by the vocal folds and 
zooming of focal length by the human eye. External stimuli in the form of chemical or 
mechanical cues arising from the environment result in the deformation of materials. 
Such a dimensional transition leads to new functionalities, which cannot be found in their 
original formats63. One of such fascinating examples in molecular material science is 
carbon. At the molecular level, carbon atoms placed in sp3 tetrahedral arrangement lead 
to the formation of diamond, the hardest naturally occurring materials. In contrast, when 
piecing together in a planar sp2 network, rather soft 2D graphene sheets are formed and 
can be re-stacked to create 3D graphite. On the nanoscale, curled sp2 networks lead to 
strained and deformed structures such as fullerenes and carbon nanotubes. This example 
demonstrates that in addition to the composition and arrangement of atoms in materials, 
dimensionality plays a crucial role in determining their fundamental properties. 
 

Therefore, it is extremely important to develop a processing route to address the 
aggregation challenge with larger processing window, and the as-created products should 
be able to remain at single-to-few layered fashion even with the absence of the supporting 
charges. In particular, 3D particle-like membranes would serve as the promising 
candidate to represent a unique type of nano-building block in that they possess distinctly 
different assembling behaviors from parent 2D sheets by virtue of the weak 
intermolecular forces that have been known to scale with the geometries between two 
interacting bodies (i.e., ~ 1/d2 along with planar surfaces while 1/d6 between spheres). In 
this light, the aggregation challenge emanating from of 2D sheets can be successfully 
addressed by the formation of the 3D crumpled nanostructures. Moreover, in addition to 
the preserved intrinsic properties, more new materials properties will be created within 
this 3D crumpled nanostructures, especially those pertinent to energy harvesting and 
energy storage applications, such as high specific surface area, abundant accessible sites, 
high free volume, high mechanical strength and packing ability.  
 

1.6 Goal and Objectives 
 

The overarching goal of this research is to explore a low cost, surfactant free and 
one-step route to create single-to-few layered 3D crumpled nanostructures, including 
crumpled graphene nanoparticles (CGNs) and crumpled MoS2 (c-MoS2) that not only 
possess their original intrinsic properties, but also offer exceptional structural, 
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chemical, and mechanical properties derived from dimensional transition that are 
ideal for energy harvesting applications. 
 
The detailed objectives include: 

• Study the intercalation chemistry of graphene and MoS2, and understand how 
exfoliation process affects their materials properties. 

• Taking advantages of the mechanically soft and charge sensitive of 2D sheets, 
develop an electrohydrodynamic (EHD) processing route to provide electrostatic 
and thermal induced capillarity stimuli to facilitate the dimensional transition of 
2D sheets into 3D crumpled nanostructures. 

• Optimize the EHD parameters and investigate the droplet hydrodynamics, 
including solvent-vapor, solvent-solvent, and solvent-solid interactions that are 
relevant to the crumpled nanostructures formation. 

• Develop CGNs as the first example to testify our hypothesis that dimensional 
transition leads to new and unprecedented materials properties, which are 
examined through assembly into the water splitting solar cell. 

• Demonstrate the versatility of EHD process through creating other crumpled 2D 
materials besides graphene, such as MoS2 in this research, and characterize the as-
created c-MoS2 for the HER.  

• Investigate substrate surface properties, e.g., hydrophobicity, for successful 
crumple formation at low temperature to increase the processing window.  

• Manipulate EHD droplets hydrodynamics for a continuous thin film formation, 
which is in stark contrast with the mechanisms of forming single crumpled 
nanostructures. 

 

1.7 Significance of This Research 
 

In this research, the intercalation chemistry of 2D materials would be investigated 
in order to understand and characterize the fundamental materials properties. In combined 
with new physical understanding of electrochemically charged droplets provided by EHD 
that leads to dimensional transition, these 3D crumpled nanostructures (CGN and c-
MoS2) represent a new perspective of building blocks for device fabrication. The as-
generated 3D monolith will preserve the intrinsic properties inherent in the single-layered 
fashion of the materials, and provide additional structural and chemical properties result 
from dimensional transition. It is expected to effectively address the formidable 
aggregation challenge in the solution processing of 2D materials. Unlike other methods, 
which require complicated processing routes or extreme process conditions to create 3D 
porous monolith to avoid aggregation, dimensional transition through EHD provides a 
cost-effective and easy way to fabricate the monolith that is full of merits, especially 
those pertinent to the energy harvesting and energy storage applications. More details 
will be discussed in the following chapters. 
 

1.8 Outline of The Dissertation to Follow 
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Chapter 2 presents the introduction of graphene and the fundamental mechanisms 
of the EHD technique. rGO serves as the first example to testify the crumpling hypothesis. 
The relevance between the EHD parameters and the corresponding CGN morphologies 
will be discussed. In chapter 3, the structural integrity and the materials properties of 
CGNs will be examined by assembling into the water splitting solar cell. The conceptutal 
design developed in the first part of this dissertation was testified by another 2D material, 
MoS2 in chapter 4 to demonstrate its potentially excellent catalytic ability. Optimization 
of EHD parameters will also be carried out to achieve the c-MoS2 with excellent 
materials properties. These materials characteristics, including the total electrode and 
intrinsic properties, which are highly relevant to the catalysis will be investigated by 
integrating it into the HER device. The detailed examination and discussion of 
electrochemical performance will be presented. Chapter 5 will conclude this dissertation 
by summarizing all the important conclusions made in this research and propose outlooks 
and future plans that could continue discovering the 3D crumpled nanostructures.  
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Chapter Two:  

Dimensional Transition of Reduced Graphene Oxide 
 
 

2.1 Introduction 
 

Since its first discovery in 2004 by Andre Geim and Konstantin Novoselov1, the 
trajectory of graphene research has been progressing on a tremendous path. Mechanically 
isolated from the three-dimensional graphite, these single-to-few layered graphene sheets 
are thermodynamically stable at finite temperature, which greatly surprised the 
researchers at the time. The chemical structure of 2D graphene sheet is shown in Figure 
2.1. Owing to the unique 2D networks made of sp2-hybridized carbon with the 
honeycomb lattice structure, graphene possesses many exceptional intrinsic properties, 
such as high electron mobility, high thermal conductivity, optical transparency, high 
specific surface area and ambipolarity21. Moreover, it can be readily integrated into 
existing platform for semiconductor application with minimized side effects induced, and 
has thus spurred immense research interests. Interestingly, the graphene sheet has a very 
unique mechanical characteristic: it is the “hardest soft” material in the world. It is 
considered “soft” because it can be bent easily under external stimuli or conform onto the 
curvature substrate; while it is also “hard” by merits of the strong sp2 carbon network of 
the basal plane that prevent it from ruptured under bending9,21,65. It is this special 
oxymoron mechanical property of graphene that I am interested in and would like to 
tailor in this research.  
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Although high quality single layered graphene can be synthesized by mechanical 
exfoliation1, chemical vapor deposition16,61,66 and epitaxial growth on SiC or metals67,68, 
the expensive processing route and low throughput have significantly limited its mass 
production. On the contrary, chemical exfoliation offers an easy and low cost way to 
produce high scalable and high quality mono to few layers GO20,69–71, and it can be 
further reduced to chemically modified graphene oxide (or as known as rGO) through 
photothermal, thermal or chemical reduction process to eliminate the oxygen 
functionalities at the basal plane and partially restore the pristine aromatic structure20,72–74. 
The chemical drawing of the rGO synthesized from hydrazine reduction of GO is shown 
in Figure 2.2. Compared to GO, rGO has higher electrical and thermal conductivity, as 
well as a well-defined functional groups arrangement, with an inert and hydrophobic 
basal plane due to the nature of carbon and chemically active and hydrophilic edges result 
from abundant carboxylic groups9,19,69,75. It renders rGO an ability of being well 
dispersed in solution by simply tuning the charge densities surrounding the edges without 
additional help of surfactants or stabilizers19,76,77. These functional groups are also the 
active sites where the chemical reactions take place to connect to other ligands, adjust the 
surface charges and integrate with other ions. Therefore, the density of these active sites 
plays a significant role in the extrinsic physical and chemical properties and has a 
dramatic influence on the device performance when it goes to engineering applications. 
Most importantly, rGO still possesses the special “soft” and “hard” mechanical properties 
as graphene.  

Figure 2.1: Chemical structure of the single layer graphene sheet 
showing honeycomb coordination and sp

2
 bonding. 
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Although rGO exhibits these exceptional properties, the most significant 
challenge is that without chemical modification, it tends to form irreversible 
agglomeration or re-stack to graphite during solution processing due to strong 
intermolecular π-π interaction and van der Waals forces as shown in Figure 2.3. This 
phenomenon will not only greatly deteriorate the intrinsic properties derived from the 
single layer fashion, but also reduce the accessible sites and exposed area for chemical 
reactions or ion exchange. Therefore, the low free volume results from the stacking of 
bulk rGO significantly limits its performance in many applications. In order to address 
this challenge, many researches have been demonstrated to increase the specific surface 
area by creating a 3D porous graphitic monolith through CVD growth36,78,79 or template-
assisted synthesis37,79. However, these methods all require complicated synthesis process 
or laborious sacrificial templates removal and thus increase the possibility of substrate 
contamination.    

 

GO rGO 

N
2
H
4
 

Figure 2.2: Schematic illustration of rGO synthesis through hydrazine reduction. The 
red solid dot and white solid dot represents oxygen atom and hydrogen atom, 
respectively. 
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Alternatively, a recent transition from the consideration of graphene as a product 
to its treatment as a reactant offers new promise to address the aforementioned 
challenges80,64,81–83. One such example is the deformation of 2D GO sheets into 3D 
crumpled nanostructures made possible by the facile aerosol assembly as shown in 
Figure 2.482. In essence, rapid solvent evaporation of aerosol-generated droplets drives 
the tiling and clustering of GO sheets due to strong intermolecular forces, and 
subsequently compresses them into 3D crumpled nanostructures. Analogous to a 
crumpled paper ball, these crumpled nanostructures have proven compressive-resistant 
and can be closely packed in a bulk form without significantly compromising the intrinsic 
material properties, such as high free volume, accessible surface area, and specific 
capacity36,82,84,85. In parallel, the synergistic combination of high aspect ratio structures, 
favorable energetics, and mechanical and chemical robustness make crumpled 
nanostructures well suited for a variety of applications. These include conductive 
scaffolds for electrochemical capacitors86,  microbial fuel cells82, lubricants87, and HER47. 
In this list, solar conversion applications are notably absent. Their omission owes to a 
combination of faults. First and foremost, the thick, graphite-like conformations 
emanated from the clumping of GO sheets form shunting pathways with the neighboring 
semiconducting active layers, thus adversely affecting the overall transport characteristics. 
Second, the effective contacting area of adjacent crumpled nanostructures is precipitously 
reduced as a result of the near-spherical geometry, serving as constricting points for 
conductivity. Third, the needs for multi-step transferring processes are detrimental to the 
electrically functional interfaces. Furthermore, post high-temperature reduction (>400 °C) 
is required to revert the intrinsically insulating GO to conductive rGO. Thus, it is highly 
desirable to develop a facile, low-temperature, and high throughput strategy that allows 
for direct assembly and integration into crumpled nanostructures for micro-scale 
integration and macro-scale applications without forming aggregated layers/slabs and 
unfavorable interfaces. 

 

Figure 2.3: Cross-sectional scanning electron microscopy (SEM) image of stacking 
rGO sheets. The electrical conductivity at out-of-plane direction is limited since the 
charges can only hop in between interlayers. Moreover, the surface area is 
compromised after aggregation.  
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On the contrary, previous studies, including our work on the assembly of 3D rGO 
networks88, also suggest that the atomically thin and mechanically strong π-conjugation 
networks can be physically deformed and rationally engineered into various shapes61,89,90 
even through the use of a soft template such as a droplet of water79,91,92. Therefore, rGO 
can be deemed as a soft, active material that can respond to both electrostatic and 
mechanical stimuli. We thus surmise that if external stimuli in the form of electrostatic 
and capillarity-induced-mechanical cues can be rationally introduced, 3D crumpled 
nanostructures with electrically addressable, energetically favorable, and mechanically 
robust inter- faces can be constructed. Here, we demonstrate that electrostatically charged 
droplets generated through the scalable EHD process can be used as freestanding 
nanoreactors to enable the formation of 3D CGNs. Specifically, the synergistic 
combination of electrostatic stabilization, and fission processes substantially suppresses 
the aggregation of rGO sheets, thus preserving the materials properties that only exhibit 
in single layer configurations. Next, rGO sheets spontaneously buckle and then self-fold 
into crumpled nanostructures by virtue of the loss of electrostatic stabilization. Unlike the 
hard and rigid crumpled balls, EHD-generated CGNs are soft and adaptable, thus 
transforming into foam-like microstructures upon continuous deposition. The result is a 
monolith that integrates figures of merit of accessible surface area, improved electrical 
conductivity in both in-plane and out-of-plane directions, and most importantly enhanced 

Figure 2.4: Crumpled GO synthesized by aerosol method reported by Huang’s group82. 
(a) Schematic illustration of the crumpled graphene synthesis by aerosol method. The 
aerosol droplet containing many layers of GO sheets is created through an ultrasonic 
atomizer, and then followed by the evaporation-induced crumpling process. (b) SEM 
images collected at different stages, from stage 1 to stage 4 in (a). 

	

	

a 

b 
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transport characteristics when used as 3D back contacts for efficient solar conversions. 

 

2.2 Synthesis of Graphene Oxide and Reduced Graphene Oxide 

2.2.1 Chemically Exfoliation of Graphene Oxide 
	

GO was synthesized from the natural graphite followed the modified Hummer’s 
method reported by Kovtyukhova and coworkers70,93. 20 g of graphite powder was added 
into a 80°C solution consists of 15 g P2O5, 15 g K2S2O8 and 75 mL concentrated H2SO4 
while stirring. The resultant dark blue mixture was then stirred and slowly cooled down 
to room temperature for 6 hours. The mixture was then diluted by 1 L of DI water 
(slowly!) and filtered with the Whatmann Grade 3 filter paper. 4 L of DI water was then 
added to rinse the slurry until the rinse water pH becomes 5. The product was dried in air 
at room temperature overnight. The pre-oxidized graphite was then added into 750 mL of 
concentrated H2SO4 in an ice bath at 0°C while stirring. Stirred for additional 15 minutes 
before slowly adding 100 g of KMnO4. Upon mixing, used the thermometer to monitor 
the temperature to make sure it is below 20°C. The color changed from dark gray to 
green as an indication of the Mn2O7. The mixture was then stirred at 35°C for 2.5 hours 
and chilled down in an ice bath for at least 30 minutes before adding 1 L DI water. The 
reaction was terminated by adding additional 2 L DI water and 40 mL of 30% H2O2 into 
the mixture. Bubbles started to evolve while pouring H2O2 and the color would change to 
golden yellow. The mixture was then stirred for an additional hour and leave under 
ambient condition overnight. Next, decanted the supernatant and filtered the sediment by 
a PTFE filter paper with 3 µm pore size. Before the GO cake drying out, washed and 
filtered the cake by 1 L of 3.4% HCl solution to remove metal ions and then allowed the 
cake to dry overnight. Finally, peeled of the graphene oxide cake and redispersed into 1 L 
Acetone and filtered through the same filter paper. The dry GO cake was then peeled off 
and collected for future use. 
	

2.2.2 Synthesis of Chemically Reduced Graphene Oxide 
	

The purification and chemically reduction of GO followed the procedures listed in 
the literature reported elsewhere19. 20 mg of above GO cake was dissolved into 40 mL of 
DI water and sonicated for 1 hour to make sure complete dissolution and exfoliation were 
achieved. The brown GO solution was then subjected to the centrifugation at 2250 rpm 
for 1 hour to remove the aggregation and unexfoliated graphite oxide. In a typical 
reducing procedure, 40 mL of the purified GO solution was mixing with 100 µL of 
hydrazine hydrate (35 wt% in water) as a strong reducing agent and 560 µL of NH4OH 
(28-30% in water) to adjust the pH value to 11. This pH value is essential to the stable 
colloidal dispersion of rGO solution that will be discussed in the later section. The 
mixture was then sealed and stirred in an oil bath at 95°C for 1 hour to complete the 
chemical reduction process as shown in Figure 2.5. The resultant rGO concentration was 
0.5 mg/mL with a black color. UV-Vis spectroscopy was used to determine the complete 
transformation of GO to rGO (Figure 2.6). The absorption peak of GO in the UV-Vis 
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spectrum at 235 nm corresponds to the π-π* transitions of the aromatic sp2 C=C bonds, 
while it red shifts to 265 nm after reduction to rGO, indicating the partial restoration of 
the π-conjugation at the basal plane. As a result, less energy is required for the transition 
that leads to the absorption peak shift to the longer wavelength area94. 
 
 

 
 

Figure 2.5: The setup of rGO synthesis through chemical reduction. The GO solution 
is mixing with hydrazine hydrate and NH4OH in the 95°C oil bath for an hour. 
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2.3 Synthesis of Crumpled Graphene Nanoparticles  
 

There are several parameters of the EHD technique that significantly relate to the 
final CGN conformation, including annealing temperature, solvent type, pH value, 
electric field, flow rate and concentration of the rGO solution. In this dissertation, I have 
systematically performed research on how to engineer these variables to optimize the 
morphology and the yield of CGN. 

2.3.1 Electrospraying Setup 
	

Taking advantages of the mechanically soft and charge-sensitive nature of rGO, I 
have adapted the EHD deposition to isolate and then crumple rGO sheets by 
simultaneously providing both electrostatic and thermally induced capillarity force 
stimuli. (well known for its use in electro-spinning and -spraying, Figure 2.7). For 
decades, EHD deposition has been mainly used to atomize liquid medium for high 
throughput production of thin film specimens95. EHD has many advantages over 
conventional mechanical atomizer, such as ultrasonic atomizer. First, the size of EHD 
droplets can be controlled to some extent by varying the solution feeding rate and the 
applying voltage96. The as generated droplets would have mono-dispersed size 
distribution with the size down to tens of nanometer. Second, the motions of these 

265	nm 

230	nm 

Figure 2.6: UV-Vis spectrum of GO and rGO. The absorbance peak red shifts from 
230 nm to 265 after chemical reduction, indicating the partially restoration of π 
conjugation. 
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electrically charged droplets can be preferentially guided by the as-created electric field, 
so that provides the possibilities of increasing the deposition yield and controlling the 
selective pattering by deflecting or focusing the charged droplets97. Third, the droplets are 
self-dispersed while traveling due to mutual electrostatic repulsive force, and it helps 
avoid reverse agglomeration. Therefore, EHD process provides a promising route for a 
high efficient and high yield bottom-up materials thin film or monolith production. 

 

 

In a typical EHD setup, the rGO solution is stored in a plastic syringe that 
connects to a computerized syringe pump for the accurate flow rate control. A high 
electric field generated between the tip of spinneret and the conductive plate creates an 
EHD phenomenon that induces a tangential stress on the liquid surface, thereby 
deforming the meniscus into a conical shape (Taylor cone, which will be discussed in 
section 2.3.2.2). Figure 2.8 shows the schematic of the bulk forces on the liquid jet and 
stresses on the liquid surface that lead to deformation of the liquid meniscus96.  
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Figure 2.7: Schematic illustration of the EHD setup. A nozzle is connected to a power 
supply and a syringe pump for the accurate flow rate control. Hot plate is used to 
provide thermal gradient that facilitates the thermally-induced compression force. 
Moving stage is adapted to achieve uniform deposition.  
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The bulk forces on the liquid jet can be described as the following components96: 

1. The electrodynamic force (Fe), with the magnitude proportional to the electric field, 
comes from the voltage applied to the nozzle and the space charge from previous droplets 
(FQ). It can be described by the volume density of the electrodynamic forces on the 
droplet:  

 𝐿! = 𝜌!𝐸 +
1
2 𝐷∇!𝐸 − 𝐸∇!𝐷  (2-1) 

In which	 Ll	 is the volume density of electromagnetic and polarization forces on 
the liquid phase,	 ρq	 is the volume charge density, E is the electric field and D is the 
electric flux density.	

2.	Gravitational force	(Fg),	can also be represented by the volume density, where	ρl is the	
mass density of liquid.	

Figure 2.8: Schematic illustration of the stresses and forces on an EHD liquid jet96. 
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	 𝐿! = 𝜌!𝑔	 (2-2)	

3.	 Internal force	 (Fρ)	 of the volume density, in the function of liquid jet acceleration, 
where	νl	is the velocity and t is time.	

	
L! = ρ!

dν!
dt 	

(2-3)	

4.	Drag force	 (Fη),	which is known to be proportional to the surrounding gas and liquid 
viscosity and jet velocity.	

The second part is the stresses applied on the meniscus, which results in the 
deformation of meniscus, can be described as the following tensors of the liquid	surface 
tension Ξi.		

1.	Electrodynamic tensor, which relates to surface charge density (q) and electric field 
(E). 

	 Λ! = q⊗ E+ 1 ∗
1
2 D E! − E! − E D! − D! 	 (2-4)	

In which	Λ!	is the tensor of electromagnetic and polarization stresses on inter-

phase surface,	1	is the unit tensor, which is perpendicular to the inter-phase surface, and 
⊗ denotes the dyadic product of two tensors. 

2. Pressure difference tensor, Π!! , which is the stress tensor acting on the liquid surface 
due to pressure difference. pl and pg are the pressure of liquid phase and gas phase, 
respectively. 

 Π!! = 1 𝑝! − 𝑝!  (2-5) 

3. Liquid dynamic viscosity tensor Π!, which is proportional to liquid viscosity and 
velocity, is an important factor of determining liquid motion. ηl is the liquid viscosity. 

 Π! = 𝜂!∇𝜈! (2-6) 

4. Liquid inertia stress tensor Π!, relating to the liquid density (ρl) and liquid velocity. 

 Π! = ρ!ν!⊗ ν! (2-7) 

It is clearly seen that the droplet motion and the meniscus shape are influenced by 
many parameters as mentioned above, such as electric field, voltage, liquid viscosity, 
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liquid surface tension and so on. As a result, we have to carefully optimize each EHD 
parameter in order to achieve the ideal spraying condition of CGN formation. 

In the case of rGO precursor solution, upon reaching the threshold electric field 
(0.575 kV/cm), the liquid meniscus breaks into self-dispersing, charged droplets. Another 
intriguing feature of EHD-generated droplets is the fission process. Upon evaporation-
induced volumetric shrinkage, the charge density residing on the droplet surface 
drastically increases, ultimately exceeding the Rayleigh limit as described as95: 

 𝑞! = 64𝜋!𝜀!𝜎!𝑟! (2-8) 

Where q is the charge density on the droplet that overcomes the liquid surface 
tension and leads to fission process, ε0 is the electric permittivity of the free space, σl is 
the liquid surface tension and r is the radius of the droplet. At this point, droplets will 
further rupture into numerous smaller ones. The size of the droplets generated under 
cone-jet mode is given by the following equation96: 

 
𝑑 = 𝛼

𝑄!"𝜀!!"𝜌!
!"

𝜎!!"𝛾!
!"  (2-9) 

α is the constant of the solution permittivity. Although the value of the exponents 
varies from different authors, this is the relation that widely accepted for estimating 
droplet size. It further indicates that the droplet size can be reduced via decreasing the 
liquid flow rate (Q) or liquid density (ρ), and increasing liquid conductivity (σ) or surface 
tension (γ). 

The complete crumpling process of EHD is shown in Figure 2.9. The self-
dispersing droplets can be viewed as individualized, freestanding colloidal nanoreactors 
that facilitate stages of (I) electrostatic stabilization of rGO, (II) fission, and (III) 
spontaneous buckling at both edges and basal plane or rGO, ultimately (IV) self-folding 
into crumpled nanostructures. 

 

	

	

Figure 2.9: Schematic illustration of the complete crumpling process of rGO sheets 
under both electrostatic and thermal-induced capillarity force64.  
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This characteristic feature distinguishes the EHD process from aerosol assembly 
where evaporation of droplets directly concentrates, and subsequently clumps the rGO 
sheets together. Instead, each EHD-generated droplet will contain only fractional amount 
of rGO sheets before crumpling takes place. This also in turn reduces the possibility of 
forming multi-layered, graphite like configurations as schematically illustrated in Figure 
2.3. Due to the mutual electrostatic repulsion, these fine droplets are self-dispersed in the 
medium and prevent from unwanted irreversible aggregation that sacrifices the intrinsic 
properties. During evaporation, the droplet shrinks and the capillary force induces the 
compression motion and leads to the deformation of the basal plane (stage III, Figure 
2.9). The as generated wrinkles, ridges or folds will serve as a stress-concentrated point 
that facilitates the crumpling process. Finally, the thermal annealing dries out the solvent 
of the droplets and makes the rGO solidify to form a complete CGN as a building block 
for further deposition on the substrates. Therefore, this unique strategy can successfully 
create single-to-few layered, smaller sized CGN with a well-defined volume that can 
largely improve the packing density64.  

In addition to the cone-jet mode expressed by the Taylor cone for the CGN 
application as mentioned above, there are more spraying modes, such as dripping mode 
or multi-jet mode defined by the meniscus shape and can be used for other applications. 
For example, we have reported that multi-jet mode is well suited for the perovskite thin 
film deposition but it is beyond discussion of this dissertation98,99.  

2.3.2 Key Parameters 

2.3.2.1 Colloidal Dispersion of rGO Solution 
	

A uniform rGO colloidal dispersion is prerequisite for EHD process. In addition 
to serving as dispersing media100, these EHD fine droplets can be deemed as freestanding, 
electrostatically charged colloidal systems that can be confirmed by two experiments that 
typically conducted in colloid science: high order Tyndall (HOT) and salting effects19. In 
accordance with the HOT effect, the EHD generated droplets exhibit a discernible 
combination of colors as a result of light scattering when illuminated with white light101. 
rGO sheet itself is considered to possess negative charges in aqueous solution due to 
ionization of carboxylic groups at the edges. The magnitude of the charge depends on the 
acidic or basic strength of the functional groups as well as on the pH value of the 
solution102. Figure 2.10 is the zeta potential of rGO sheets in aqueous solution under 
different pH values. Higher pH value will facilitate the deprotonation process of the 
carboxylic groups as shown in Figure 2.11, and thus gradually increases the zeta 
potential of the rGO sheets to reach its maximum at pH 11. These high negatively 
charged edges will help stabilize the rGO sheets due to strong electrostatic repulsive 
forces and higher free energy that lead to a uniform colloidal dispersion. The lyophobic 
rGO colloid being stabilized through electrostatic repulsion will immediately and 
irreversibly coagulate upon adding an electrolyte solution, such as sodium chloride 
(NaCl) (Figure 2.12). These observations collectively prove that EHD-generated droplets 
are indeed colloidal systems where the electrostatically charged microenvironments first 
and foremost facilitate stable dispersions of rGO sheets without forming aggregations. 
Furthermore, one of the most important advantages of EHD technique is that it is a 
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surfactant free process. The stability and uniformity of the rGO colloidal dispersion can 
be easily controlled by the surrounding charges, which depends on the pH value, without 
the presence of additional surfactant or stabilizer19. The surfactants or stabilizers are 
usually made by polymers, nanoparticles or small molecules103,104, and thus are easily left 
over when solution dries that deteriorate the device properties especially in electronics. 

 

 

 

 
 

Figure 2.10: Zeta potential of the rGO sheet in aqueous solution under different pH 
values. The zeta potential reaches its maximum at pH 11. 

Figure 2.11: Schematic illustration of de-protonation and protonation process at high 
pH value and low pH value, respectively. 
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2.3.2.2 Electric Field of EHD 
 

The electric field created between the nozzle that is connected to a high voltage 
supply (~few kV) and the grounded substrate plays important roles in the whole EHD 
process. First, this high potential offers an electric force that exceeds the dragging force 
results from the capillary nozzle and helps extract the solution meniscus built-up at the 
needle tip to form a continuous liquid jet toward the ground as shown in Figure 2.8. If 
the voltage is too low or too high, it will result in either dripping mode or multi-jet mode, 
respectively, which lead to a non-stable spraying condition96. In turns, CGN formation 
cannot be completed due to not optimized fission process, which leads to the stacking of 
rGO sheets or not fully crumpled structure. Moreover, it fails to control the constant 
spraying area as well as the exact mass loading on the substrate. A Taylor cone, which is 
the axisymmetric cone shape of the meniscus with its apex stretching along the capillary 
axis is formed under an appropriate bias supplied, and it indicates that a stable cone-jet 
spraying mode is reached as shown in Figure 2.13. The required voltage of a stable 
Taylor cone formation depends on various conditions, such as solvents, solution 
concentration, temperature and so on96. Therefore, it needs to be optimized whenever the 
parameter changes. In this mode, rGO solution can be atomized to fine droplets with 
narrow size distribution and self-dispersing during their flight toward the substrate due to 
mutual electrostatic repulsive force. This unique feature makes EHD a promising 
technique for thin film deposition. Smaller and mono-size distributed nanodroplets or 
nanoparticles such as CGN are essential for the production of a uniform and 
homogeneous thin film, because the volume of the voids can be significantly reduced and 
a high quality thin film is thus obtained. Moreover, compared to the non-charged 
nanodroplets or nanoparticles, the charged ones offer higher deposition efficiency and 

Figure 2.12: Macroscopic salting effect64. The rGO colloidal dispersion transfers into 
irreversible aggregation with the presence of NaCl. 
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yield due to the guidance of the electric filed95. Therefore, it is possible to control the 
morphology and pattern of the thin film by tailoring the voltage applied to the nozzle. 
 
 

 
 

2.3.2.3 Temperature Gradient 
	

After first triggered by the electrohydrodynamic force, thermal annealing process 
helps finalize the dimensional transition of the rGO sheets to CGNs. The heating plate 
provides a temperature gradient between the nozzle tip and the collecting substrate. 
During the traveling, the solvent of the nanodroplets dries out due to temperature gradient 
and generates a capillary-induced compression force to crumple the rGO sheets, and give 
rise to complete and compact CGNs in the end. Ideally, higher annealing temperature is 
better because it creates a higher temperature gradient for faster evaporation of the 
solvent. The nanodroplet is expected to completely dry before it reaches the substrate in 
order to avoid the formation of coffee rings. The coffee ring effect occurs when a drop of 
solution wets the substrate. During its drying process, the solution fronts (edges) are first 
pinned to the substrate, and the capillary flow will bring the suspended solutes toward the 
edges due to differential evaporation rates at the center and the edges105. When the 
droplet fully dries, it leaves behind a solute-concentrated, ring-like drop perimeter 
(Figure 2.14a). Therefore, the presence of the coffee ring effect will dramatically break 
the uniformity of thin film deposition. However, there is a highest limit of the annealing 
temperature in order to inhibit the Leidenfrost effect, which was first observed by a 
German Doctor, J. G. Leidenfrost in 1756106.  When a small amount of solvent is poured 
on a heated substrate that has a temperature higher than its boiling point, the solvent will 
wet, spread the surface, form bubbles in the droplet and rapidly evaporate. If the 
temperature is even higher than the Leidenfrost point of the spraying system, a thin vapor 
layer will form on top of the surface and block the following droplets from approaching 
the surface107,108. Figure 2.14b is the schematic illustration to show the Leidenfrost effect 

Figure 2.13: A photo image taken at the nozzle tip, showing a Taylor cone as an 
indication of stable EHD process and the fission. 
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of spraying droplets on a heated substrate. It indicates that the droplets undergo 
gravitational force and dragging force of the thin vapor layer after leaving the spraying 
nozzle. Also, it shows that the Leidenfrost effect acts stronger on smaller droplets than 
larger droplets because of the weight. This effect is even more significant in the EHD 
process due to the nano-sized droplets it creates. The ideal annealing temperature not 
only depends on the type of solvent but also on the substrate material. In our spraying 
system, I found out that the temperature for optimized CGN deposition on the silicon 
substrate is 155°C to keep off both coffee ring and Leidenforst effects. If the temperature 
is higher than 155°C, majority of the nanodroplets will bounce off the collecting surface 
and result in a dramatically low yield. 
 

 
 

2.3.2.4 Solvents Component  
	

In addition to the temperature gradient provided by the hot plate, the evaporation 
speed of nanodroplets also depends on the solvent types that make up the rGO solution. 
Theoretically, we want the droplet to be dried out during their flight and form a CGN 
before it reaches the surface to prevent from wetting phenomenon as described earlier. 
Therefore, several organic solvents are good candidates for fastening the drying process 
due to their higher vapor pressure with respect to de-ionized (DI) water. However, three 
fundamental points need to be considered while mixing these organic solvents with rGO 
precursor solution (in DI water). First, the miscibility of organic solvents and DI water. 
For example, ethanol and iso-propanol (IPA) are miscible with DI water and form a 
homogeneous solution, while toluene and 1-octanol are not. Second, the solubility of the 
rGO sheets in the organic solvents. rGO sheets tend to aggregate and precipitate out with 
the presence of some organic solvents, such as dichlorobenzene, toluene and diethyl 
ether109. This irreversible agglomeration still presents even after a lengthy ultra-

Figure 2.14: (a) SEM image of coffee rings result from non-desired wetting 
phenomenon. (b) Schematic of nanodroplet deflection due to Leidenfrost effect108.  

a b 
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sonication. Third, the viscosity of the organic solvents - DI water mixture solution. 
Different solvents and different mixing ratios will lead to a different viscosity of the rGO 
solution. In the EHD process, a stable Taylor cone shape cannot be achieved with an 
inappropriate viscosity. Too low viscosity results in a “ruptured” meniscus shape, 
whereas too high viscosity leads to the solution built-up at the nozzle tip. 
 

2.3.2.5 Substrate Surface Hydrophobicity Modification 
	

As mentioned in the previous paragraphs, de-wetting phenomenon between 
nanodroplets and the collecting substrate is critical to the complete CGN formation. 
Although all the spraying parameters have been optimized, not 100% of the nanodroplets 
dry completely before reaching the substrate due to faster traveling speed results from 
high electric filed and relatively low temperature to avoid Leidenfrost effect, and the rest 
of them will still wet the surface and remain wrinkled morphology instead of crumpled 
structure. Therefore, both surface modification that gives rise to different surface 
properties and the engineering of nanodroplets/substrate interaction are considered to 
overcome this challenge. Since the nanodroplet is mainly composed of aqueous solution, 
when it lands on the substrate, a hydrophobic surface is desired to effectively help 
maintain its ball-like structure and transfer to a complete CGN thereafter. Usually, this 
solid-state de-wetting process is not favorable in thin film deposition because it forms 
isolated islands on the substrate that significantly breaks the thin film morphology and 
uniformity110,111. On the contrary, this special de-wetting feature is indispensable for CGN 
formation because the integrity of a nanodroplet can be preserved during evaporation. 
Many researches have been done to increase the surface hydrophobicity by modifying it 
with low surface free energy materials, such as silicon or fluorocarbon112,113. In addition to 
the chemical composition, the wettability of a solid state substrate is also managed by the 
geometrical microstructure of the surface. There are two types of wetting behavior when 
a droplet lands on a rough surface: the Wenzel state and the Cassie-Baxter state (Figure 
2.15a, b, respectively)114. In the Wenzel state, there is no chemical heterogeneity within 
the surface but only physical texture, the droplet will penetrate into the microstructures 
and reduce the liquid-solid contact angle that leads to higher wettability. On the other 
hand, both chemical heterogeneity and surface roughness present in the Cassie-Baxter 
state. In this state, the air pockets trapped between the microstructures help stabilize the 
droplet on the surface and significantly increase the liquid-solid contact angle (>90°)114. 
Interestingly, rGO sheet in this research perfectly shows the potential to address the 
challenges. First, it has an intrinsic hydrophobic surface based on the nature of carbon 
and sp2 conjugated basal plane, without additional modification by low surface free 
energy materials. Second, the EHD technique can trigger the dimensional transition of 
soft rGO sheets into highly wrinkled or crumpled morphology. By taking advantages of 
its “hardest soft” property, the pre-deposited rGO sheets will conform onto the substrate 
and turn into highly wrinkled surface upon evaporation. It forms a Cassie-Baxter type 
super hydrophobic surface that significantly contributes to the following CGN crumpling 
process. As a consequence, the required temperature of CGN formation on a Si substrate 
can be greatly reduced from 155°C to 50°C with the presence of a pre-deposited 
superhydrophobic rGO surface as shown in Figure 2.15c. It is worth pointing out that the 
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complete CGNs prefer to attach to the superhydrophobic pre-deposited area, while will 
remain flat or wrinkled on the non-coated area. This discovery makes CGN be possible to 
directly integrate with flexible substrates, such as carbon fiber electrode (CFE) and 
polyethylene terephthalate (PET) in both biological and electronics applications, which 
can be processed only at low temperature. 

 

 

2.4 Characterization of CGN 
 
Note: This section is partially adapted from our published work64: 

• Ishihara, Hidetaka, et al. "Electrohydrodynamic-assisted Assembly of Hierarchically Structured, 
3D Crumpled Nanostructures for Efficient Solar Conversions." Scientific reports 6 (2016). 
Copyright © 2016, Rights Managed by Nature Publishing Group 

 

2.4.1 Electric Field Dependence 
	

An appropriate electric field is essential to give rise to a stable cone-jet mode 
demonstrated in Figure 2.13, and thus create single-to-few layered rGO containing 
nanodroplets through the following fission process. SEM images taken from the droplets 
near the tip reveal spatially distributed and largely separated rGO sheets (0.575 kV/cm, 
and deposition temperature of 45 °C), underscoring the impact of electrostatic 
stabilization (Figure 2.16). Atomic force microscopy (AFM) images along with a 3D 
profile scanned across the rGO sheets further provide a step height of ~1 nm, 
characteristic of single layered rGO (Figure 2.17), indicating the effect of electrostatic 

c 

Figure 2.15: Schemes of two wetting regimes. (a) Wenzel mode and (b) Cassie-Baxter 
mode. (c) SEM micrograph shows preferable CGN formation at rGO pre-deposited 
area. 

	 	

	

	 	a b 
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repulsion. Without providing the electrohydrodynamic force, a huge droplet instead of 
tiny nanodroplets will directly drop and coalesce on the substrate even at high 
temperature as shown in Figure 2.18.  
 
 
 

 
 

 
 

	

Figure 2.16: SEM images demonstrate the rGO sheets are well separated due to 
the electrostatic repulsive force at the stabilization stage (I), fission stage (II) and 
crumpling stage (III). (IV) HRTEM image reveals extremely thin and curved 
walls and a high degree of crumpling64.  

Figure 2.17: (a) AFM image shows the well separated rGO sheet with the step height 
of 1 nm. (b) Corresponding 3D profile shows the spatial distribution of rGO sheets64. 
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2.4.2 Temperature Dependence 
 

Aside from the electric field, the thermal annealing temperature also plays an 
important role in CGN formation. After electrostatic repulsion, instead of clustering and 
tiling, rGO sheets were found to separate further from each other, emanating from the 
fission process. If there is no heat provided, rGO sheets could be separated by the 
electrical force but mostly will still remain flat due to the absence of capillary-induced 
compression force results from thermal annealing. These rGO containing droplets are 
barely dried during the flight, and thus the rGO sheets tend to flatly attach to the substrate 
surface without any morphology transition. At 90°C, increasing capillary force helps 
develop ridges or wrinkles at the basal plane or form folded edges that would be utilized 
for CGN formation. Planar rGO sheets began to develop wrinkles on the basal plane and 
folded edges, and ultimately transformed into crumpled nanostructures when the 
surrounding environment reached a threshold temperature of 155 °C due to sufficient 
electrostatic and thermal stimuli. Figure 2.19a is the schematic illustration of an EHD 
setup with the temperature gradient. The corresponding molecular dynamic simulation 
and SEM images of rGO sheets at different temperature are shown in Figure 2.19b. It 
clearly indicates the morphology evolution of rGO sheets from flat, folded to crumpled 
under different strength of thermal stimuli. In contrast to crumpled balls prepared by the 
aerosol approach that generates closed spheres and “hard” textures, the EHD-generated 
crumpled nanostructures exhibit a combination of an open structure and ripple-shaped 
thin walls. Transmission electron microscopy (TEM) images further show a high degree 
of crumpling features, including propagating ridges, sharp vertices, facets with radii of 
curvature of nanometer scales, which can be attributed to the defect-rich basal plane 
intrinsic to the chemical exfoliation (stage IV, Figure 2.16 and the inset in Figure 2.19b). 
It is known that these spatially distributed defect sites can be viewed as pressure 
concentration points that initiate the propagation of networks of ridges when subjected to 
capillarity-induced compressive forces. The complete CGN formation can be achieved 
only with the presence of both thermal and electrostatic forces. With a longer EHD 

Figure 2.18: SEM images of aggregated rGO films due to the absence of EHD fission 
process at (a) 90°C, (b) 200°C and (c) 255°C. It is noted that wrinkled morphology 
can be found at high temperature (c) because of sufficient thermally-induced capillary 
force. 
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processing time, a 3-D interconnected CGN monolith is created as shown in Figure 
2.20a and its cross-section view in Figure 2.20b. 
 

 
 

 
 

Figure 2.19: (a) Schematic illustration of an EHD setup with the temperature at 
different height. (b) Corresponding MD simulation and SEM images taken at different 
temperature. The drastic morphological difference highlights the importance of 
thermal-induced capillarity force64.   
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Figure 2.20: (a) Tilted and (b) cross-sectional SEM images of the 3D CGN monolith.  
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2.4.3 pH Dependence 
	

The colloidal nature of EHD-generated droplets also provides facile control knobs, 
such as pH and associated zeta potential, for systematically tuning the morphology of 
crumpled nanostructures19,77. Figure 2.10 summarizes the zeta potential of rGO 
dispersions as a function of progressively increasing pH. When the pH value is under 7, 
high concentration of proton in the solution suppresses the deprotonation process of 
carboxylic groups at the edges. It makes the rGO sheet be surrounded by weakly positive 
charges that reflects on its zeta potential (~5 mV) from Figure 2.10. As a result, rGO 
sheets are less charged and tend to agglomerate due to the lack of electrostatic 
stabilization. Nevertheless, the fission process enables the breakup of rGO aggregates, 
ultimately forming porous networks (Fig. 2.21a, pH = 3). Such highly porous, yet 
interconnected networks may have great uses for conductive scaffold applications115. On 
the other hand, the increasing concentration of hydroxide in solution will facilitate the 
deprotonation process of carboxylic groups, and thus results in a highly negative zeta 
potential. When volatile ammonia is slowly added into the rGO dispersion, zeta potential 
monotonically decreases and finally reaches its zenith of − 47 mV at pH 11. It is known 
that a surface charge below − 30 mV (pH > 7) is considered a prerequisite for sufficient 
mutual repulsion of rGOs, ensuring the stability of colloidal dispersions. Indeed, porous 
rGO networks begin to crumble at pH 7 and further disintegrate into discrete, open 
structures at pH 11 (Fig. 2.21a, pH = 7 and 11). The pH-dependent disintegration of 
porous networks also concurrently reduced the dimensions of crumpled nanostructures as 
summarized in Fig. 2.21b. It is the smallest size of CGN created thus far, compared to 
around 300 nm reported by the aerosol method82. This smaller size CGN could largely 
improve the packing density when it goes to macroscopic assembly. Meanwhile, the 
dimensions of crumpled nanostructures and the degree of crumpling as indicated by the 
density of ridges and vertices remained largely the same regardless of the increased 
concentrations of rGO in EHD-generated droplets. This can be attributed to the 
synergistic effects of electrostatic charges and droplet fission that effectively suppresses 
the formation of overlapping sheets before dimensional transition takes place, therefore 
reducing the possibility of forming thick rGO stacks that are known to be stiffer and 
harder to crumple. Even with a high initial rGO concentration (~1 mg/ml), the average 
size and degree of crumpling of individual crumpled nanostructures (Figure 2.22a-c, top 
panel), and their assembly into monoliths (Figure 2.22a-c, bottom panel) remained 
essentially unchanged. In parallel, cross-sectional SEM and TEM images collectively 
reveal the formation of hierarchically porous yet spatially interconnected foam-like 
monoliths, comprised of extremely thin graphitic membranes connected by corrugated or 
folded walls at the edges (Figure 2.22d). Specifically, these strut-like joints not only 
function as stabilizers to preserve the structural integrity but also serve as electrical 
conduits for effective electron transport across foam-like morphology. 
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a 

b 

Figure 2.21: (a) SEM images of pH dependence morphologies and (b) the 
corresponding CGN size64. 
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2.4.4 Molecular Dynamic (MD) Simulations 
	

Predictions from MD simulations of crumpled rGO sheets in an aqueous medium 
mesh well with experimental observations are suggested in Figure 2.23. The potential 
energy first reduces drastically when self-folding emerges and then reaches a plateau 
when the establishment of localized ridges prevents further crumpling. In this light, the 

Figure 2.22: Degree of crumpling. (a) to (c) The degree of crumpling is found to be 
independent of the initial concentrations of rGO precursors as suggested in HRSEM 
images of individual crumpled nanostructures (top panel) and their assembly into 
foam-like monoliths (bottom panel). (d) Cross-sectional HRSEM image further 
suggests the formation of hierarchically porous and interconnected graphitic 
frameworks. (Inset, HRTEM image shows extremely thin and largely wrinkled walls 
connected by strut-like joints)64. 
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crumpling process is similar in that both GO and rGO use water as a dispersing media, 
but is quite independent due to the different driving forces as discussed in section 2.4.5. 
 

 
 

2.4.5 Surface Activity of rGO  
	

When rGO dispersions were directly deposited in the absence of the external 
electric field, rGO sheets initially formed the archetypal coffee-ring pattern and quickly 
precipitated into agglomerates even before the complete evaporation of solvent (Figure 
2.14a). This deviates from the frequently proposed mechanism, e.g., evaporation driven 
compressive forces progressively drive the dimensional transition of 2D sheets into 3D 
crumpled nanostructures80,82,86. In the case of aerosol-assembled crumpled nanostructures, 
GO retains stable dispersions within water droplets unless the coating layer of water is 
completely removed because of the high surface free energy (~62.1 mJ/m2) and negative 
zeta-potential (ζ) across a wide range of pH values116. In other words, the formation of 
crumpled nanostructures predominately hinges on the rate of desiccation80. On the 
contrary, a greater number of oxygen functional groups are reduced in the case of rGO 
(surface energy of ~46.7 mJ/m2, Figure 2.24), and the tuning of surface charges through 
volatile ammonia therefore becomes responsible for stable colloidal dispersions. Upon 

Figure 2.23: (a) MD simulation of the potential energy during crumpling process, 
where the plateau represents the ending of the process. (b) Snapshots taken from MD 
simulation at different dimensional transition stages64.    
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annealing, the evaporation of ammonia gives rise to the loss of electrostatic stabilization 
and rGO sheets pucker to minimize the surface tension. In particular, the advent of 
locally folded, π-π stacked ridges serves as a structural support to stabilize the overall 
strained structure and suppress further crumpling as the drying process progresses117. 
 

 
 

Figure 2.24: Surface activity of GO and rGO in aqueous solution at pH 11. (a) 
Because of the high surface energy and negative zeta potential (<-30 mV across all pH 
ranges), GO sheets tend to submerge within the droplets. Therefore, GO sheets leave 
the typical “coffee ring stain” type of drying patterns, commonly seen for aqueous 
colloidal dispersions. (b) In contrast, rGO sheets first develop coffee ring like drying 
marks as a result of negatively charged surface at pH 11. Upon evaporation, the pH 
value of rGO colloidal dispersions gradually reverts back to a more acidic state where 
surface charges drastically reduce. This leads to the irreversible and random 
precipitation of rGO aggregations. Scale bars are 1 µm, respectively. (c) Zeta potential 
as a function of wide pH ranges juxtaposes the surface activity of GO and rGO sheets 
in colloidal dispersions64.  
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2.4.6 Electrical Conductivity 
	

Electrical contacts were made by thermally evaporating a combination of gold 
and chromium electrodes (100 nm) under a vacuum of 5 × 10−8 torr. The channel length 
(200 µm) between two electrodes was defined by using a shadow mask. The 
Conductivity measurement confirms the establishment of electrically addressable 
pathways in both in-plane and out-of-plane directions. Figure 2.25a-c feature a set of 
optical and SEM images of our design with electrode separation channel lengths of 200 
µm. Densely populated crumpled nanostructures were deposited by iterative EHD 
depositions onto the Si/SiO2 substrates, followed by mask-assisted thermal deposition of 
gold electrodes with underlying chromium adhesion layers. The lateral conductivity of 
foam-like monoliths is found to be ~ 4.13 × 103 S/m and is similar to that of laser-scribed 
or liquid-mediated rGO papers118. Meanwhile, out-of-plane conductivity measured via 
sandwiching monoliths of crumpled nanostructures between lithographically patterned 
electrodes also gives rise to a comparable value of 1.92 × 103 S/m. The comparable 
conductivity in both in-plane, and out-of-plane directions confirms the elimination of 
conductivity constriction points commonly encountered in crumpled nanostructures 
(Figure 2.25d). 
 
 

 

Figure 2.25: (a) Optical, and (b), (c) false-colored SEM images demonstrate arrays 
of FET electrodes used for lateral (in-plane) conductivity measurements. Spacing 
between two electrodes is 200 µm. (d) Output curves show the out-of-plane (blue) 
and in-plane (orange) conductivity of crumpled nanostructures, confirming the 
establishment of transport pathways in all directions64. 
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2.4.7 Specific Surface Area 
	

The surface area measurements were carried out at a liquid nitrogen temperature 
on a Tristar II series. Concurrently, monoliths of crumpled nanostructures are found to 
exhibit a combination of high surface area (875 m2/g) measured by the Brunauer-
Emmett-Teller (BET) approach, and diverse porosities as shown in Barret-Joyner-
Halenda (BJH) calculation (Figure 2.26) albeit using a low temperature and scalable 
processing route119. The prospect of harvesting these compelling material properties 
makes crumpled nanostructure based monoliths well suited for an active component for a 
wide range of practical applications, especially those pertinent to energy storage. 
 

 
 

2.4.8 Selective Deposition 
	

In addition to fabricating large areas of monoliths, rectangular arrays of crumpled 
nanostructures can be selectively registered in a way similar to mask-assisted 
photolithography. Upon deposition, the motion of the charged droplets can be 
preferentially guided (including deflection or focusing) by a directional electric field, 
enabling the simultaneous transformation and selective patterning of crumpled 
nanostructures. Figure 2.27a features arrays of well-defined, rectangular patterns of SU-
8 molds used to fabricate poly(dimethylsiloxane) (PDMS) stencils. Upon deposition, 
charged crumpled nanostructures preferentially deposited on areas that are not in contact 
with the PDMS stencils as shown in optical and SEM images (Figure 2.27b-c). The 

Figure 2.26: (a) BET N2 adsorption/desorption isotherms of crumpled 
nanostructures, with arrows indicating various condensations along with (b) 
corresponding pore-size distributions based on BJH calculation64. 
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fidelity and variety of the patterns can be further improved when combining with 
programmable translational stages120. In addition, the crumpled nanostructures can 
withstand a combination of high temperature annealing up to ~ 450 °C in ambient 
conditions and even common transferring process. It is noted that, however, the 
extremely thin crumpled nanostructures underwent an irreversible unfolding process 
during rehydration. 
 

 

2.4.9 Encapsulation of Functional Materials 
	

The utility of the EHD process is further demonstrated via the direct entrapment 
of inorganic nanoparticles within CGNs through the incorporation of coaxial needles as 
schematically illustrated in Figure 2.28. As a first proof of concept, semiconducting TiO2 
and silicon nanoparticles (Figure 2.29a and 2.29b, respectively) were infiltrated within 
the available volume of CGNs as confirmed by HRSEM (Figure 2.29c and 2.29d, 
respectively). In particular, the infiltration of discrete TiO2 nanoparticles was found to 
form a conformal contact with the exceedingly thin CGN membranes, presumably due to 
the electrostatic assembly at liquid/liquid interfaces where positively charged TiO2 
nanoparticles self-adhered onto the negatively charged surface of CGNs. This 
morphological feature not only reduces the diffusion length of carrier propagation but 
also relaxes the constraints of problematic phase-separation that often takes place in the 
aerosol approach. On the other hand, the self-adaptable, ion diffusible and chemically 
resilient nature of CGNs may find great use in responsive barriers to dynamically 
accommodate volumetric expansion during charge/discharge cycles of Si nanoparticle 
based lithium batteries121. As shown Figure 2.29d, a cluster of Si nanoparticles arranged 
in a tetrahedral fashion is tightly wrapped by the CGNs. Noted that the numbers and 
arrangement of silicon nanoparticles can be further engineered through the control of 
droplet diameters and density-assisted emulsions122. Nevertheless, given the wide variety 

Figure 2.27: Selective patterning of crumpled nanostructures can be achieved through 
the use of a PDMS stencil. The geometry and feature size can be lithographically 
defined by varying the parameters of a (a) SU-8 mold. (b) Optical and (c) SEM images 
collectively show the selective deposition of crumpled nanostructures on the area not 
in a direct contact with the PDMS stencil64. 
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of functional nanoparticles, and the versatility and flexibility offered by EHD process, we 
anticipate that many structurally robust, electronically heterogeneous, and catalytically 
active, multifunctional hybrid CGN nanocomposites that are previously unattainable or 
require sophisticated molecular self-assembling strategies due to the incompatible 
solubility characteristics can be readily, rapidly and rationally assembled through this 
template free, scalable, and green nanomanufacturing route. This will in turn facilitate 
their implementation and exploration for numerous applications including energy 
harvesting, storage, catalysis, reactors and separation, drug delivery, biocompatible 
scaffolds, sensing and highly complexity composites.  
 

 
 

Figure 2.28: Schematic illustration depicts the co-axial needle setup for the direct 
integration of rGO and functional materials64. 
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2.5 Summary 
	

In summary, we demonstrated that EHD-generated droplets can be deemed as 
charged colloidal nanoreactors that combine two of most compelling forces in nature, e.g., 
electrostatic and capillary forces. Stimuli responsive 2D rGO sheets dispersed in these 
nanoreactors are found to undergo stages of electrostatic stabilization, fission, and 
spontaneous buckling, ultimately self-folding into 3D crumpled nanostructures with 
porous morphology. The detailed experimental parameters and the corresponding 
nanostructures are summarized in Table 2.1. The combination of drying pattern 
characterization and MD simulation corroborates the experimental observation that the 
predominant driving force for EHD generated crumpled nanostructures is the loss of 
electrostatic stabilization. In contrast to the aerosol-assembled crumpled nanostructures 
that typically clump into a closed sphere with a hard texture, the morphology of resulting 
crumpled nanostructures bears a close resemblance to the blooming snapdragon flowers 
with an open structure and ripple shaped petals. Upon continuous deposition, these thin 
and adaptable crumpled nanostructures were found to dynamically deform into non-
spherical, polyhedral shapes, ultimately creating foam-like microstructures with doubly 
curved, saddle shaped edges. These special structural and chemical properties emanating 

a b 

c d 

Figure 2.29: HRSEM images show that functional materials, such as TiO2 
nanoparticles (a) and Si nanoparticles (b) can be co-assembled through co-axial EHD 
setup to from hybrid composites, such as CGN/TiO2 (c) and CGN/Si (d), 
respectively64. 
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from the dimensional transition will be ideal for energy harvesting applications, which 
will be discussed in the next chapter. 
 
 

 
 
  

Table 2.1: Complete parameters of transforming 2D rGO sheets to 3D nanostructures64. 
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Chapter Three:  

Examination of CGN Integrity by TiO2 Based Water 
Splitting Solar Cell 
	
 

3.1 Introduction of Water Splitting Solar Cell 
	

Since the world’s production of fossil fuels is diminishing, the need to develop 
affordable renewable energy sources has become more urgent than ever. Thanks to the 
beauty of nature, sunlight is the inexhaustible and powerful energy resource that we can 
harvest among daily life without creating dramatic impact on the environment. However, 
there are several important goals that need to be fulfilled in order to effectively harvest 
the solar energy. First, the ways for solar energy harvesting and storage should be 
environmental friendly, in other words, not creating any toxic byproducts. Second, the 
energy output from solar conversion should be stable and constant, i.e., no or negligible 
materials degradation among a long period of time. Last but not the least, to achieve these 
goals with a highly efficient and cost effective way.   

Among the large extent research directed at developing viable solutions over the 
last two decades, water splitting solar cells through photoelectrochemical (PEC) reactions, 
where massive energy can be stored in the form of chemical bonds have been touted as 
the key enabling technology to circumvent the hurdle123,124. In essence, analogous to 
nature photosynthesis, PEC technology provides an energy-conversion mechanism 
through a chemical redox reaction in which light can be directly harnessed into a 
chemical fuel, e.g., H2, from aqueous phase. H2 is a highly desirable energy resource 
since it provides the highest energy density per unit mass (142 MJ/Kg), which is 
approximately three times higher than the traditional fossil fuels (48 MJ/Kg). Moreover, 
there is no CO2 byproduct generated during the conversion from the sunlight towards 
hydrogen chemical bond, thus minimizing the ecosystem impact. A typical PEC water 
splitting solar cell is composed of a chemically stable semiconductor, which acts as a 
light absorber and energy convertor. While the semiconductor material absorbs the light 
illumination energy larger than its bandgap energy (Eg), electron at the valance band will 
be excited towards the conduction band that leads to an electron-hole pair formation and 
splits water into hydrogen and oxygen as described below125.  

 𝐇𝟐𝐎 → 𝐇𝟐 +
𝟏
𝟐𝐎𝟐 (3-1) 

The Gibb’s free energy change (ΔG) of this water splitting reaction under 
standard condition is 237.2 KJ/mol, which is corresponding to the potential difference of 
ΔEo = 1.23 V per electron transferred according to Nernst equation. Therefore, for one 
molecule of hydrogen formation, this reaction needs to create two electron-hole pairs 
since it is a two-electron transferring process, while it needs to create four electron-hole 
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pairs for one molecule of oxygen. In order to drive the reactions, the semiconductor of 
the water splitting cell should absorb the illumination photon with the energy higher than 
1.23 eV. Furthermore, its conduction band energy should be higher than the 
electrochemical potential of hydrogen reduction, Eo(H+/H2), while the valence band 
energy is lower than the potential of oxygen oxidation Eo(O2/H2O) as shown in Figure 
3.1. Therefore, the photo-induced charge carriers (electrons and holes) are able to travel 
to the electrode/electrolyte interfaces and drive both hydrogen evolution reaction (HER) 
and oxygen evolution reaction (OER). However, due to the presence of kinetic barriers 
and overpotentials of driving these reactions, there will be energy loss of the electron 
transferring process at the interfaces. As a result, the minimum energy required for 
effective photoelectrolysis is usually reported as 1.6-2.4 eV125. In addition to the optimal 
band edge positions and band gap size to absorb wide solar light spectrum, the 
semiconductor photoelectrodes should be chemically stable in contact with the electrolyte. 
In order to be thermodynamically stable and avoid the semiconductor decomposition 
reactions, the semiconductor’s oxidative and reductive decomposition potential should be 
more positive than the semiconductor’s valence band edge for water oxidation, or more 
negative than the semiconductor’s conduction band edge for water oxidation125. 

 

To date, semiconducting inorganic metal oxides, such as ZnO, ZnS, and TiO2, are 
the best-characterized material systems for photoanodes of a PEC cell126–129. Among all 
of these semiconducting nanoparticles, TiO2 holds tantalizing prospects because of 
solution processability, commercial availability, high catalytic ability, and chemical 
stability against photo corrosion. While nanostructured TiO2 have been comprehensively 
investigated and widely implemented as PEC photoanodes since its first discovery in 
1972130–132, it is the spatial distribution of grain boundaries inherited from the particulate 
nature of the TiO2 layers that impose unfavorable energetic hurdles for charge carriers, 
leading to increased numbers of recombination centers and trap sites. The large band gap 
of the n-type TiO2 (3.2 eV for anatase and 3.0 eV for rutile) often exhibits short exciton 
diffusion lengths, so that only the charge carriers generated within the space charge layer 
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Figure 3.1: Electrochemical potential of a semiconductor/electrolyte interface for 
water splitting. 
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without recombination are contributed to the photocurrent. In order to improve the water 
splitting efficiency, an enhanced charge carrier diffusion length to minimize the 
recombination and more specific surface area to react with the electrolyte are extremely 
desired. 

To improve both the charge carrier collection efficiency and transport dynamics, 
recent research focuses have been directed at the synergistic assembly of TiO2 
nanoparticles with 2D graphene sheets, especially rGO due to a combination of extended 
networks, favorable interfacial energetics, scalable production, and aqueous solution 
processability133–136. rGO is a graphene derivative addressed with oxygen-containing 
groups such as carboxylic acids at edges due to the extensive oxidative exfoliation of 
graphite powders137. The apparent thickness of an rGO sheet was measured to be ≈1 nm 
by AFM but its lateral dimension can readily extend to tens of micrometers76. This 
intriguing structural feature makes rGO an ideal candidate to serve as a conductive 
pathway between the grainy TiO2 nanoparticles. While this discovery allows scientists to 
forge ahead with a wealthy suit of experiments to rationally improve electrical contacts, 
and energetics at interfaces simultaneously, rGO sheets tend to aggregate during co-
assembly with TiO2 nanoparticles, thus leading to the formation of metal–semiconductor 
type of Schottky junctions134,138. In addition, multiple layers of horizontally stacked rGO 
sheets are detrimental to the carrier transport, which prefers the direction perpendicular to 
the current collecting electrodes. As a result, the overall performance is less forthcoming 
by virtue of the degrading junction qualities and thus deteriorating fill factor (FF, will be 
discussed in section 3.2.2). As a consequence, although the resultant photocurrent density 
increased, poor junction properties including higher series resistance (Rs), lower shunt 
resistance (Rsh) and decreasing FF were seen due to the unwanted aggregation of carbon 
nanosheets and TiO2 nanoparticles. These characteristics are shown in the I-V curve in 
Figure 3.2134. 
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In this light, it is highly desirable to implement 3D rGO networks, CGN in this 
case, with high aspect ratios to ensure uninterrupted carrier transport within the 
nanostructured TiO2 active layers while preventing the formation of problematic 
Schottky-type contacts. Furthermore, the high porosity and high specific surface area 
properties of the CGN networks are beneficial to the electrolyte permeation and ions 
exchange that is pertinent to the PEC reactions taking place. Here, we demonstrate the 
use of electrically conductive, energetically favorable and mechanically robust crumpled 
nanostructures with tunable aerial density, and feature shapes as the 3D back contacts for 
efficient solar conversions. 

3.2 Device Physics of the TiO2 Photoanode 

3.2.1 Physics of TiO2 Photoanode/Liquid Contacts 
	

In order to design an efficient water splitting solar cell, it is very important to 
fundamentally understand the device physics of the TiO2 photoanode as well as the 
kinetics between photoanode/liquid contacts. In the dark environment, when the TiO2 
photoanode is brought into contact with the electrolyte, which contains a redox couple 
(acceptor, A and donor, A-) having a electrochemical potential of –qE°(A/A-), the charges 
will be exchanged between the electrode and electrolyte until it reaches equilibrium state 
as shown in Figure 3.3a125. At the equilibrium state, the Fermi level, which is the 
electrochemical potential of the semiconductor electrode will be the same as the redox 
potential of the electrolyte, so that the charge transfer will be equalized in both directions. 

Figure 3.2: I-V Characteristics of rGO-TiO2 electrode with different rGO loading 
amount134. Although current density has been improved with the electrical 
conductivity support of rGO, the unwanted Shottcky junction in turns deteriorates the 
junction properties (FF). 
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Moreover, the internal electric filed is created within the depletion region (W), which is 
generated by the excess positive charge in the n-type semiconductor. This electric filed 
(usually has a magnitude of 105 V cm-1) in turns results in a band bending (both valence 
band, VB, and conduction band, CB) that facilitates the photo-generated electron-hole 
pairs separation and promotes the electrons to flow toward lower energy state while holes 
flow toward higher energy state (Figure 3.3b). For a typical n-type TiO2 photoanode, the 
redox couple we are interested in is (O2/H2O), where the holes will move into the 
electrode/electrolyte contacts and oxidize H2O to O2. The theoretical maximum energy 
that can be extracted from this photoanode/electrolyte setup is the potential difference 
between the electrolyte (–qE°(A/A-)) and CB (Ecb), which is also known as barrier height 
(qϕb) as shown in Figure 3.3b. However, the real energy extracted by this 
electrode/electrolyte contact cannot reach the ideal value due to the kinetic and energetic 
losses at the interfaces. Under solar light illumination as shown in Figure 3.3c, both the 
potential of Ecb and Evb shift toward higher energy state that leads to a difference between 
the hole (EF,p) and electron (EF,n) quasi-Fermi levels, by which the real free energy 
generated by the semiconductor is given. This potential difference refers to the degree of 
splitting between EF,p and EF,n under no net current flow is known as the open-circuit 
voltage (Voc, will be discussed in the next section). 
 

 
 

3.2.2 Electrochemical Properties of the Water Splitting Device 
	

The solar cell device can be expressed as electrically equivalent to a current 
generator in parallel with an asymmetric, non linear resistive element, i.e., a diode as 
shown in Figure 3.4139. In a real device, output power will be dissipated through the 
resistance of interlayer contacts and the leakage currents at the sides of the device, which 
is known as the electrically parasitic resistance in series (Rs), or in parallel direction (Rsh), 
respectively. The series resistance comes from the resistance of cell materials, including 
semiconductor, electrolyte and their interlayer contacts, which results in the decrease of 

Figure 3.3: Band energy of a semiconductor/liquid interface at three conditions125: (a) 
before equilibrium, (b) after equilibrium and (c) under illuminated.  
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current density. On the other hand, the defects within the semiconductor and the leakage 
current would results in low shunt resistance that lowers the output photovoltage. 
Therefore, for a highly efficient solar cell, a smaller Rs and a larger Rsh are desired. 
 

 
 
 

The solar conversion efficiency (η) of the photoelectrode, which is the most 
important parameter of a solar cell device, can be calculated from the current-potential 
data obtained from a potentiostat with three-electrode setup (see section 3.3.2). η is 
defined as the ratio between maximum power density output and the solar light 
irradiation power density input. The other important parameters for a solar cell device are 
open circuit voltage (Voc), short circuit current density (Jsc), fill factor (FF), series 
resistance and shunt resistance. Figure 3.5 is a typical J-V curve that demonstrates these 
parameters140.  
 

Figure 3.4: Equivalent circuit of a solar cell device 
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Based on the diode equation, the J-V curve of the illuminated solar cells can be 
described as: 
 

 𝐽 𝑉 = 𝐽! 𝑒
! !!!!!
!!!! − 1 +

𝑉 − 𝑅!𝐽
𝑅!!

− 𝐽!! (3-2) 

 
Where J0 is the saturation current density (A cm-2), q is the charge per electron 

(C), V is the applied bias (V), A is the diode quality factor, kB is the Boltzmann’s 
constant (m2 kg s-2 K-1), Jph is the photocurrent density (A cm-2) and T is the temperature 
(K). At the ideal device operation condition, where Rs in 0 and Rsh is infinite, i.e., all 
currents would flow toward the contacts without leakage, the diode equation can be 
simplified as: 
 
 
 

𝐽 𝑉 = 𝐽! 𝑒
! !!!!!
!!!! − 1 − 𝐽!! (3-3) 

 
Therefore, the short circuit current density, Jsc (V=0) can be derived from the 

above equation: 
 
 𝐽!" =  − 𝐽!! (3-4) 
 

Figure 3.5: A typical current density-voltage characteristic of a solar cell device 
(black) and the corresponding power density-voltage relation (gray)140. 
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And the open circuit photovoltage Voc (J=0) generated at the 
semiconductor/electrolyte junction is obtained by solving the diode equation for zero 
current, giving: 
 
 

𝑉!" =
𝐴𝑘𝑇
𝑞 ln

𝐽!!
𝐽!
+ 1 ≈

𝐴𝑘𝑇
𝑞 ln

𝐽!!
𝐽!

 (3-5) 

 
Note that this equation shows that the Voc increases logarithmically with 

illumination light intensity. That is, higher photon flux would generate more minority 
carriers in the semiconductor and thus forming a larger splitting of the quasi-Fermi levels 
between EF,p  and EF,n as shown in Figure 3.3c. The Jsc and Voc represent the maximum 
current density and photovoltage of the device, respectively. However, the power output 
is zero at these two points. 
 

Fill factor is a parameter to determine the exact operating condition that will 
provide the maximum power output, and it is defined as the ratio of maximum power 
output (JmVm) to the product of (JscVoc). That is, the ratio of the area of the rectangle in 
Figure 3.5. 
 
 𝐹𝐹 =

𝐽!𝑉!
𝐽!"𝑉!"

 (3-6) 

 
FF is an important factor to evaluate the device junction properties. A large fill 

factor always emanates from a small Rs and a large Rsh, indicating that majority of the 
photocurrent can flow toward collecting electrodes without leakage or bypassing, and 
thus preserves the largest photovoltage. Therefore, the solar conversion efficiency, which 
is defined as the ratio of maximum power output relative to the solar power input (Pin), 
can be described as: 
 
 𝜂 =

𝐽!𝑉!
𝑃!"

=
𝐽!"𝑉!"𝐹𝐹
𝑃!"

 (3-7) 

 
In most cases, including this research, Pin is operated at the standard test condition 

of AM 1.5 G, which is the air mass coefficient of 1.5 ground, indicating an incident 
power density of 1000 W/m2. 
 

3.3 Experimental Section 

3.3.1 Assembly of 3D CGN-TiO2 Nanoparticles Photoanode 
	

In a typical preparation of 3D crumpled nanostructure back contacts, CFEs were 
pretreated with UV/ozone for 15 min to remove any organic contamination. rGO 
dispersions in a mixture of DI-H2O and MeOH (v/v, 7:3), pH at 11, an applied electric 
field of 0.575 kV/cm and a concentration of 50 µg/mL, a flow rate of 4 µL/min were 
directly deposited onto CFEs. The detailed experimental setup and parameters control are 
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discussed in section 3.2. The total deposition time was 30 minutes and the substrate was 
pre-annealed at 155 °C. The aerial density of CGN on CFE can be tuned by controlling 
the total deposition time. Finally, a 5 mg/mL suspension of TiO2 (Anatase, 25 nm in 
diameter, Sigma Aldrich) in MeOH was prepared and sonicated using a VWR tabletop 
sonicator for 30 minutes to ensure stable dispersions, followed by iteratively immersing 
CFE/crumpled nanostructures electrodes for 5 times to complete a photoanode.  
 

3.3.2 Three-electrodes Potentiostat Setup 
	

PEC measurements were performed by a CH Instruments three-electrodes 
potentiostat as shown in the schematic illustration of Figure 3.6. It is composed of a 
photoanode working electrode (WE), where the electrochemical reactions taking place, a 
Ag/AgCl reference electrode (RE) to determine the potential difference between WE and 
RE, and a platinum counter electrode (CE) to complete the current circuit. To ensure 
electrical contact, the CFE/CGN/TiO2 working electrode was connected through a 
toothless alligator clip, which was then connected to a tandem working station comprised 
of a CH Instruments and a photovoltaic characterization setup (QE-5 IPCE, ENLI Tech, 
Taiwan). 1.2 mM KOH solution was used as the electrolyte, which was made from 
dissolving 61.5 mg KOH (reagent grade, Sigma-Aldrich) into 900 mL DI-H2O and 100 
mL ethylene glycol (anhydrous, Sigma-Aldrich). Ethylene glycol was added to adjust the 
pH value to 8 as well as increase the electrolyte conductivity. The working electrode was 
illuminated by a 150 W simulated Xenon light source with an AM 1.5 global illumination 
filter to get an intensity of 100 mW/cm2. Linear sweep voltammetry sequences, which 
scan voltage with a constant scan rate (V/s) for a given potential range of an 
electrochemical cell were performed to identify the photocurrent density as well as the 
open circuit voltage of the devices. In addition, photocurrent densities in response with 
light switch tests were measured through Bulk Electrolysis with Coulometry technique. 
The shutter was used in order to allow or block the light illumination with a two minutes 
interval on the photoactive site. 
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3.4 Results and Discussion 
	
Note: This section is partially adapted from our published work64: 

• Ishihara, Hidetaka, et al. "Electrohydrodynamic-assisted Assembly of Hierarchically Structured, 
3D Crumpled Nanostructures for Efficient Solar Conversions." Scientific reports 6 (2016). 
Copyright © 2016, Rights Managed by Nature Publishing Group 

	
To this end, single to few-layered CGNs were directly deposited onto CFEs 

without additional engineering steps. A combination of deposition time (~30 minutes), 
concentration of rGO (50 µg/mL, pH=11), electric field (0.575 kV/cm), surrounding 
temperature of 155 °C and flow rate (4 µL/min) was found to deliver the most optimized 
coverage over the entire CFEs. Figure 3.7a,b together present a series of HRSEM images 
that demonstrate the uniformity, fidelity and reproducibility of the EHD deposition at 
different length scales as over 95% of the CFE (spraying area of 1 cm × 1 cm) is coated 
with CGNs. The as-assembled CGNs exhibit an average feature size of 200 nm and an 
average thickness in the range of 1 µm (Figure 3.7c,d). To complete the photoanode, the 
3D CFE/CGNs electrodes were directly immersed in TiO2 aqueous dispersions, followed 
by drying on a preheated hotplate at 100 °C. As suggested in Figure 3.7e, this method 
enables particulate TiO2 nanoparticles to directly infiltrate within the porous 3D CGNs 
and thus forms a highly conformal and uniform coating for efficient light absorbing 
materials without the need for sophisticated control over surface charge and colloidal 

	

	

Figure 3.6: Schematic illustration of a three-electrode potentiostat setup64, with a 
rGO/TiO2 photoanode as the working electrode, Pt wire as the counter electrode and a 
Ag/AgCl reference electrode. The electrolyte is made of 1.2 mM KOH in DI water 
with ethylene glycol. 
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stability. The thickness of TiO2 coating and the structural integrity of embedded 3D 
CGNs were confirmed by utilizing HRSEM imaging. Dense layers of TiO2 NPs with 
thickness of 150 to 200 nm formed around the protruding tips of CGNs (yellow dotted 
squares, and inset as shown in Figure 3.7f).  
 

 
 

In parallel, the structural integrity of CGNs was further demonstrated through the 
energy dispersive X-ray (EDX) mapping where relevant elemental signals (carbon in red, 
and titanium in blue) show the spatial distribution of CGNs propagated throughout the 
TiO2 assembly (Figure 3.8). Figure 3.6 illustrates the setup of PEC measurements 
comprised of a three-electrode configuration equipped with a CFE/CGNs/TiO2 based 
working electrode, Pt counter electrode, and Ag/AgCl reference electrode immersed in an 
aqueous 1.2 mM KOH electrolyte solution in tandem with a potentiometer. An energy 
band diagram of such a nanostructured photoanode, determined through ultraviolet 
photoelectron spectroscopy (UPS, Figure 3.9a), suggests a possible transport mechanism 

Figure 3.7: HRSEM images of a CFE/ crumpled nanostructures (CGN)/TiO2 
photoanode for water splitting64. (a) overview and (b) individual fiber of the 
photoanode indicate uniform coating of crumpled nanostructures. (c) closer top view 
and (d) cross-section show interconnected CGN with high porosity. (e) Overview of 
the photoanode after TiO2 NPs coating without apparent aggregation. (f) The 
protruded CGN coated with TiO2 NPs are highlighted in yellow. The inset shows a 
closer view of a CGN false colored in blue, which is embedded with TiO2 NPs. 
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where photogenerated holes in TiO2 move to the surface to oxidize water while electrons 
immediately transfer to spatially distributed CFE/CGNs back contacts (Figure 3.9b).  
 

 
 

 
 

Figure 3.10a shows the representative current-voltage (J-V) output 
characteristics, including the neat TiO2 only (gray line), electrostatically assembled 
rGO:TiO2 (orange line) and 3D CFE/CGNs/ TiO2 photoanodes (blue line), respectively. 
The measurements were taken under AM 1.5 G solar irradiation as a standard to compare 
the effects of electrode structure on the photocurrent generation by the TiO2 absorbers. 
As can be seen in the J-V curves and the summarized performance parameters in Table 
3.1, all three specimens exhibit increased current densities as oxidation of water takes 

Figure 3.8: EDX mapping of relevant elements of the photoanode64, (a) carbon in 
red, (b) titanium in blue and (c) combination of both.    

	
a b 

Figure 3.9: UPS measurement of crumpled nanostructures (CGN) and neat TiO2. (b) 
Corresponding energy band diagram indicates the favorable charge transporting 
pathways provided by CGN64.   
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place at the interfaces between photoanode and electrolyte upon illumination. The neat 
TiO2 NP electrode showed a typical photoresponse, with a Jsc of 61.25 µA/cm2 according 
to Table 3.1, FF of 57.75 % and a Voc of − 0.88 V. In principle, the enhancement of 
photocurrent is expected to proportionally scale with the increasing thickness of TiO2 
active layers due to enhanced absorption. However, because of the particulate nature of 
TiO2 absorber, the probability of a photogenerated carrier propagating to the 
semiconductor-electrolyte interface decreases exponentially with the diffusion length of 
TiO2 (70~100 nm), suggesting that only charge carriers generated within the diffusion 
range will contribute to Jsc with the rest mostly undergoing non-radiative dissipation 
when propagating through grain boundaries141. This intrinsic constraint adversely limits 
the use of thicker TiO2 absorbers to effectively harness the solar irradiation. As for the 
rGO:TiO2 case, the inevitable aggregations of rGO formed metal-semiconducting 
Schottky contacts within the TiO2 absorber, giving rise to a moderate increase of Jsc 
(92.13 µA/cm2), and FF (62.6%). Alternatively, the incorporation of 3D CGNs 
simultaneously enhanced the overall output characteristics without the use of thick 
absorbers, displaying a significantly improved Jsc of 178.42 µA/cm2, FF of 72% and Voc 
of − 0.95 V even with the relatively thin coating of TiO2 (150~200 nm normal to the 
vertically extended walls compared to that of 1 µm in neat TiO2 photoanode). Upon 
reaching the open circuit condition, the enhancement of Jsc extracted from the 3D 
CFE/CGNs/TiO2 photoanode is more than 2 times higher than that of pristine TiO2. In 
particular, the 3D CFE/CGNs/TiO2 hybrid photoanode also showed a steeper and prompt 
increase in Jsc with applied voltages, suggesting electron and hole pairs induced by 
photon absorption split more readily compared to particulate counterparts. Another 
important feature of implementing crumpled nanostructures is the improved FF that 
stems from the synergistic effects between improved energetics and transport at the 
interfaces of crumpled nanostructures/TiO2. In Figure 3.9b, it can be seen that the work 
function of crumpled nanostructures (~4.5 eV) is favorably positioned between the CFE 
and TiO2 conduction bands, therefore reducing the formation of energetic barriers. On the 
other hand, the spatially interconnected and electrically conductive crumpled 
nanostructures provide improved transport pathways without the formation of detrimental 
Schottky contacts. Indeed, we observed a substantial decrease in the series resistance (Rs) 
to only 4.2 Ω when quantifying from the reciprocal value of the linear slope of the J-V 
curves near an open circuit condition. We also note that the output characteristics of our 
3D CFE/CGNs/TiO2 photoanodes are comparable to those made of atomic layer 
deposition (ALD) grown TiO2 on Si142. This greatly relaxes the constraints of the 
complex ALD processing and allows the use of cost-effective and readily available TiO2 
nanoparticles. The magnitude of the photocurrent generation is further explored through 
pulse photocurrent response as a function of time (Figure 3.10b). In accordance with the 
J-V output characteristics, 3D CFE/CGNs/TiO2 photoanodes showed greatly enhanced, 
prompt and reproducible photoresponses. These results support the notion that 
photogenerated charge carriers are able to leverage the energetically favorable and 
spatially propagated transport pathways within TiO2 absorbers, underscoring the 
importance of efficient transport along the high aspect ratio architecture of the crumpled 
nanostructures as well as the shortened diffusion length within particulate TiO2 
electrodes134,138. The much improved transport characteristics even give rise to a 
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comparable Jsc on par with those made of a 15 µm thick film of TiO2 nanoparticles on Ti 
foil under the same illumination conditions132.  
 

 
 

 TiO2 rGO:TiO2 (pH=5) CGN/TiO2 

Voc (V) -0.88 -0.89 -0.95 

Jsc (µA/cm2) 61.25 92.13 178.42 

FF (%) 57.75 62.60 72 

Rs (Ω) 12.6 8.4 4.2 

 
 

To further conclude the structural effect of 3D CFE/CGNs/TiO2 architecture, we 
systematically varied the duration of EHD deposition to afford 3D crumpled 
nanostructures with different densities. Figure 3.11a shows a series of SEM images 
regarding the time dependent morphological evolution of 3D crumpled nanostructures. 
The aerial density of crumpled nanostructures increased rapidly even with a deposition 
time of only 15 minutes and reached the percolation threshold at 30 minutes. Further 
deposition, however, resulted in the rampant overgrowth of “clusters-like” assemblies. In 
Figure 3.12a,b, we observed a clear trend of both J-V output and pulse photocurrent 
enhancements aſter the introduction of 3D CGNs. Starting with the neat TiO2 NPs (0 min 
of crumpled nanostructure deposition, gray line), the average Jsc and FF are around 61.25 

	 	
a b 

Figure 3.10: (a) Output J-V photo characteristics of various photoanodes64. (b) 
Corresponding current density in response to light illumination.     

Table 3.1: Summarized photocharacteristics of TiO2 based, planar rGO with TiO2 and 
crumpled nanostructures with TiO2 photoanode, respectively64. 
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µA/cm2 and 57.75%, respectively. Incorporation of high aspect ratio CGNs with a 
significantly lower aerial density already yielded enhancements in all output 
characteristics. When the aerial density of crumpled nanostructures approached the 
threshold for formation of percolation networks, both the Jsc and FF continuously 
increased (15 minutes of deposition, orange line) and ultimately saturated (30 minutes of 
deposition, blue line). As schematically depicted in Figure 3.11b, the implementation of 
CGNs helps reduce the distance that photogenerated charger carriers must travel before 
collection. However, prolonged deposition time (60 minutes) leads to the emergence of 
local aggregations that not only form unwanted shunting pathways between electrolyte 
and CFE but also acts as recombination centers within the semiconducting TiO2 
absorbers. Evidentially, the measured photocurrent density drastically increased at the 
cost of significantly reduced Voc and FF (olive line). These results collectively 
demonstrate that the electrode architecture indeed plays an important role of enhanced 
device performance from 3D semiconductor scaffolds. 
 

 
 

Figure 3.11: (a) SEM images show the aerial density increase of CGNs as a function 
of deposition time. (b) Schematic illustration shows the electrical transport is 
hampered if the CGNs loading is too high (60 min) that leads to unwanted aggregation 
and Schottky junctions64. 

b 
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3.5 Summary 
	

The EHD technique has shown to provide a simple and low cost route to create 
high quality single-to-few layered CGN. Through the extensive examination, the CGN 
not only possesses its intrinsic specialties, such as high electrical conductivity, but also 
offers exceptional structural, physical and chemical properties that derived from 
dimensional transition, especially those pertinent to the energy harvesting or energy 
storage applications, such as high free volume, high specific surface area. These 
remarkable properties have been testified by the much enhanced photocharacteristics, 
such as doubled current density, improved junction properties and FF. Also, compared to 
the conventional CVD method of creating the 3D graphitic monoliths, the processing 
temperature of EHD is significantly lowered by virtue of controlling droplets 
hydrodynamics, and thus extends its application to the biological and flexible electronics 
fields. Moreover, the synergistic effect of electrostatic and thermally induced capillarity 
stimuli offered by EHD opens up an avenue for synthesis of crumpled TMDs and hybrid 
composites.  

To this end, the strategies design in the first part of the dissertation suggest that, 
this physical transformation plus the intercalation chemistry provide a pathway to 
modulate the PEC activities, and it is also important for the catalysis. For instance, this 
advantageous structure provides free volume that allows the electrolyte to fully infiltrate, 
second, it is proved to be mechanically robust with compression resistance and third, the 
most important part is that it has 3D textured morphology plus high degree of strain on 
the basal plane. As a result, I would like to explore if this material design could be 
transformative to other 2D materials such as TMDs, especially for molybdenum disulfide 
(MoS2) in hydrogen evolution reaction (HER). Therefore, built upon the success of CGN 
synthesis and characterization, I’m interested in solving the hypothesis that will 
dimensional transition of these catalysts also leads to the unprecedented materials 

	 	a b 

Figure 3.12: (a) Output J-V photo characteristics of the photoanodes prepared with 
different EHD deposition time. (b) Corresponding current density in response to light 
illumination64.     
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properties that cannot be found in their original morphology? In this research, I selected 
MoS2 as the active catalyst for HER to testify my conceptual design developed in the first 
part because of its 2D morphology and earth abundance. The detailed introduction and 
the characterization for HER will be discussed in the following chapter. 
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Chapter Four:  

Dimensional Transition of Molybdenum Disulfide 
Towards Highly Efficient Hydrogen Evolution Reaction 
 
 

4.1 Introduction 
	

As the global energy demand is projected to increase dramatically from 17 TW in 
2015 to 27 TW in 2040, hydrogen energy has been vigorously pursued as a carbon-free 
energy resource to support and gradually replace conventional petroleum economy. 
Furthermore, hydrogen provides the highest density per unit mass, 142 MJ/kg, which is 
three times higher than that of traditional fossil fuel. In particular, hydrogen production 
from electrocatalytic water splitting through hydrogen evolution reaction has drawn 
immense research interest, where platinum (Pt) and other Pt-group metals are recognized 
as the most efficient catalysts to date143. However, the scarcity and high cost of Pt have 
limited its large-scale application in water splitting devices. Thus, catalysts of high earth 
abundance, such as TMDs144–149, transition metal carbides (TMCs)150,151, and nitrides 
(TMNs)152 have been explored as the replacements of scarce Pt in order to achieve highly 
efficient HER at lower cost. Among these alternatives, MoS2, a layered material with the 
plane of Mo atom sandwiched between two S planes, has been investigated extensively 
due to its potentially high catalytic activity, chemical stability and mechanical 
robustness.4,153 In this dissertation, I am interested in applying dimensional transition of 
MoS2 to create permanent strained S vacancies on the basal plane and activating the basal 
plane for a much enhanced HER catalytic ability. 
 

4.2 Background 

4.2.1 Hydrogen Evolution Reaction 
	

Electrochemical water splitting can be performed through photoelectrochemical 
(PEC) reaction and electrocatalytic reactions. Unlike the PEC reaction discussed in 
chapter 3, which requires a semiconductor to absorb sun light irradiation and generate 
excited charge carriers to split water as shown in Equation 3-1. Catalytic reaction 
involves the adsorption and desorption of hydrogen ion (H+) and hydroxide ion (OH-) for 
hydrogen evolution reaction (Equation 4-1) and oxygen evolution reaction (Equation 4-
2), respectively. The performance of water splitting, i.e., the efficiency of HER and OER 
reactions, heavily relies on the relative band edge position respective to the redox 
potential of hydrogen reduction (Eo(H+/H2)) and oxygen oxidation (Eo(O2/H2O)) as 
shown in Figure 3.1. Moreover, these two reactions have different working conditions, 
such as pH value, potential, electrolyte, etc. Therefore, the preparation and engineering of 
the catalysts need to be taken into account individually for the optimized HER or OER 
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operation. Here, we would focus on the HER reaction by using MoS2 as the catalyst at the 
cathode. 
 
Hydrogen evolution reaction (HER): 2𝐻! + 2𝑒! → 𝐻! (4-1) 
 
Oxygen evolution reaction (OER): 𝐻!𝑂 →

!
!
𝑂! + 2𝐻! + 2𝑒! (4-2) 

 
The HER reaction consists of two major steps, where * denotes a site on the 

electrode surface: 
 
1. Adsorption step 
  

Volmer step: 𝐻! + 𝑒! → 𝐻∗ (4-3) 
 
2. Desorption step 
  

Heyrovsky step: 𝐻! + 𝐻∗ + 𝑒! → 𝐻! + ∗ (4-4) 
Tafel step: 2𝐻∗ → 𝐻! + 2 ∗ (4-5) 

 
The HER reaction undergoes either Volmer-Heyrovsky mechanism or Volmer-

Tafel mechanism, which can be defined by the Tafel slope value discussed in section 
4.3.1.3. In both mechanisms, hydrogen ion first adsorbs onto the active sites of the 
electrode and forms an intermediate state, H*. Next, H* would be desorbed via an 
electrochemical reaction (Heyrovsky step) or a chemical reaction (Tafel step) to produce 
hydrogen. As a consequence, the easiness of H* formation, which can be described by the 
Gibbs free energy of hydrogen adsorption, ∆𝐺!∗ first described by Parsons in 1958, will 
have a great influence on the total rate of the overall reactions154. Figure 4.1 is the 
volcano plot showing the exchange current density as a function of ∆𝐺!∗ of several 
materials as the catalysts for HER155. The materials to the right hand side, which have 
positive ∆𝐺!∗, would bind with hydrogen atoms too loosely, thus failing to form a stable 
intermediate state and preventing any further reactions from taking place. Therefore, the 
adsorption step will be the rate limiting step of the overall reaction. On the contrary, the 
materials with negative ∆𝐺!∗  would bind with hydrogen atoms too strongly, thus 
blocking all the active sites and failing to release them for hydrogen evolution, and make 
desorption step as the rate limiting step. The optimal HER catalyst, should demonstrate 
the ∆𝐺!∗ close to the ideal value of 0 eV, which means the catalyst binds with the 
hydrogen atoms neither too strongly nor too weakly that facilitates both the adsorption 
and desorption reactions. From the Figure 4.1, it is clearly seen that the platinum and 
platinum group elements locate at the apex of the volcano plot. As a result, platinum is 
still the benchmark for HER catalyst to date. 
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4.2.2 MoS2 
	

MoS2 is a layered material belongs to the TMDs, which has a general formula of 
MX2, where M is the transition metal of groups 4-7 and X is the chalcogen4. Similar to 
graphite, bulk MoS2 also has the hexagonally packed structure, with the predominantly 
covalent Mo-S bond, whereas the interlayers are coupled by weak van der Waals force 
with an approximate spacing of 6-7 Å as shown in Figure 4.253,156. The weak interlayer 
interaction allows MoS2 to be exfoliated chemically or mechanically into single-layered 
fashion, rendering the possibilities of engineering its morphologies and materials 
properties through quantum confinement effect. Furthermore, this bonding strength 
distribution, with the strong in-plane bonding while weak out-of-plane bonding leads to a 
drastically different electronic properties between in-plane and out-of-plane direction. For 
example, the electron and hole mobilities on the basal plane are about 2200 times faster 
compared to the vertical direction between layers157. 
 

Figure 4.1: Volcano plot of the exchange current density as a function of Gibbs free 
energy of hydrogen adsorption for the pure metals and MoS2 to evaluate their HER 
catalytic ability155.     
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Figure 4.3 is the density functional theory (DFT) calculation of MoS2 to 
demonstrate the band structure (energy dispersion, energy versus wavevector k) change 
from bulk to few layers to single layer4. The bulk MoS2 is the semiconductor with the 
indirect gap size of ~ 1.3 eV. It is proved by the wavevector shift of valence band 
maximum (VBM, blue line) at the Γ point to the conduction band minimum (CBM, red 
line) at the center along Γ–Κ direction of the Brillouin zone. Only if the MoS2 is thinner 
down to monolayer, the VBM and CBM would coincides at the K point of the Brillouin 
zone, indicating a indirect to direct band gap transition that lowering the transition energy. 
This phenomenon is known as the quantum confinement effect. In addition, this transition 
is further testified by the photoluminescence quantum yield (PL QY). The QY shows a 
dramatic enhancement from a dark, indirect-gap bulk to the bright, monolayer MoS2, 
indicating a stronger PL emission for the monolayer, which shows an increased PL QY 
by a factor of 104 compared to the bulk crystal50. These enhanced QY and sizable 
bandgap varied from 1.3 eV of bulk to 1.9 eV of monolayer render MoS2 being widely 
implemented in the sensors of probing nanoscale dimensions and electronic devices, such 
as transistors. In this research, I would like to leverage its chemically stable and catalytic 
ability towards highly efficient HER application. 
 

Figure 4.2: Representative structure of the 3D MoS2 crystal with the single layer 
thickness of 6.5Å53. 
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4.3 HER Parameters for Evaluating Catalysts 
 

There are many characteristics that are important in evaluating the efficacy and 
industrialization possibility of the catalysts, such as cost, easiness of processing, stability 
and catalytic ability. Among which, the catalytic ability is the most essential one since it 
is the heart of the catalysis, and it is always the beginning of evaluating the practicality of 
the catalysts.  Here, I would like to introduce two major categories for evaluating the 
MoS2 HER catalytic ability.  The first one is the “overall electrode properties”, which 
allow us to preliminarily characterize the HER catalysts and compare the complete 
electrodes. However, total electrode properties do not reveal any physical or chemical 
details of the active sites on the electrode, but only overall performance. On the contrary, 
in order to understand the catalytic performance of each active site, the “intrinsic 
properties” measurements are critical since these provide us the fundamental insights into 
an efficient HER catalysts development. These two properties are mutually related 
through the following equation156: 
 
 
 

𝑗 𝜂 =
𝑖 𝜂
𝐴 = 𝑇𝑂𝐹!

!

!!!

𝜂 ∙
𝑛𝐹
𝐴𝑁!

= 𝑆 ∙ 𝑇𝑂𝐹 𝜂 ∙
𝑛𝐹
𝐴𝑁!

 (4-6) 

 

Figure 4.3: Energy dispersion of MoS2 ranging from bulk, quadrilayer (4L), bilayer (2L) 
to monolayer. The bandgap transits from indirect to direct at monolayer4. 
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Where j is the catalytic current density (A/cm2 electrode), 𝑖 is the catalytic current 

(A), A is the electrode surface area (cm2 electrode), S is the total number of active sites, 𝜂 is 
the overpotential, n is the number of electrons involved in the reaction (n=2 for HER), F 
is the Faraday constant (96,485 C/mol e-), NA is the Avogadro’s number (6.02*1023 mol-

1), TOFx is the turnover frequency of each active site (s-1) and 𝑇𝑂𝐹 is the average 
turnover frequency of all active sites (s-1). From this equation, it is clearly seen that the 
product of total active site number and turnover frequency of each active site determine 
the overall electrode property. 
 

4.3.1 Overall Electrode Properties 
	

As the first step of evaluating the electrodes, the overall electrode properties, such 
as overpotential, onset potential, current density and exchange current density, Tafel 
slope, charge transfer resistance and capacitance are usually measured by the 
electrochemical setups, including cyclic voltamograms (CV), linear sweep voltamograms 
(LSV) and electrochemical impedence measurement (EIS). In a typical HER 
measurement, the catalysts are grown/deposited onto a catalytically inert supporting 
substrate, and measured with a three-electrode potentiostat to obtain the current density 
output at different potentials. Current density is usually used instead of current since it 
provides a reference point to compare the electrodes at different conditions. In addition, 
note that based on different reference electrodes used in the three-electrode setup, the 
potential should be calibrated accordingly, such as reversible hydrogen electrode (RHE), 
normalized hydrogen electrode (NHE), saturated calomel electrode (SCE) and Ag/AgCl. 
 

4.3.1.1 Overpotential 
	

Theoretically, the potential needed to drive the reaction is the same as the 
potential at the thermodynamic equilibrium. However, in reality, the applied potential is 
always larger than the potential at the equilibrium in order to overcome the kinetic 
barriers created at the electrode itself or at the electrode/electrolyte interfaces, which can 
be described as158: 
 
 𝐸 = 𝐸! +

𝑅𝑇
𝑛𝐹 ln

𝐶!
𝐶!

 (4-7) 

 
In which E0 is the potential of the overall reaction, n=2 for HER reaction, CO and 

CR are the concentrations of the oxidized and reduced agents, respectively. And the 
overpotential is the potential difference between the applied potential and the potential at 
the equilibrium.  
 
 𝜂 = 𝐸 − 𝐸!" (4-8) 
 

Figure 4.4 is a representative LSV curve of the HER catalysts, from which we 
can obtain several important characteristics. Two potentials are labeled in Figure 4.4. 
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First, the onset potential is the potential that the current is first observed. However, there 
is no explicit definition of at what current density it is clearly called “observed”, and thus 
onset potential is rarely used in comparing the electrodes. In addition, the overpotential is 
usually defined as the potential where the current density reaches 10 mA/cm2. The 
current density at 10 mA/cm2 is a common reference point of the water splitting cells, 
since it represents the expected current density of solar to hydrogen device with 12.3 % 
solar to hydrogen efficiency, indicating a value of a cost competitive water splitting cell. 
Thus, the overpotential at 10 mA/cm2 (η10) is widely used in comparing the HER 
catalytic ability, and a smaller overpotential is desired since it indicates a better catalytic 
ability. In addition, CV measurement is performed under the same configuration as LSV, 
but with repeating scanning among a certain potential range. In combination with the 
scan rate (mV/s), the CV plot allows us to calculate the electrode capacitance, which will 
be discussed in section 4.8. 
 

 
 

4.3.1.2 Exchange Current Density 
	

Exchange current density (j0) is another important factor of evaluating the 
catalytic ability, since it represents the intrinsic charge transfer interactions between the 
catalysts and the electrolyte. The overall current density (j) of the HER reaction as shown 
in Equation 4-9 is the sum of both cathodic current density (jc) and anodic current 
density (ja), which can be described as Equation 4-10 and Equation 4-11, respectively158. 

Figure 4.4: Representative LSV plot showing the HER current density as a function of 
potential. It points out two important potentials for evaluating HER catalytic ability: 
onset potential and overpotential (η10)

156. 
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 𝑗 = 𝑗! + 𝑗! (4-9) 
   
 𝑗! = 𝑛𝐹𝑘! 𝐶! 𝑒𝑥𝑝

𝛼!𝑛𝐹𝐸
𝑅𝑇  (4-10) 

   
 𝑗! = 𝑛𝐹𝑘! 𝐶! 𝑒𝑥𝑝 −

𝛼!𝑛𝐹𝐸
𝑅𝑇  (4-11) 

 
Where ka and αa represent the rate constant and the transfer coefficient at the 

anodic half reaction, respectively, whereas kc and αc are at the cathodic half reaction. At 
equilibrium (𝜂 = 0), the magnitude of the 𝑗! and 𝑗! are the same that leads to zero overall 
current density, and this current density value (𝑗! or 𝑗!) is called the exchange current 
density depending on the reaction at the electrode, i.e., 𝑗! for HER and 𝑗! for OER. 
 

Although it is usually difficult to visualize the exchange current density value 
from the LSV curve as shown in Figure, since it only shows overall current density, we 
are able to calculate its value from the Tafel equation (Equation 4-13) and Tafel plot by 
finding the interception of j at η=0, which will be discussed in the following section. 
 

4.3.1.3 Tafel Slope 
	

Tafel slope (b), with a unit of mV/decade, is a parameter to determine how much 
additional potential is needed in order to increase the current density by one order of 
magnitude. For HER purpose, smaller Tafel slope is desired because it means less 
overpotential is required in response to the same current gain, indicating a faster reaction 
rate. The electrochemical redox reactions can be described by the well-known Butler-
Volmer equation158: 
 
 
 𝑗 = 𝑗! 𝑒𝑥𝑝

𝛼!𝑛𝐹𝜂
𝑅𝑇 + 𝑒𝑥𝑝

𝛼!𝑛𝐹𝜂
𝑅𝑇  (4-12) 

 
Since the HER reaction happens at higher cathodic potential region and the 

predominant current is from the cathodic current, while the anodic current is negligible, 
the above Butler-Volmer equation can be simplified as following, which is known as the 
Tafel equation: 
 
 𝑗 = 𝑗! 𝑒𝑥𝑝

𝛼!𝑛𝐹𝜂
𝑅𝑇  (4-13) 

 
 
 

When translating the above Tafel equation into logarithm form, it becomes a 
linear function as: 
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 log 𝑗 = log 𝑗! +
𝜂
𝑏 (4-14) 

   
 𝑏 =

2.303𝑅𝑇
𝛼𝐹  (4-15) 

 
In which b is the slope of the Tafel equation. Note that 2.303 is the coefficient of 

transferring nature log (ln) to log. It also tells the value of j0 by finding the interception at 
η=0. 
 

, the Tafel slope could provide valuable insights into determining the rate-limiting 
step of the HER reactions. By carefully considering the transfer coefficient (α), 
symmetric factor (β) and the re-organization energy (λ), which are discussed in detail 
elsewhere158, the expected Tafel slope of each step is given by159: 
 
Volmer step: 
 𝑏 =

2.303𝑅𝑇
𝛼𝐹 ≈ 120

mV
dec     𝛼 = 0.5  (4-16) 

 
Heyrovsky step: 
 𝑏 =

2.303𝑅𝑇
1+ 𝛼 𝐹 ≈ 40

mV
dec     𝛼 = 0.5  (4-17) 

 
Tafel step: 
 
 𝑏 =

2.303𝑅𝑇
2𝐹 ≈ 30

mV
dec     𝛼 = 2  (4-18) 

 
Which means if the adsorption-Volmer step is the rate-limiting step, the Tafel 

slope is expected to be 120 mV/dec, while if the Tafel step is the rate-limiting step, the 
corresponding Tafel slope is 30 mV/dec. In a common HER reaction, smaller Tafel slope 
is desired suggesting that the rate-limiting step is at the final part of the multiple-electron 
transfer reaction, which is an indication of a good catalytic ability. Pt is the material that 
demonstrates the lowest Tafel slope value (~30), so that it is still the most efficient 
catalyst for HER to date. 
 

4.3.2 Intrinsic Properties 
 

As discussed in the previous section, there is no normalization of catalyst loading 
per geometric area in the overall electrode properties. Thus, the overall electrode activity 
is usually scaled up with the total mass loading on the electrode, failing in providing 
detailed per-site catalytic information.  On the other hand, intrinsic properties, which 
calculate the catalytic ability per active site, provide fundamental understanding of the 
chemical and physical properties. The first step to determine the intrinsic property is to 
measure the total active sites number since it is on the per-site basis. Next, normalize the 
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overall electrode activity obtained from a separate measurement to the number of active 
sites to get the average TOF. 
 

4.3.2.1 Measuring Active Sites Number 
	

Although some experimental limitations, including catalytic instability and 
transport limitations, make accurately counting active sites number a difficult challenge, 
there are still several common strategies to determine the number of active sites. In the 
measurement, the electrochemically active surface area (ECSA) is more meaningful as 
opposed to the geometric surface area because the actual number of active sites scales 
with the edge length (take MoS2 for an example), not the projected geometric surface 
area. The representative difference of these two surface areas is shown in Figure 4.5156.  
 

 
 

There are two major methods to measure the active surface area, including gas 
adsorption and electrochemical measurements. Brunauer–Emmett–Teller (BET) 
technique is the most common example of the gas adsorption. The surface area is 
estimated by physical adsorption of N2 molecules onto the catalyst surface. However, this 
technique may overestimate the catalytic surface area due to some adsorbed N2 molecules 
are not in direct electrical contact with the surface, and thus leads to a lower intrinsic 
activity156. Another better way is to determine the active sites number by electrochemical 
method, including electrochemical double layer charging and underpotential deposition 

Figure 4.5: Schematic illustration of a MoS2 catalyst, representing two definitions of 
the surface area: geometrical surface area in red and electrochemically active surface 
area in purple156. 
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(UPD), because it can directly measure the ECSA. The UPD method has been used to 
estimate the active site density for Pt160, WS2

161, MoSx
162 and FeP163, and it is also 

performed to calculate the active sites number in this research. In principle, the 
assumption is based on that the active sites for proton reduction are also responsive to the 
Cu2+ reduction at an underpotential. Thus, the charges exchanged during the oxidative 
stripping of the Cu obtained in UPD can be used to gauge the density of active sites. The 
detailed discussion related to the UPD procedures and calculations are listed in the result 
section. 
 

4.3.2.2 Turnover Frequency 
	

The per-site activity is described by the turnover frequency (TOF), which is 
generally the most significant factor affecting the total electrode properties since the TOF 
can vary by 10 orders of magnitude between a good and a bad catalyst. Therefore, it is of 
particular importance to understand the chemical and physical properties of each active 
site, leading to the development of the highly efficient HER catalysts. The TOF can be 
calculated using the following equation164: 
 
 

𝑇𝑂𝐹 𝑠!! =
𝑗!

𝐴
𝑐𝑚!

# 𝑠𝑖𝑡𝑒𝑠
𝑐𝑚! ∗ 1.602×10!!" 𝐶

𝑒! ∗ 2 𝑒!
𝐻!

 (4-19) 

 
The TOF determines how many hydrogen molecules are generated per active site 

per second, with the unit of s-1. The TOF of MoS2 catalysts can be improved by 
engineering the nanostructures to increase the exchange current density, or by 
fundamentally modifying the electrical and chemical structures of MoS2, which will be 
discussed in the next section. 
 

4.4 State-of-art MoS2 Catalysts and Current Challenges 
 

According to the discussion above, a good HER catalyst must possess not only 
good overall electrode properties, but also excellent intrinsic properties, such as large 
exchange current, small Tafel slope and high TOF, indicating that large quantities of 
hydrogen can be created at a minimum overpotential. In this section, current state-of-art 
MoS2 catalysts in both 1T and 2H phases will be discussed. However, there are some 
challenges of these catalysts that limit their catalytic ability and efficacy. Therefore, out 
strategy of EHD synthesized crumpled MoS2 catalyst will be introduced in the section to 
address these challenges. 
 

4.4.1 2H MoS2 Catalysts 
	

Although MoS2 possesses plenty of merits, such as earth abundance and chemical 
stability in the acidic environment, two key limiting factors that make current MoS2 
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catalysts inferior to Pt are the lack of catalytically intrinsic active sites and less efficient 
catalytic ability of each active site determined by TOF. The TOF of Pt ranges from 10 s-1 
to 100 s-1 at an overpotential of 7 mV and 36 mV, respectively, which is about two to 
three orders of magnitude higher than current MoS2 catalysts165. The nature occurring 
MoS2 forms thermodynamically stable semiconducting 2H phase with a trigonal 
prismatic structure as shown in Figure 4.6a3, where the two S atoms are overlapping 
along c-axis and providing the stacking sequence of AbA BaB. Proven by both theory143 
and experiment155, the electrochemically active sites are only limited to the Mo (1010) 
edges in 2H MoS2. In 2007, Jaramillo and co-workers measured the HER of MoS2 grown 
on Au(111) and confirmed that the reaction rate scales up with the edge length, not the 
overall surface area, suggesting that only edges are critical and catalytically active for 
HER155. In addition, the DFT calculation shows the Gibbs free energy of adsorbed 
hydrogen (ΔGH) is approximately 0.08 eV at 50% H coverage on Mo edges, which is 
closed to the ideal 0 eV166 like Pt does, indicating a favorable adsorption and desorption 
process. On the contrary, ΔGH of the basal plane is about 2 eV167,168, which results in a 
unstable intermediate state and prevent reactions from taking place, explaining its 
catalytically inert property. 
 

 
 

Because of the highly catalytic nature of MoS2 edges, synthetic approaches that 
prioritize MoS2 edges sites over the inert basal plane sites have attracted broad interest, 
including fabricating vertically aligned146,169 flakes and wires, double-gyroid170 structures, 
interfacing to conductive scaffolds and introduction of S vacancies at the basal plane168. 

a b 

Figure 4.6: Schematic illustration of the structure of (a) 2H MoS2 with trigonal 
prismatic coordination and (b) 1T MoS2 with octahedral coordination.  
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Figure 4.7a is the schematic showing the synthesis procedures of the vertically aligned 
MoS2 flakes146. First, the substrate is coated with a 5 nm thick Mo film by e-beam 
evaporation and followed by a sulfurization process at 550°C in a tube furnace at the base 
pressure of 100 mTorr. Another example is the synthesis of double-gyroid structures as 
shown in Figure 4.7b170. At the beginning, Mo is eletrodeposited into a silica double-
gyroid template followed by sulphidization with H2S. Finally, the silica template is 
removed by HF etching, and then a double-gyroid MoS2 monolith with exposing active 
sites is obtained. Although these nanostructures engineering on the active edges of 2H 
phase MoS2 has shown some improvement on the HER catalyst, the complicated and 
multi-steps synthesis procedures are still the limitations towards highly efficient HER. 
Yet, the fundamental inactivity of the MoS2 basal plane remains a basic material 
constraint. 
 

 
 

4.4.2 1T MoS2 Catalysts 
 

In addition to the 2H phase, another MoS2 polymorph that draws immense 
research interest is the metallic, octahedral coordinated 1T phase MoS2, which is known 
to possess favorable electronic structure and increased density of d-states near the Fermi 
level4,171. The crystal structure of 1T MoS2 is shown in Figure 4.6b, with one twisting S 
layer that shows a mismatch to another S layer along the c-axis, suggesting the stacking 
sequence of AbC AbC. Since the Mo-Mo bond length in MoS2 is longer than it is in bulk 
Mo metal, it results in the spatial overlapping of the metal d-orbitals, which has a 
significant impact on the MoS2’s electronic structure and catalytic ability. In its 
thermodynamically stable 2H phase, the Mo d-orbitals would split into three groups: 𝑑!! 
(a1), 𝑑!!!!!,!" (e), and 𝑑!",!" (eʹ ), with a sizeable gap (~1 eV) between the first two 
groups of orbitals as shown in Figure 4.84. These fully occupied orbitals lead to its 
semiconducting nature.  
 

	
a b 

Figure 4.7: Schematic illustration of the synthesis procedures of (a) vertically aligned 
MoS2 flakes

146 and (b) MoS2 with double-gyroid structure. 
"http://www.mendeley.com/documents/?uuid=c4c79378-700d-4cd7-b16f-
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On the other hand, 1T MoS2 polymorph, which has the twisting S planes would 
change the distance between Mo atoms and affect its density of d-state. When the MoS2 
is twisted, for example, under the strain environment, the lattice is expanded and the 
overlap between the d electrons on neighboring Mo atoms becomes smaller, and it in turn 
decreases the bandwidth171,172. To keep the d filling fixed, the d states near the center of 
d-orbitals (Ed) have to move up in energy as shown in Figure 4.9173.	 The increased 
density of d-states near the Fermi level (EF) facilitates the supply of electrons from the 
electrode to the active edge sites, thereby increasing the electrochemical activity toward 
the HER. In addition to the change of Ed level results from the lattice distortion, i.e., 
strain, it is also known that 2H to 1T (semiconducting to metallic) phase transition could 
happen when MoS2 is intercalated by alkali materials, such as lithium4,174. One electron 
can be transferred from the s band of Li atom to the d band center of the Mo atom, 
leading to its change in d-orbitals electron count and facilitate the phase transition to 1T 
phase. Moreover, the Gibbs free energy of hydrogen adsorption (ΔGH) of the basal plane 
of 1T phase MoS2 has been proved to reduce to 0.13 eV at 1/16 H coverage and 0.25 eV 
at 1/2 H coverage175. This ΔGH value is close to the ideal value of 0 eV as an optimal 
condition for adsorption and desorption, while the basal plane of 2H phase MoS2 shows 
ΔGH ≈ 2 eV. As a result, the 1T MoS2 phase exhibits superior HER catalytic activity 
compared to the semiconducting 2H phase by virtues of increasing active sites density, 
better catalytic ability and metallization at the basal plane. However, this strategy comes 
at the cost of reduced robustness since the 1T phase is metastable and would revert back 
to 2H phase at a higher temperature. 
 

Figure 4.8: Schematic illustration of the electronic character of 2H MoS2. The orbital 
is fully filled that leads to its semiconducting property4.  



	 82	

 
 

The synthesis methods of current state-of-art 1T MoS2 catalysts include 
constructing nanoparticles174, mesoporous nanosheets176, strained nanosheets173 and 
hydrazine treated nanosheets164,177. Figure 4.10a is the schematic illustration of the 1T 
MoS2 nanoparticles reported by Cui group174. First, the MoO3 nanoparticle was 
synthesized on the carbon fiber paper through the pyrolysis process at 600˚C, and then 
underwent the sulfurization process to obtain 2H MoS2. The 2H MoS2 was further 
transformed into 1T phase through Li electrochemical intercalation. Another example 
shown in Figure 4.10b,c is the 3D illustration of strain-induced phase transformation of 
MoS2 when a high pressure is applied178. The semiconducting to metallic transition 
happens when the applied pressure is larger than ~20 GPa. It is clearly seen that these 
processes to induce phase transformation often require extreme experimental conditions, 
such as lengthy and complicated CVD or pyrolysis processing at high temperature 
(>500˚C) followed by post engineering to induce phase transition, or continuous 
application of high pressure, making them neither desirable nor practical for industrial 
applications. 
 

 

Figure 4.9: Schematic illustrating semiconductor-metallic transition results from 
mechanical strain applied173. 

	
a b c 

Figure 4.10: Schematic illustration of the synthesis procedures of (a) 1T MoS2 
nanoparticles174 (b) strain-induced metallization of MoS2 basal plane178. (c) The 
semiconducting-metallic transition happens when applied potential is higher than 20 
GPa178. 



	 83	

4.4.3 Phase- and Strain Engineered Crumpled MoS2 Catalysts 
	

In this dissertation, these limited active site density and complicated process 
challenges were successfully addressed by dimensionally transforming the planar 
chemically exfoliated MoS2 (ce-MoS2) to three dimensional (3D) crumpled 1T’ MoS2 
(1T’ c-MoS2) through the facile and scalable EHD approach at processing temperature as 
low as 50˚C, without the need of any post engineering treatments. Moreover, the net 
energy of resulting 1T’ c-MoS2 is stabilized by charge transfer from the n-butyl-lithium 
exfoliation agent, which leads to a structural transformation from trigonal prismatic to 
octahedral coordination, giving a decrease filling of anti-bonding state with higher d-band 
center179,180. As demonstrated in our previous CGN work64, droplets from EHD approach 
can act as a soft template to induce the crumpling process of ce-MoS2, and also be a great 
medium to manipulate hydrodynamics for achieving different materials nanostructures64. 
Since the 1T phase is thermodynamically metastable and would revert back to 2H phase 
at high temperature, and the conversion of 1T’ phase to 2H phase happens as the 
temperature goes higher (50% at ~100˚C)181,182, we reduced the EHD processing 
temperature from 250˚C in our previous work to 50˚C in this work to avoid phase 
transformation while preserving the same crumple morphology. The as fabricated 
metallic 1T’ c-MoS2 possessed catalytically active basal plane, internal active edges, and 
S vacancies that are intrinsic to the Li intercalated ce-MoS2. The synthesis procedures 
and characterizations of 1T c-MoS2 will be discussed in the following sections. 
 

4.5 Synthesis of Chemically Exfoliated MoS2 Through Lithium 
Intercalation 
 
 For ce-MoS2, Li-intercalation was accomplished by immersing 2 g of MoS2 powder 
in 15 mL of 0.8 M n-butyl lithium. The mixture was stirred vigorously in an Ar-filled 
glovebox for 96 h. Next, the intercalated compound was transferred to deionized (DI) 
H2O and sonicated to yield exfoliated monolayers. Upon contact with the water, the 
intercalated lithium forms hydrogen gas at the inter-layer interfaces, thus yielding high 
concentrations of monolayers and forming a black, opaque solution. After 
ultrasonication, the compound was washed over Whatman filter paper (#41, ashless) with 
500 mL of hexane to remove excess lithium and organic residues. 200 mL of H2O were 
then added to the mixture. With the filter paper removed, the mixture was then sonicated 
for 90 min. The resulting solution was then aliquoted into 45 mL centrifuge tubes with 
solution depths of 2 – 3 cm and centrifuged at 5200 rcf for 12 h, decanted, and then 
resuspended in 100 mL of DI H2O. After resuspension, the centrifugation procedure was 
repeated twice, followed by resuspension in 50 mL and, later, 25 mL of water to make 
sure the lithium ions are completely removed. The final concentrations and purities of 
each batch were quantitatively determined using inductively coupled plasma mass 
spectroscopy (ICP-MS). The as-synthesized ce-MoS2 is known to possess 1T octahedral 
phase due to electron transfer from Li atom to Mo atom, leading to the metallic electronic 
property. Moreover, plenty of S vacancies could be observed on the basal plane based on 
the intercalation and exfoliation process. These S vacancies are particularly important of 
tuning the density of state and ΔGH. The band structure of MoS2 is shown in Figure 
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4.11a, the valence band and conduction band gradually shift closer to the Fermi level 
with the increasing S vacancies percentage, thus reduce the size of the bandgap and 
facilitate the supply of electrons to the active sites that lead to increasing HER activity168. 
This could be further proved by the simulation of ΔGH as a function of S vacancies as 
shown in Figure 4.11b. ΔGH can be tuned from more than 2 eV of 0% S vacancies, 
meaning there is no catalytic activity, all the way to 0.2 eV of 3.12 % of S vacancies168. 
This strategy indicates that the s vacancies can help to active the intrinsically inactive 
basal plane. 
 

	

 

4.6 Synthesis of Crumpled MoS2 

4.6.1 EHD Setup 
	

The EHD setup for c-MoS2 synthesis is the same as the one used for CGN 
synthesis as shown in Figure 2.7, except the feeding solution is changed to ce-MoS2. To 
facilitate the dimensional transition of planar ce-MoS2 into 3D c-MoS2, aqueous solutions 
of ce-MoS2 (250 µg/mL, DI H2O:Isopropanol alcohol = 7:3 v/v) were fed to the spinneret 
(gauge 23 TW needle) by a programmable syringe pump. Note that the alcohol used here 
is IPA instead of methanol used for CGN synthesis due to a more stable Taylor cone 
formation based on the experimental conditions. An external electric field of 0.8 kV/cm 
was generated with a high power supply (ES 40P-20 W/DAM, Gamma high voltage 
research). Computerized multi-pass deposition was achieved through the integration of an 
x-y translational stage (LTS 300, Thorlabs) at a linear stage speed of 2.5 mm/sec. 
Schematic drawing in Figure 4.12 illustrates the formation of 3D c-MoS2. The process 
begins with the chemical exfoliation of bulk MoS2 powder, which introduces S vacancies 
and internal edges while providing a stable colloidal dispersion of ce-MoS2 in an aqueous 
solution. Under a high electric field, self-dispersing droplets can be viewed as charged, 
nano-colloidal reactors. The reactant, ce-MoS2, within these nano-reactors undergoes 

a b 

Figure 4.11: (a) Band structure of MoS2 as a function of S vacancies concentration. (b) 
Gibbs free energy of hydrogen adsorption of MoS2 as a function of S vacancies 
concentration168. 
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stages of (i) electrostatically induced separation, (ii) fission and, and (iii) anisotropic self- 
crumpling. The flow rate and surface temperature were carefully maintained at 4 µL/min 
and 50 °C, respectively, to achieve the high yield and complete formation of 1T c-MoS2. 
Note that for the case of 2H phase counterpart, the spinneret size was changed to gauge 
18, with an optimized flow rate of 25 µL/min and deposition temperature at 250 °C. Si 
substrates were used for XPS, XRD and Raman spectroscopy measurement, and the 
carbon cloth (CC, Fuel Cell Earth CCP) was used for electrochemical measurement. 
TEM samples were prepared by performing 1-minute EHD process on TEM grids at 
50˚C and 250˚C for 1T and 2H c-MoS2, respectively. 
 

 
 

4.6.2 Characterization of 1T and 2H phase c-MoS2 

4.6.2.1 Structure Information 
	

The SEM image as shown in Figure 4.13 reveals largely separated and spatially 
distributed ce-MoS2 sheets with the size of ~ few hundred nanometers. After the EHD 
process, ce-MoS2 was found to spontaneously deform into 3D porous, crumpled 
nanostructures with many wrinkles, ridges, and corrugated edges. The structure of 
individual 1T’ c-MoS2 (deposited at 50˚C) was verified by TEM as shown in Figure 
4.14a,b. By virtues of the fission process of EHD, droplets coming out from the nozzle 
are split into smaller droplets with the size down to few hundred nanometers in diameter. 
Therefore, the ce-MoS2 sheets are well separated to avoid aggregation at the precursor 
stage, and it leads to individual crumple with high surface area at the later 
drying/crumpling stage. Figure 4.14a shows a thin, few-layered 1T’ c-MoS2 of 150 nm 
in diameter, with clear presence of wrinkles and vertices that reflect a high degree of 
crumpling. Figure 4.14b further highlights the extremely thin c-MoS2 and nano-scale 
ridges (red arrows). The lattice arrangement of c-MoS2 synthesized at 50˚C was 
examined by high-angle annular dark-field (HAADF) scanning transmission electron 
microscopy (STEM) as shown in the false colored image in Figure 4.14c. The 
predominating distorted octahedral structure suggests the 1T’ phase is retained during the 
dimensional transformation from ce-MoS2 to c-MoS2. On the other hand, as shown in 

Figure 4.12: Schematic illustration of the dimensional transition process from 2D ce-
MoS2 to 3D c-MoS2197. 
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Figure, the resulting c-MoS2 deposited at 250 °C comprises a predominant 2H phase 
because the deposition temperature exceeded the temperature for transformation of the 
metastable 1T’ phase to the 2H phase. 
 

 
 

 
 
 

Figure 4.13: SEM image shows sporadically distribution of ce-MoS2 
sheets197. 
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Figure 4.14: TEM images of c-MoS2. (a) Individual highly wrinkled c-MoS2 with a size 
of ~150nm in diameter. (b) Higher magnification demonstrates its thin and few-layered 
fashion. (c) HAADF image shows the distorted lattice structure, indicating the presence 
of 1T’ phase198.  
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4.6.2.2 Phase and Strain Information 
	

The phase information of c-MoS2 was further characterized by spectroscopic 
techniques, such as X-ray photoelectron spectroscopy (XPS) and Raman spectroscopy, in 
order to confirm the preserving of 1T’ phase after EHD process. The Mo 3d and S 2s 
XPS spectra of c-MoS2 synthesized at 50˚C and 250˚C processing temperature are shown 
in Figure 4.15a. The overall peaks were deconvoluted into pure 1T’ and 2H phase, 
marked in navy and gray lines, respectively. For c-MoS2 processed at 250˚C, the Mo 3d5/2 
and Mo 3d3/2 peaks are located at 229.0 and 232.2 eV, respectively. These values match 
the reported values of 2H MoS2

169,170. The Mo 3d binding energies in the pure 1T’ MoS2 
are known to be 0.9 eV lower than their 2H counterpart179. In the c-MoS2 sample 
processed at 50˚C, the Mo 3d5/2 and Mo 3d3/2 peaks shift to lower binding energies at 
228.5 and 231.8 eV, respectively, and it can be deconvoluted into a mixture of 1T’ and 
2H phases. The content of 1T’ phase in c-MoS2 processed at 50˚C is estimated to be 64.7 
% by comparing the integrated areas under Mo 3d5/2 and Mo 3d3/2 peaks, a reduction 
from 75 % right after the Li-intercalated chemical exfoliation, probably due to raised 
temperature during EHD process. These peaks shifting and detailed deconvolution 
suggest the 1T’ phase from ce-MoS2 is preserved after dimensional transition into c-
MoS2 at 50˚C. The Raman spectrum of 1T’ c-MoS2 (in navy) in Figure 4.15b also 
reveals the distinctive J2 (225 cm-1), J3 (333 cm-1) and E1g (290 cm-1) vibrational peaks 
that are not observed in pristine 2H MoS2 (in gray), which are attributed to the shifting 
and stretching of superlattice structure that can be only observed in distorted 1T 
phase179,182. Raman spectra in Figure 4.15c provide insights into the layer orientation and 
morphological evolution from planar 2D ce-MoS2 sheets (in light orange) to 3D c-MoS2 
(in navy). The strain load percentage of c-MoS2 can be quantified by comparing the in-
plane mode, E2g

1, shift of c-MoS2 and ce-MoS2, with a reference of -1.7 cm-1 shift per % 
strain183. E2g

1 shifts to 379.4 cm-1 after crumpling from 385 cm-1 of its corresponding 
planar shape, indicating an additional strained morphology with the average strain 
percentage of 3.3% along the basal plane in the crumpled structure, higher than the value 
of 2 - 2.5% reported elesewhere183,184.        
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4.6.2.3 Specific Surface Area 
	

The surface area measurement was carried out again at a liquid nitrogen 
temperature on a Tristar II series, the same setup as the CGN measurement. As indicated 
by BET isotherms as shown in Figure 4.16, c-MoS2 exhibits a high specific surface area 
(310.7531 ± 0.5449 m2/g), and high porosities, indicating that the potential aggregation 
challenge emanating from the 2D morphology has been successfully addressed by EHD 
process. Note that this value is at least 6-folds higher than the specific surface area of 
porous MoS2 monolith reported elsewhere185,186, suggesting the efficacy of dimensional 
transition and electrostatic separation from EHD process. These high porosity and high 
specific surface area properties are of particular importance to the HER catalysis since 
the electrolyte can easily permeate through the pores and be in contact with the catalysts. 
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Figure 4.15: (a) XPS measurement of  1T’ and 2H c-MoS2, indicating that 1T’ phase 
is preserved after dimensional transition at 50°C. (b) Raman spectroscopy 
measurement shows additional J2 and J3 peaks of 1T’ c-MoS2, which are the 
characteristic peaks of 1T phase. (c) Shift of E2g Raman peak demonstrates the 
crumpled morphology198.  

Figure 4.16: N2 adsorption/desorption isotherms of monolithic c-
MoS2198. 
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4.7 HER Electrodes Preparation 
 

After confirming the success of crumpling formation and 1T phase preservation 
after dimensional transition, c-MoS2 is implemented into a cathode for HER catalysis to 
test the effect of strain- and phase engineering. All electrodes (including 1T and 2H phase 
c-MoS2) were prepared via the EHD process on a reduced graphene oxide (rGO) pre-dip 
coated CC. CC was first UV treated for 20 minutes to remove surface organic 
contamination, followed by dipping into the rGO solution for 5 times with the 
concentration of 50 µg/mL in DMF:DI H2O=9:1 v/v. Note that prerequisite rGO dip 
coating was required to increase surface hydrophobicity as well as electrical conductivity 
as discussed in section 4.7.1. The EHD setup and the spraying parameters are the same as 
listed in section 4.6.1. Note that the total spraying time for the 1T’ sample is 6.25 hours, 
while it is 1 hour for the 2H counterpart due to flow rate difference. As a result, both 
electrodes would have an estimated overall aerial deposition of 13 µg/cm2 as calculated 
below: 
 
1T’: 4 ( !!

!"# 
) * 6.25 (hrs) * 60 (!"#

!!
) * 250 (!!

!"
) * !

!×!!
 (!"

!

!"!) * 1 (cm-2) ≈ 13 µg/cm2 

2H:  25 ( !!
!"# 

) * 1 (hr) * 60 (!"#
!!

) * 250 (!!
!"

) * !
!×!!

 (!"
!

!"!) * 1 (cm-2) ≈ 13 µg/cm2 

 
In which the radius of the total spraying area from EHD is 3 cm, and the electrode 

sample area is 1 cm2.  
 

4.7.1 rGO Dip Coating 
	

rGO is known to be a good electrical conductor with high electron mobility and 
high specific surface area. Therefore, rGO/MoS2 composite has been reported as an 
efficient HER catalyst since the electrons can be readily transported in between 
electrode/catalysis/electrolyte surface.  
 

Another key point I would like to leverage from rGO in this research is its surface 
hydrophobicity. Since most of the oxygen functionalities, such as hydroxyl groups and 
carbonyl groups have been removed, and the surface π-π conjugation is partially restored 
after chemical reduction, rGO sheet demonstrates a hydrophobic surface nature, which is 
in stark contrast with the hydrophilic GO surface. Moreover, when the soft rGO sheet is 
deposited onto the CC, it gradually forms wrinkles upon drying that leads to a Cassie-
Baxter type hydrophobic surface, which is testified by the contact angle measurement. 
Figure shows the contact angels of pristine CC and rGO dip coated CC.  The contact 
angle drastically increases from 108˚ to 127˚ with the 5 times rGO dip coating as shown 
in Figure 4.17, indicating the hydrophobic nature of rGO. Inspired from nature, where 
water droplets can easily ball up and roll over the lotus leaf during rainy days, this 
surface hydrophobicity would help the individual EHD droplet maintain its spherical 
shape upon drying instead of coalescence into a thin film, thus creating an anisotropic 
compression force for crumple formation. The hydrophobicity along with the EHD flow 
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rate and processing temperature play significant role in the crumple formation, which will 
be discussed in the next section. 
 

 

4.7.2 Flow Rate and Deposition Temperature 
	

The most important advantage of EHD approach is that it concurrently provides 
both electrostatic and thermally induced capillarity force stimuli to facilitate crumple 
formation. Moreover, by virtues of the fission process, smaller droplets containing one to 
few-layered ce-MoS2 are created and simultaneously address the aggregation challenge 
remains in most 2D sheets. These droplets would gradually shrink and land on the 
collecting substrate. At low temperature, i.e., 50˚C, there is no sufficient thermal gradient 
to completely dry the droplets during traveling from the nozzle tip toward the substrate.  
 

In addition to the hydrophobicity provided by rGO, we also reduce the flow rate 
of EHD to control the hydrodynamics of the incoming droplets on CC. Figure 4.18a and 
4.18b show the schematics of droplets generated by EHD at low flow rate (this work, 4 
µL/min) and high flow rate (our previous work, 25 µL/min), respectively. At low flow 
rate, due to the hydrophobic nature of the CC and rGO, droplets could freely stand on it 
without coagulation (top image in Figure 4.18a), manifested by the 127˚ contact angle. 
Next, the freestanding droplets will undergo anisotropically drying process and the 
contained MoS2 sheets will crumple due to capillarity force generated by solvent 
evaporating (middle and bottom images) into individual c-MoS2. Consequently, 1T’ c-
MoS2 are able to gradually stack over under continuous deposition and form a 
hierarchically porous structure with high uniformity and structural integrity (Figure 
4.18c-d). On the contrary, higher flow rate creates large amount of droplets that have 
insufficient time to dry and crumple during the traveling from the nozzle to the collecting 

	

127˚ 
	

106˚ 

a b 

Figure 4.17: Contact angle measurement of (a) plain carbon cloth and (b) rGO dip 
coated carbon cloth. 
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substrate. As a result, these large amounts of droplets will be in contact with each other, 
unlike freely stand of sparse droplets at low flow rate, and then coalesce and merge into a 
thin film despite the hydrophobicity provided by CC and rGO (Figure 4.18b). It leads to 
the formation of stacking sheets and chunks as shown in Figure 4.18e-f. This will 
dramatically reduce the accessible area for HER catalysis as well as the porosity for 
electrolyte permeation and ion exchange170,187.  

 
 

4.8 Results and Discussion 
	

The uniform and complete coverage of 1T’ c-MoS2 on CC, from the top most 
fibers to the fibers beneath, can be observed from the high resolution scanning electron 
microscopy (HRSEM) image as shown in Figure 4.19a. In addition, Figure 4.19b and 
4.19c show high degree of crumpling of hierarchical 1T’ c-MoS2 monolith with both 
micro-scale and nano-scale porosity, which is a key factor for highly efficient catalysis. 
The corresponding EDX mapping in Figure 4.19d shows the densely packed 1T’ c-MoS2 
on CC.        
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Figure 4.18: (a-b) Schematic illustrations show how droplet hydrodynamics 
modulate the crumpling of 2D ce-MoS2. As shown in SEM (c-d), droplet remains 
3D and nearly spherical shape on hydrophobic CC substrates when the flow rate 
keeps at 4 µL/min. Meanwhile, when flow rate increases to 25 µL/min, droplets 
tend to merge into thin films. Therefore, evaporation-induced capillary flow 
renders the ce-MoS2 deform into heavily wrinkled structures (e-f). Scale bars are 
15 µm and 1 µm for (c, e) and (d, f), respectively198. 
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The HER cathodes made of c-MoS2 were examined using the standard three-
electrode electrochemical configuration in 0.5 M H2SO4 electrolyte de-aerated with Ar. 
The detailed analysis setup is list in the experimental section. Linear sweep 
voltammograms (LSV) were measured on 2H c-MoS2 (in gray) and 1T’ c-MoS2 (in navy), 
as shown in Figure 4.20a. When compared with 2H c-MoS2,	improvements in both the 
current density and overpotential are observed of	1T’ c-MoS2. Overpotential required to 
reach current density of 10 mA/cm2 (η10) drops from 191 mV of 2H c-MoS2 to 154 mV in 
1T’ c-MoS2. The cathodic current of 1T’ c-MoS2 reaches 100 mA/cm2 at only 240 mV 
overpotential, demonstrating its excellent electrocatalytic activity. The Nyquist plot from 
electrochemical impedence spectroscopy (EIS) measurement operated at an overpotential 
of -0.23 V (v.s. RHE) in Figure 4.20b provides further insights into HER kinetics and 
shows a significant decrease in the diameter of the semicircle, which corresponds to the 
charge transfer resistance (Rct) of 1T’ c-MoS2. The low serious resistance (Rs) remains 
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Figure 4.19: SEM Characterization of 1T’ c-MoS2. SEM images of 1T’ c-MoS2 on CC 
at lower (a) and higher (b-c) magnification, showing a uniform coverage with 
hierarchically porous structure. (d) Corresponding EDX mapping of image c with Mo 
in blue and S in red198.  
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nearly constant (1.1 Ω of 1T’ c-MoS2 and 1.5 Ω of 2H c-MoS2), suggesting the effective 
electrical integration of c-MoS2 and rGO/CC substrate188, whereas the Rct decreases from 
13 Ω to 1.2 Ω, indicating an enhanced electrical conductivity that facilitates the Faradaic 
process between electrode and electrolyte. In order to evaluate the effective 
electrochemically active surface area, we employed the cyclic voltammetry (CV) setup 
for electrochemical double-layer capacitance (EDLC, Cdl) measurement of both 
electrodes as shown in Figure 4.20d and Figure 4.20e under various scan rates. In 
Figure 4.20f, the 1T’ c-MoS2 demonstrates an exceptional high Cdl of 118.4 mF/cm2, 
which is a 10 times enhancement from that of 2H c-MoS2, suggesting that 1T’ c-MoS2 
has much higher exposed catalytically active area. These observations of electrochemical 
measurement for HER demonstrates that additional activated basal plane in metallic 1T’ 
c-MoS2 makes it a superior catalyst to that of 2H counterpart. The overall electrode 
properties of 1T’ c-MoS2, including overpotential, charge transfer resistance and 
capacitance, exhibit a significant improvement compared to its 2H analogue. Further 
insights into the inherent property and rate-limiting step of 1T’ and 2H c-MoS2 catalysts 
were obtained by extracting slopes from the Tafel plots shown in Figure 4.20c. The 
lowest Tafel slope of 73.4 mV/dec and 64 mV/dec, which is characteristic of the 
Heyrovsky step164, was obtained for the 1T’ c-MoS2 and 2H c-MoS2, respectively. The 
Tafel slope achieved in the present work is comparable to values measured for 1T’ MoS2 
nanoparticle174, vertically aligned MoS2 layer146 and strained MoS2 monolayer168. 
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Figure 4.20: Performance of 1T’ c-MoS2. (a)	LSV	curves	of	1T’	c-MoS2	exhibit	much	
improved	 catalytic	 activity	 compared	 to	 2H	 c-MoS2.	 Overpotential	 required	 to	

reach	current	densities	of	10	mA/cm2	is	154	mV	and	191	mV	for	1T’	c-MoS2	and	
2H	c-MoS2,	respectively.	(b)	Corresponding	Nyquist	plots	from	EIS	measurement.	
Metallic	1T’	c-MoS2	shows	significantly	 low	Rct	compared	to	2H	c-MoS2	(c)	Tafel	
slope	 comparison	 between	 1T’	 c-MoS2	 and	 2H	 c-MoS2.	 (d)	 The	 cyclic	
voltammograms	vs..	RHE	for	the	c-MoS2	deposited	at	250	 °C	(2H	c-MoS2)	and	(e)	
at	50˚C	 (1T”	c-MoS2)	under	different	 scan	rates	 for	EDLC	measurement.	 (f)	The	
differences	in	current	density	as	a	function	of	different	scan	rates	fitted	to	a	linear	
regression	 allows	 for	 the	 estimation	 of	 Cdl.	 1T’	 c-MoS2	demonstrates	 the	 Cdl	 an	
order	of	magnitude	higher	than	that	of		2H	counterpart198. 

a	

c-MoS2 50˚C 
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In order to fundamentally understand the contributing factors of the remarkably 
high cathodic current density, especially under extremely low catalyst loading (13 
µg/cm2), we did the calculation of turnover frequency (TOF) of the electrode, which is a 
specific parameter to determine the physical and chemical properties of each active site. 
The total active sites number of each electrode was measured by under potential 
deposition (UPD) method160 as shown in Figure 4.21a and Figure 4.21b for 1T’ and 2H 
phase c-MoS2, respectively. The scan was performed in a solution with 0.5 M H2SO4 , 1 
mM CuSO4 and 14mM NaCl to achieve its underpotential of Cu stripping. By virtues of 
the permanent strain and intrinsic S defects induced catalytic activity of c-MoS2, both 
phases show exceptional high active sites density, in the order of 1017, compared to other 
MoS2 catalysts which are normally in the order of 1014 to 1016 146,168,176. It is worth noting 
that due to additional Li ions doping and catalytically activated basal plane, 1T’ phase 
demonstrates higher active site density (3.04*1017 sites/cm2) with respect to 2H phase 
(2.93*1017 sites/cm2), as expected. As a consequence, along with the high current density 
at 200 mV overpotential, the TOF calculated is 0.385 s-1 and 0.13 s-1 for 1T’ and 2H, 
respectively. This TOF value is even higher than those reported on 1T phase MoS2 
nanoparticles174. Note that we performed the EHD deposition time dependence of 1T’ c-
MoS2 on CC (i.e., 1hr, 3 hrs and 6.25 hrs), and figured out the optimal time of 6.25 hours 
that brings out the best catalytic properties on the basis of LSV curves due to optimized 
coverage and monolith thickness as shown in Figure 4.22. 	
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Figure 4.21: The cyclic voltammetry of 1T’ c-MoS
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To this end, we have tested the HER catalytic ability and TOF to determine both 
the overall electrode properties and individual active site activity of c-MoS2. The results 
from this work and other state-of-art MoS2 catalysts in different nano-structures and 
phases are summarized in Table 4.1. From the table, it is clearly seen that our 1T’ c-
MoS2 exhibits the best metrics of overall electrode and intrinsic properties, especially 
under exceedingly low catalyst loading of 13 µg/cm2. Note that although the 1T’ 
nanoparticles reported from Cui’s group demonstrate the lowest overpotential (η10), 
highest capacitance and highest active sites number, its mass loading is two orders of 
magnitude higher than our 1T’ c-MoS2, so that it has great contribution to overall 
electrode properties174. Figure 4.23 shows the specific active sites (# of sites per 
microgram) of MoS2 catalysts processed at different temperatures. With the synergistic 
effect of strain engineering and phase engineering from EHD, our 1T’ c-MoS2 performs 
extremely high specific active sites of 240 sites/µg, at least one order of magnitude higher 
than other MoS2 catalysts, demonstrating that the active sites on the basal plan are fully 
exposed. Moreover, it is worth mentioning that this 1T’ c-MoS2 catalyst was fabricated 
under low temperature and easy one-step EHD process, in comparison with those which 
require high temperature and complicated synthesis process. As a consequence, these 
advantages make 1T’ c-MoS2 a promising HER catalyst toward large scale industrial 
production. 
 

	 	 	

	 	 	

a 

	
b c 

d e f 

1	hr 3	hrs 6.25		hrs 

Figure 4.22: Coverage as a function of deposition time. Representative SEM images 
showing the improvement in coverage as the deposition time increases from 1 hr (a, 
d), 3 hrs (b, e) to 6.25 hrs (c, f). Scale bar is 50 µm and 4 µm for top panel and bottom 
panel, respectively198.  
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In addition, in order to examine the effect of phase transition in HER catalysis, we 
further annealed the 1T’ c-MoS2 electrode at 200˚C for 1 hour. The 1T’ phase by 50˚C 
EHD processing temperature is expected to transform to 2H phase by this post-anneal 
process. The electrochemical HER characteristics of the post-annealed electrode are 
described in Figure 4.24. The overpotential (η10) increases to 216 mV and the Tafel slope 
increases to 86 mV/dec after annealing as shown in Figure 4.24a and Figure 4.24b, 
respectively. The Nyquist plot in Figure 4.24c shows the Rct has increased 3 times, and 
the measured EDLC is one order of magnitude lower as shown in Figure 4.24d of 
annealed electrode. The results imply that phase transition from majority of 1T’ phase to 
2H phase happens during annealing, and it results in less promising HER electrode 
properties and intrinsic active site activity. In addition, UPD measurement was performed 
as shown in Figure 4.21c to calculate the active sites density of 1.17*1017 sites/cm2, 
yielding a TOF of 0.17 s-1. Note that the electrode produced from annealing the 1T’ c-
MoS2 demonstrates similar catalytic activity as the one fabricated with higher flow rate at 
250 ˚C as mentioned previously, suggesting the robustness and reliance of the EHD 
process. 
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4.9 Summary 
	

In conclusion, we synergistically performed strain-engineering and phase-
engineering to synthesize 1T' c-MoS2 through a scalable, easy and one step EHD process 
at low temperature. Most importantly, the resulting 1T’ c-MoS2 catalyst represents the 
first report of possessing both excellent total electrode properties and outstanding 
intrinsic properties among existing MoS2 catalysts, even with extremely low catalyst 
loading. We attribute this to the intrinsic metallic 1T phase and abundant S defects from 
Li intercalated ce-MoS2, presence of strained terraces to activate basal plane, and high 
surface area results from dimensional transition. These findings and understandings allow 
us to design an active c-MoS2 electrode toward highly efficient HER. 
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Figure 4.24: Comparison of device performance of 1T’ c-MoS2 with annealed 1T’ 
c-MoS2. (a) LSV curve (b) Tafel slope (c) EIS (d) EDLC measurement indicate that  
annealed 1T’ c-MoS2 demonstrates poor catalytic activity compared to 1T’ c-MoS2 
due to restoration of semiconducting phase198.  
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Chapter Five:  

Conclusions and Future Work 
 

5.1 Concluding Remarks  
 

I have demonstrated that EHD-generated droplets can be deemed as charged 
colloidal nanoreactorsthat combine two of most compelling forces in nature, e.g., 
electrostatic and capillary forces. Stimuli responsive 2D sheets (rGO and MoS2 in this 
research) dispersed in these nanoreactors are found to undergo stages of electrostatic 
stabilization, fission, and spontaneous buckling, ultimately self-folding into 3D crumpled 
nanostructures (CGN and c-MoS2, respectively) with porous morphology. The 
combination of drying pattern characterization and MD simulation corroborates the 
experimental observation that the predominant driving force for EHD-generated 
crumpled nanostructures is the loss of electrostatic stabilization. In contrast to the 
aerosol-assembled crumpled nanostructures that typically clump into a closed sphere with 
a hard texture, the morphology of resulting crumpled nanostructures bears a close 
resemblance to the blooming snapdragon flowers with an open structure and ripple 
shaped petals. Upon continuous deposition, these thin and adaptable crumpled 
nanostructures were found to dynamically deform into non-spherical, polyhedral shapes, 
ultimately creating foam-like microstructures with doubly curved, saddle shaped edges.  
 

The materials properties of the as-created 3D nanostructures, including intrinsic 
properties and new extrinsic properties contributed by the dimensional transition were 
examined carefully. After dimensional transition, CGN shows high aspect ratio, 
improved conductivity in all directions, highly assessable surface area and energetically 
favorable interfaces makes it ideal candidate for 3D back contacts for efficient solar 
conversion devices. Utilizing particulate TiO2 nanoparticles as an exemplary absorber for 
PEC, a nearly 200% enhancement of measured Jsc and a 25% enhancement of FF were 
observed compared to planar substrates. We attribute the significant enhancement of 
overall output characteristics to a combination of reduced series resistance, and improved 
carrier transport dynamics. Further, the 3D CGN may shed lights onto the development 
of effective electrocatalytic electrodes due to their open structure that simultaneously 
allows for efficient water flow and hydrogen escape. 
 

In addition, as a highly efficient catalyst for HER, we adapted EHD technique to 
facilitate the crumpling of deformable ce-MoS2, and results in the formation of 
hierarchically deformed, porous nanostructures (c-MoS2). With the control of phase- and 
strain-engineering, the resulting c-MoS2 exhibits a high surface area that is intrinsic to its 
hierarchical morphology and is found to withstand harsh material processing conditions 
without compromising structural integrity or material properties. Specifically, the 
combination of spatially distributed S vacancies, internal edges, and complex networks of 
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corrugated edges, curved facets, ripples, propagating ridges, and sharp vertices was found 
to catalytically activate the intrinsically inactive basal plane. Electrochemical 
characterization indicates that HER electrodes composed of c-MoS2 synergistically 
integrate advantageous features of morphologically, chemically, electronically, and 
mechanically engineered materials, thus simultaneously tailoring both total electrode and 
intrinsic catalytic properties. These include high surface area originating from the 
mesoscopic morphology, increased current densities stemming from efficient transport 
and tailored d band electronic structure, improved TOF emanating from the combined 
effects of localized strain, intrinsic S vacancies and internal edges.  
 

In summary, I have designed and performed the experiment followed Olson’s 
processing-structure-property-performance relationship. When adapting the EHD process, 
the new crumpled nanostructures will create exceptional materials properties that do not 
find in there original 2D formats, and thus leads a better performance. Given the wide 
variety and availability of chemically exfoliated 2D functional materials, including 
graphene, TMDs, and the emerging MXenes, we anticipate that structurally robust, 
thermally stable, electronically heterogeneous, and catalytically active, multifunctional 
hybrid nanocomposites that were previously unattainable can now be readily, rapidly, and 
rationally assembled through this template free, scalable, and versatile synthetic route. 
This, in turn, provides exciting opportunities for numerous applications beyond HER, 
including electrochemical capacitors, catalysis, reactors and separation, drug delivery, 
biocompatible scaffolds, sensing and high complexity composites. 
 

5.2 Future Work 
 

In this dissertation, I have successfully demonstrated the merits of 2D materials 
can be explored when they undergo dimensional transition into 3D crumpled 
nanostructures. Next, due to the unique stacking structure and interlayer van der Waals 
force of their bulk form, the intercalation chemistry can be further employed to 
intercalate metal nanoparticles into the interlayer spacing to form a hybrid composite. 
Finally, in addition to the water splitting solar cells and HER as discussed in this research, 
there are still plenty of applications that can leverage the specialties of 3D crumpled 
nanostructures, and I will briefly introduce how these nanostructures make contribution 
to the applications. 
 

5.2.1 Intercalation of Metal Nanoparticles  
	

In this dissertation, Li intercalation was performed to react with water and 
exfoliate bulk MoS2 into 1T ce-MoS2 as discussed in section 4.5. Due to the electron 
transfer from the intercalated Li ions, the electron density in Mo d orbital has increased 
and led to the 2H to 1T phase transition with enhanced electrical conductivity. Moreover, 
Loh and co-workers has demonstrated that LixMoS2, the intermediate state of Li 
interaction process, has a large reduction potential to	 facilitate the growth of metal 
nanoparticles on MoS2

189. The enlarged spacing of bulk MoS2 due to Li interaction would 
be a great platform that allows other guest metal ions (such as Au+, Cu2+, Ni2+, Co2+) to 
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intercalate into the interlayers. Next, ion exchange between guest ions and LixMoS2 
would take place that leads to the formation of hybrid composite (metal nanoparticles-
MoS2) with the byproduct of Li salt being removed. This method could successfully 
address the encapsulation challenge existed in previous diffusion of guest materials into 
bulk MoS2 due to strong van der Waals force and narrow interlayer spacing. Furthermore, 
it is proved that MoS2 can host these nanoparticles within its inner planes and protect 
them from corrosion in an acidic environment190.	
 

5.2.2 Applications 
 

5.2.2.1 Perovskite Solar Cell    
 

Perovskite solar cell, which is composed of organic ammonium salts and 
inorganic lead halide or tin halide, is one of the most popular photovoltaic research topics 
recently because it possesses the merits of two conventional solar cell types: easy 
fabrication of polymer solar cell and potential high efficiency of silicon solar cell. 
Through the easy spin-coating method, this organic-inorganic hybrid composite precursor 
can be deposited on the substrate and form a perovskite active layer after the following 
annealing treatment. Most importantly, it possesses a direct band gap with an appropriate 
size that would be an ideal light absorber to intensively absorb the light from the visible 
and near-infrared spectrum (350-950 nm), and thus significantly contributes to the device 
power conversion efficiency. The rapid advancement of the overall electrical power 
conversion efficiency surmounts 22.1%191 within 8 years since its first discovery in 2009 
with an efficiency of 3.8%192. In order to effectively conduct the electrons generated from 
the perovskite active layer, TiO2 electrode, in the forms of a compact layer of 
nanoparticles or nanorod, is widely integrated with the organometal halide perovskite 
layer and act as an anode because of its energy diagram. In addition, TiO2 layer with the 
porous superstructure has been investigated in order to create a heterojunction perovskite 
cell that allows the perovskite precursor solution to infiltrate into the mesoporous TiO2 
and increase the contact area for readily charge transportation193,194. Moreover, by virtue 
of the high electrical conductivity and long electron lifetime, graphene sheets or graphene 
quantum dots are incorporated with the TiO2 interface and have been proved to provide 
higher electron extraction speed that leads to higher power conversion efficiency195. 
These graphene integrated TiO2 electrodes can be processed at low temperature and still 
exhibit high electron collection efficiency which is comparable with the crystalline TiO2 
that requires high temperature sintering process195. Therefore, I believe that CGN is a 
good candidate for improving current TiO2 junction properties in perovskite solar cells 
because it simultaneously offers both porous superstructure and charge favorable 
pathway that are prerequisite to the cell efficiency. The thickness of each CGN is about 
150 nm, which is slightly higher than current compact TiO2 layer (100 nm)195, and thus it 
could further act as a 3-D conductive framework, allowing the perovskite precursor 
solution to infiltrate into the CGN/TiO2 composite. As a consequence, owing to the 
unique properties originated in the CGN, I am confident that the CGN and CGN/TiO2 
hybrid composite will make a huge breakthrough of the perovskite solar cell.  
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5.2.2.2 Sensors 
 

As discussed in section 1.2.2.2, taking advantages of the abundant oxygen 
functionalities, GO can be utilized as the sensors for gas molecules and other functional 
groups, such as glucose and protein. However, the most significant challenge is the 
inconsistent response results from the size variation of GO sheets due to chemical 
exfoliation. In addition, most of the approaches to fabricate the GO sensor would lead to 
remaining of unwanted surface modification agents (e.g., PEG), and thus contaminate the 
GO sheets. Here, I would like to further address the polydispersity challenge through the 
introduction of CGN. First, the size of a CGN is about 150 nm, which is significantly 
smaller than a conventional GO sheet, and shows a uniform size distribution that will 
reduce the noise generation. Second, because CGN is a completely crumpled shape, the 
carboxylic groups at the edges are pointing outward for supramolecular interactions, 
while the basal plane is heavily folded and hided inward. Therefore, the edge to plane 
ratio of a CGN is expected to be extremely high that renders a stronger binding affinities 
and a more stable response. Third, compared to GO sheets, the CGNs can form a stable 
colloidal dispersion in the solution without additional surfactants or stabilizers that may 
alter the interaction between molecules and graphene sensor. Furthermore, in addition to 
the fluorescence signal provided by conventional graphene-based biosensors, CGN 
biosensor offers a possible way to quantify the molecules absorbed by the conductivity 
change. CGN has a really good electrical conductivity, and it would be altered depends 
on the type and the amount of the molecules absorbed to it. Consequently, I expect the 
CGN biosensor would be a new biosensor type that can precisely measure not only 
qualitatively but also quantitatively 
 

5.2.2.3 Supercapacitors 
 

In addition to the properties CGN possessed that contribute to the EDLC, such as 
high electrical conductivity and high specific surface area as discussed in section 1.2.2.4, 
the EHD process for CGN production also makes it a promising candidate for 
pseudocapacitor. The supercapacitor can be classified into two categories based on the 
charge-storage mechanism38. First, the EDLC, which has carbon materials as the 
electrode and develop a capacitive charge through electrostatic forces at the 
electrode/electrolyte interface39. Second, the pseudocapacitor, which is made of carbon 
materials (graphene, fullerene, CNTs) employed with other conducting polymers, metal 
oxides (eg., MnO2, RuO2, etc) and metal sulfides (eg., ZnS) that leads to fast and 
reversible surface redox processes at characteristic potentials196. As a result of an applied 
potential that is specific to the redox couple (electrode material and the electrolyte), the 
pseudocapacitance is developed at the interface. The synergistic effect provided by the 
pseudocapacitor, including the rapid Faradaic chemical redox reaction and electrical 
charge transportation, has made it a promising solution to further improve the 
electrochemical capacitor performance with high power characteristics. Compared to the 
conventional process for pseudocapacitor fabrication, which needs two or more steps to 
first create an electrode and then deposit the redox-active materials on it, CGN based 
pseudocapacitor can be fabricated through a one-step EHD process. These hybrid 
composites can be produced simply through the co-axial spinneret set up, which is 
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discussed in the strategy part. Most important of all, unlike other costly processing route, 
such as CVD for carbon nanofiber growth, it is a low temperature process that will 
significantly reduce the cost and increase the fabrication efficiency.  

In addition to graphene as the electrode material, one of the most fascinating high-
power supercapacitor materials is MoS2 since it has higher intrinsic ionic conductivity 
(than metal oxides) and higher theoretical capacity (than graphite), and most importantly, 
it is earth abundant and cheap. Moreover, the oxidation states of center Mo atom ranges 
from +2 to +6, suggesting an enhancement of charge storage capabilities. According to 
the characterization and discussion in Chapter 5, not only the exceptional intrinsic 
properties are preserved, but also many new unprecedented materials properties are 
created after dimensionally converting ce-MoS2 to c-MoS2. The high specific surface area 
and porosity, even the high electrical conductivity (when processed at low temperature to 
form 1T phase c-MoS2) make c-MoS2 a promising candidate for next generation high-
power supercapacitor. 
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